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%  per cent 

<  less than  

=  equals 

≈  approximately 

>  greater than  

°C  degrees Celsius 

µl  microliter 

3’-5’  three prime to five prime (reading/repair direction) 

5’-3’  five prime to three prime (elongation direction) 

∞  infinite 

A  Adenosine 

ABCB7 ATP-binding cassette sub-family B member 7 (human gene)  

ACC  Adenoid cystic carcinoma 

aCML  Atypical chronic myeloid leukemia, BCR-ABL1–negative 

AML  Acute myeloid leukemia 

ANC  Absolute neutrophil count 

ASXL1 Additional Sex Combs Like Transcriptional Regulator 1 (human gene) 

BCR-ABL1 Fusion gene between the breakpoint cluster region (BCR) on 
chromosome 22 and the ABL gene (Abelson murine leukemia viral 
oncogene homolog 1) on chromosome 9; also called Philadelphia 
translocation  

BM  Bone marrow 

bp  Base pairs 

C  Cytidine 

c.  Coding DNA level/sequence on transcript level  

cDNA  Complementary DNA  

CEBPA CCAAT/enhancer binding protein alpha (human gene) 

CML  Chronic myeloid leukemia 

CMML  Chronic myelomonocytic leukemia 

CLL  Chronic lymphatic leukemia 

CRC  Colorectal cancer  
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CSR  cycle sequencing reaction 

c-terminal  Carboxy-terminal 

ddATP  2',3-dideoxyadenosine triphosphate 

ddCTP 2',3-dideoxycytidine triphosphate 

ddGTP  2',3-dideoxyguanosine triphosphate 

ddNTP dideoxynucleoside triphosphate 

ddTTP 2',3-dideoxythymidine triphosphate 

Del  Deletion 

Del(5q) Deletion of/on long arm of chromosome 5 

Delins  Combined deletion/insertion  

DEPC  Diethylpyrocarbonate 

DHPLC Denaturing high-performance liquid chromatography 

dl  deciliter 

DNA  Deoxyribonucleic acid 

Dnase  Deoxyribonuclease; enzyme that catalyzes the degradation of RNA 

dNTP  Deoxynucleoside triphosphate  

E.coli  Escherichia coli  

EDTA  Ethylenediaminetetraacetic acid 

et al.  Et alteri = and others  

et  = and 

ETV6   Ets variant 6 (human gene) 

EZH2  Enhancer of zeste 2 polycomb repressive complex 2 subunit (human 
gene) 

FAB  French-American-British  

FLT3  Fms-related tyrosine kinase 3 (human gene) 

fs  Frameshift  

g  gram 

G  Guanosine 

G-CSF  Granulocyte colony-stimulating factor  

gDNA  Genomic DNA  

GM-CSF Granulocyte macrophage colony-stimulating factor 

HEAT  Repetitive protein domain named after proteins huntingtin, elongation 
factor 3, protein phosphatase 2A, TOR1 kinase 
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Hi-Di  Highly deionized 

HL60  Human promyelocytic leukemia cell line 

ID  Identifier 

Ins  Insertion 

Inv  Inversion 

IPSS  International Prognostic Scoring System 

IPSS-R Revised International Prognostic Scoring System 

JAK2   Janus kinase 2 (human gene)  

JMML  Juvenile myelomonocytic leukemia  

Kb  Kilo base  

kDa   Kilo Dalton  

l  Liter 

LFS  Leukemia free survival 

M  Molar  

MDS  Myelodysplastic syndrome 

MDS/MPD  Myelodysplastic syndromes/myeloproliferative diseases (renamed in 
2008 as MDS/MPN) 

MDS/MPN  Myelodysplastic syndromes/myeloproliferative neoplasms 

MDS/MPN-U MDS/MPN, unclassifiable  

MDS-U  Myelodysplastic syndrome, unclassifiable 

MgCl2  Magnesium chloride 

MgSO4 Magnesium sulfate 

min  Minutes 

ml  Milliliter 

mM  Millimolar 

MPD   Myeloproliferative diseases  

MPN  Myeloproliferative neoplasm 

mRNA  Messenger RNA 

MUT  Mutation/mutated 

MWU  Mann-Whitney-U Test 

n  Number/total number 

ng  Nanogram 

NPM1  Nucleophosmin (human gene) 
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NTC  No template control 

n-terminal Amino-terminus/NH2-terminus of a protein 

OS  Overall survival 

p.  Protein level  

p  Short arm of a chromosome 

p53  Tumor protein 53; refers to the protein 

PB  Peripheral blood 

PBS  Phosphate-buffered saline 

PCR   Polymerase chain reaction 

pmol  Picomol 

PNH  Paroxysmal nocturnal hemoglobinuria 

pre-mRNA Precursor mRNA; transcript before splicing and processing  

q  Long arm of a chromosome  

R  Reverse primer 

r.  RNA level 

RA  Refractory anemia  

RAEB  Refractory anemia with excess blasts  

RAEB-T Refractory anemia with excess blasts in transformation 

RARS  Refractory anemia with ringed sideroblasts  

RCMD Refractory cytopenia with multilineage dysplasia 

RCMD-RS Refractory cytopenia with multilineage dysplasia and ringed 
sideroblasts 

RCUD  Refractory cytopenia with unilineage dysplasia    

RN  Refractory neutropenia 

RNA  Ribonucleic acid 

Rnase  Ribonuclease; enzyme that catalyzes the degradation of RNA 

rpm  Rounds per minute 

RPMI  Roswell Park Memorial Institute medium 

rRNA  Ribosomal ribonucleic acid 

RT  Refractory thrombocytopenia 

RT-PCR Reverse transcription PCR  

RUNX1 Runt-related transcription factor 1 (human gene) 

S  Svedberg unit 
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SAP155  Dated synonym for human gene SF3B1 

sec  Seconds  

SF3B1 Splicing factor 3b, subunit 1 (human gene)  

SF3B155 Dated synonym for human gene SF3B1 

SLC25A37 Solute carrier family 25 (mitochondrial iron transporter), member 37 
(human gene) 

SNP  Single nucleotide polymorphism 

snRNA Small nuclear RNA 

SRSF2 Serine/arginine-rich splicing factor 2 (human gene) 

t  Translocation 

T  Thymidine 

taq  Thermus aquaticus 

TP53  Tumor protein 53 (human gene) 

Tris  2-Amino-2-hydroxymethyl-propane-1,3-diol 

TRP53 Transformation-related protein 53; dated synonym for human gene 
TP53 

U2AF1    U2 small nuclear RNA auxiliary factor 1 (human gene) 

UV  Ultraviolet 

V  Volt 

vs.  versus 

vv.  vice versa 

WAVE Synonym for DHPLC  

WHO  World Health Organization 

Wt  wild-type 

X  Stop codon 

x  times 

ZRSR2 Zinc finger (CCCH type), RNA binding motif and serine/arginine rich 2 
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1 Introduction 

1.1 MDS 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal bone 

marrow disorders that are characterized by dysplasia, cell maturation disorders, 

hematopoietic insufficiency and risk of disease transformation to acute myeloid 

leukemia (AML). These disorders lead to cytopenias in one or more hematopoietic 

lineages, subsequently causing the most common clinical symptoms, namely 

anemia, bleeding and infections. However, the severity can range from symptomatic 

pancytopenia to even clinically asymptomatic patients (Malcovati et al. 2013). 

Patients with MDS might present with a wide range of blasts (0-19%) in their bone 

marrow (BM) or peripheral blood (PB). According to the diagnostic criteria of the 

World Health Organization (WHO) the cut off count for blasts is 20%, above which 

the disease would by be classified as AML (Swerdlow et al. 2008). Myelodysplastic 

syndromes can take very divergent courses. There are patients with slow and 

chronic courses whose disease does not progress in years while other cases take 

a fulminant development with an early progression to AML and death within less 

than a year after primary diagnosis (Heaney et al. 1999). The course of the disease 

might be estimated at the time of diagnosis based on prognostic scoring systems 

(see chapter 1.1.3).  MDS are a disease of the elderly; the median age at the time 

of diagnosis ranges between 58 and 74 years in different studies (Aul et al. 1995). 

Although the incidence is about 5 cases in 100 000 persons per year in the general 

population, this number increases up to 20-50 cases among people who are 60 and 

older (Malcovati et al. 2013). 

 

1.1.1 Pathogenesis  

While most cases of MDS seem to be age-related, rare cases of familial 

myelodysplasia in children have been reported (Aul et al. 1998). Another causative 

factor seems to be the genotoxic effect of prior chemotherapeutic treatment or 

radiotherapy. Such cases of therapy-related MDS are characterized by an early 

onset, more severe clinical symptoms and an early transformation to AML (Aul et al. 

1998). MDS can also evolve from aplastic anemia and paroxysmal nocturnal 
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hemoglobinuria (PNH). Finally, the genotoxic effects of occupational and 

environmental hazards such as exposure to ionizing radiation and carcinogenic 

molecules (e.g. halogenated organics, heavy metals and benzene) have been 

suggested to be contributing factors in the etiology of myelodysplasias (Aul et al. 

1998).    

It is assumed that the disease undergoes the three common stages of oncogenesis; 

initiation, latency and progression (Aul et al. 1998, Heaney et al. 1999): First, genetic 

aberrations are acquired over a period of time that lead to bone marrow dysplasia. 

Second, the dysplastic clone proliferates increasingly, thus affecting growth 

suppression and apoptosis of other bone marrow stem cells. Third, acquisition of 

further genomic damages eventually leads to an exacerbating proliferation with 

excess blasts >20% (progression to AML).  

Disturbance of apoptotic processes has been recognized to be a driving pathogenic 

factor in MDS (Yoshida et al. 1993). It is assumed that normal hematopoietic stem 

cells and also progenitor cells from the MDS-clone that are still able to differentiate, 

increasingly undergo apoptosis, thereby positively selecting the more immature and 

proliferative clonal progenitors (Kerbauy et al. 2007). While increased apoptosis of 

the healthy and more differentiated stem cell compartment seems to play an 

important role during the early, mild and chronic stages of MDS, paradoxically, it is 

the loss of apoptotic self-regulation that enables uncontrolled proliferation and 

malignant transformation in the late phase of the disease (Aul et al. 1998). 

 

1.1.2 Standards of diagnosis and classification 

International standards of diagnosis and classification have for a long time been 

missing for MDS, mainly due to the disease’s heterogeneity and overlaps with other 

hematological disorders. The first international standard was introduced by the 

French American British group (FAB) in 1982 (Bennet et al. 1982). It divided 

myelodysplasias into five subtypes as summarized in Table 1. The diagnostic 

standard was based on PB/BM cell count and bone marrow morphology. 
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Table 1: Classification of MDS according to the French American British Group (Bennet et al. 1982). 
MDS=myelodysplastic syndrome.   

Category Abbreviation 

Refractory anemia RA 

Refractory anemia with ringed sideroblasts RARS 

Refractory anemia with excess blasts RAEB 

Refractory anemia with excess blasts in transformation RAEB-T 

Chronic myelomonocytic leukemia CMML 

 

This was refined and expanded in 2001 by the WHO diagnostic criteria, which 

distinguished between eight different subcategories (Jaffe et al. 2001, Vardiman et 

al. 2002). The most important novelty was the introduction of a new category defined 

by a certain cytogenetic aberration, namely an isolated deletion on the long arm of 

chromosome 5 (del(5q)). The MDS subtype with del(5q) is associated with a 

favorable prognosis. Two other categories were introduced for patients showing 

dysplasia not only in the erythropoietic lineage but also in other myeloid lineages 

(thrombopoietic/granulopoietic). One additional category was introduced for patients 

that would not fit into any of the other seven categories (e.g. unilineage 

thrombopoietic dysplasia).  

Table 2: Classification of MDS according to the 2001 WHO diagnostic criteria (Jaffe et al. 2001, Vardiman et al. 
2002). Del(5q)=Deletion of/on long arm of chromosome 5. MDS=myelodysplastic syndrome. WHO=world health 
organization. 

Category Abbreviation 

Refractory anemia  RA 

Refractory anemia with ringed sideroblasts  RARS 

Refractory cytopenia with multilineage dysplasia  RCMD 

Refractory cytopenia with multilineage dysplasia and ringed 
sideroblasts  

RCMD-RS 

Refractory anemia with excess blasts-1  RAEB-1 

Refractory anemia with excess blasts-2 RAEB-2 

Myelodysplastic syndrome, unclassified  MDS-U 

MDS associated with isolated del(5q) MDS del(5q) 

 

In the WHO 2001 classification, the cut off for blasts required for the diagnosis of 

AML was lowered from 30% to 20%. This adaption was based on the rationale that 

the clinical presentation and course of MDS patients with blasts in the range of 20-

29% was very similar to AML (Vardiman et al. 2002). Finally, the category of CMML 

was discarded from the list of MDS-subtypes and moved to a newly introduced entity 

of myeloid diseases, called MDS/MPD, which are myelodysplasias overlapping with 
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myeloproliferative diseases. CMML was subdivided into two subcategories (CMML-

1 and CMML-2) with a different prognosis based on the number of blast cells: 

Table 3: Classification of MDS/MPD according to the 2001 WHO diagnostic criteria (Jaffe et al. 2001, Vardiman 
et al. 2002). MDS/MPD=myelodysplastic syndrome/myeloproliferative disease. WHO=morld health 
organization. 

Category Abbreviation 

Chronic myelomonocytic leukemia CMML 

Atypical chronic myeloid leukemia aCML 

Juvenile myelomonocytic leukemia JMML 

MDS/MPD, unclassifiable MDS/MDP-U 

 

In the WHO 2008 classification the diagnostic criteria for myeloid neoplasms were 

renewed to account for significant progress made in the molecular characterization 

of many diseases (Swerdlow et al. 2008, Vardiman et al. 2009). JAK2 mutations 

were discovered in BCR-ABL1-negative MPD (Baxter et al. 2005) and the discovery 

had become relevant in terms of the diagnostic workup of these diseases and as 

potential therapeutic target. While the diagnostic framework of other myeloid 

diseases was significantly changing because of discoveries on the molecular level, 

this was not the case for MDS. The list of MDS-subcategories was rearranged in 

2008, but no significant standards of molecular diagnostics were introduced, except 

for a list of rare cytogenetic aberrations [in addition to del(5q)] that would allow for 

the diagnosis of MDS in clinically symptomatic patients without any correlating 

morphological findings (Vardiman et al. 2009). The category of MDS/MPD was re-

named as myelodysplastic syndromes/myeloproliferative neoplasms (MDS/MPN). 
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Table 4: Classification of MDS and MDS/MPN according to the 2008 WHO diagnostic criteria (Swerdlow et al. 
2008, Vardiman et al. 2009). Del(5q)=deletion of/on long arm of chromosome 5. MDS=myelodysplastic 
syndrome. MDS/MPN=myelodysplastic syndrome/myeloproliferative neoplasm. WHO=world health 
organization. 

Category Abbreviation 

Refractory cytopenia with unilineage dysplasia   RCUD  

        Refractory anemia    - RA 

        Refractory neutropenia    - RN 

        Refractory thrombocytopenia    - RT 

Refractory anemia with ring sideroblasts  RARS 

Refractory cytopenia with multilineage dysplasia  RCMD 

Refractory anemia with excess blasts-1  RAEB-1 

Refractory anemia with excess blasts-2 RAEB-2 

Myelodysplastic syndrome, unclassifiable  MDS-U 

Myelodysplastic syndrome with isolated del(5q) MDS del(5q) 

Chronic myelomonocytic leukemia CMML 

Atypical chronic myeloid leukemia aCML 

Juvenile myelomonocytic leukemia JMML 

MDS/MPN, unclassifiable MDS/MPN-U 

 

Most recently, the diagnostic criteria of myeloid diseases have been revised in 2016. 

The official WHO publication is forthcoming, however the changes have been 

published by Arber et al. 2016: The former terminology of ‘refractory 

anemia/cytopenia’ was discarded based on the rationale that different MDS entities 

are characterized primarily by morphologic dysplasia and blast percentages rather 

than by kind of cytopenia. Although cytopenia of either kind is still considered a ‘sine 

qua non’ of every MDS diagnosis, it is now deemed less important for the 

specification of the disease, largely because dysplasia and cytopenia do not 

necessarily affect identical lineage (Arber et al. 2016):      

Table 5: Classification of MDS according to the 2016 WHO diagnostic criteria (Arber et al. 2016). 
Del(5q)=deletion of/on long arm of chromosome 5. MDS=myelodysplastic syndrome. WHO=world health 
organization. 

Category Abbreviation 

MDS with single lineage dysplasia  MDS-SLD 

MDS with multilineage dysplasia  MDS-MLD 

MDS with ring sideroblasts and single lineage dysplasia  MDS-RS-SLD 

MDS with ring sideroblasts and multilineage dysplasia  MDS-RS-MLD  

MDS with excess blasts-1  MDS-EB-1 

MDS with excess blasts-2 MDS-EB-2 

MDS with isolated del(5q) MDS-del(5q) 

MDS, unclassifiable   MDS-U 

 

Accordingly, MDS will now be divided into four major entities: MDS with ring 

sideroblast, MDS with excess blasts, MDS with isolated del(5q), and MDS with 
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neither. The presentation with multilineage dysplasia was formerly a full entity of its 

own (RCMD) regardless of sideroblast percentage. However, multilineage dysplasia 

is now secondary to the presence/absence of ring sideroblasts. The question of ring 

sideroblasts has gained importance because recurrent mutations in the SF3B1 gene 

were discovered to be significantly associated with ring sideroblasts. This 

association has led to another significant change, namely that >5% BM ring 

sideroblasts qualify for the diagnosis of MDS-RS if a SF3B1 mutation is present. In 

patients without SF3B1 mutations the minimum percentage of ring sideroblasts for 

the MDS-RS category remains >15%. The question of ring sideroblasts has also 

gained attention in the MDS/MDP entity: 

Table 6: Classification of MDS/MPN according to the 2016 WHO diagnostic criteria (Arber et al. 2016). 
MDS/MPN=myelodysplastic syndrome/myeloproliferative neoplasm. WHO=world health organization. 

Category Abbreviation 

Chronic myelomonocytic leukemia CMML 

Atypical chronic myeloid leukemia aCML 

Juvenile myelomonocytic leukemia JMML 

MDS/MPN with ring sideroblasts and thrombocytosis MDS/MPN-RS-T 

MDS/MPN, unclassifiable MDS/MDP-U 

 

As shown in Table 6, the group of MDS/MPN have grown by one entity that had 

formerly been incorporated in the MDS/MPN-U, namely dysplasia with ring 

sideroblasts and thrombocytosis (MDS/MPN-RS-T). This rearrangement was based 

on novel insight into the specific pattern of molecular aberrations associated with 

this entity, as discussed in further detail in chapter 4.1.3.  

The cohort of MDS patients analyzed in this dissertation project has been diagnosed 

and classified according to the 2008 WHO diagnostic criteria. 1 

 

1.1.3 Prognostic scores  

Various different models for estimating the prognosis of MDS patients were in use 

in the past. Although the French American British group had also developed a 

prognostic model accompanying their suggestions of diagnostic criteria, other 

                                                                 
1 Work on this project was commenced in October 2012 and finalized in December 2015. The 2016 

overhaul of the WHO classification could therefore not be included in this project and is only 

referenced in this chapter to show how molecular criteria have gained importance for the diagnosis 

of MDS.   
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prognostic models remained in use until 1997, when the International Prognostic 

Scoring System (IPSS) was developed (Greenberg et al. 1997). This model 

introduced four risk categories (Low, Intermediate-1, Intermediate-2 and High), 

depending on three prognostic variables: bone marrow blasts, karyotype, and 

number of cytopenias (Greenberg et al. 1997). The IPSS is the most frequently used 

prognostic scoring system worldwide and has recently been revised (Greenberg et 

al. 2012). The revised model (IPSS-R) has been expanded from four to five risk 

categories (Very low, Low, Intermediate, High and Very High) and provides 

refinements in the assessment and emphasis of the three major risk factors. Some 

additional variables such as patient age, performance status, serum ferritin, and 

lactate dehydrogenase have been recommended as additive features with 

significant predictive value for overall survival, however not for AML transformation 

(Greenberg et al. 2012). Table 7 and 8 provide an overview of the IPSS-R.  

Table 7: Schematic representation of the Revised international prognostic scoring system (Greenberg et al. 
2012). The total risk score of a patient is calculated by adding the scores within each category (Karyotype, BM 
Blasts, etc.) and interpreted according to Table 8. Blank fields in this table indicate non applicable score values 
in the respective category. %=per cent. µl=microliter. ANC=absolute neutrophil count. BM=bone marrow. dl= 
deciliter. g=gram.   

Score/Category 0 0.5 1 1.5 2 3 4 

Karyotype2 
Very 
Good 

 Good  Inter-
mediate 

Poor 
Very 
poor 

BM Blasts (%) ≤2  2-5  5-10 >10  

Hemoglobin (g/dl) >10   8-10 <8    

Platelets (10³/µl) >100 50-100 <50     

ANC (10³/µl) >0.8 <0.8      

 

As deduced from Table 7, a patient’s karyotype has the strongest predictive value, 

followed by BM blasts and blood cell counts. Cumulative IPSS-R scores (as added 

from Table 7) and corresponding risk groups are presented in Table 8: 

 

 

                                                                 
2 Karyotypes are assessed by number and kind of aberrations. Certain aberrations lead to a specific 

score, e.g. an isolated del(5q) represents a “good” and a missing male sex chromosome (Y) 

represents a “very good” karyotype. Most other single or double abnormalities are counted as 

“intermediate,” a total of 3 abnormalities as “poor,” and more than 3 abnormalities as “very poor” 

karyotypes. A detailed specification can be found in the appendix of Greenberg et al. 2012.   
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Table 8: IPSS-R risk groups by cumulative score. The total score is calculated by adding score values from 
each respective category as found in Table 7 (Greenberg et al. 2008). IPSS-R=revised international prognostic 
scoring system. 

Cumulative Score Risk group 

<1.5 Very Low 

1.5-3 Low 

3-4.5 Intermediate 

4.5-6 High 

>6 Very High 

 

Both IPSS and IPSS-R were used for the assessment of individual risk in this study. 

However, molecular markers, in particular mutations in genes being associated with 

myeloid malignancies were not included in these risk-scores. 

 

1.1.4 Therapy options 

Therapy options for MDS can be divided into symptomatic, disease modifying, and 

curative approaches. Strategies of watchful waiting can be undertaken especially in 

the lower risk groups (Malcovati et al. 2013). Symptomatic therapies include the 

transfusion of red blood cells and/or platelets in case of symptomatic cytopenias. 

Patients requiring regular red blood cell transfusions might also be treated with iron-

chelating agents (e.g. deferasirox) to avoid iatrogenic iron overload. Another 

symptomatic approach in MDS-therapy is the use of hematopoietic growth factors. 

Depending on which hematopoietic lineage is insufficient, erythropoiesis-stimulating 

agents (e.g. darbepoetin alfa), possibly combined with G-CSF or GM-CSF can be 

used. Although not a treatment standard, also thrombopoesis-stimulating agents 

(e.g. romiplostim) can be used. More aggressive disease modifying therapeutic 

options include chemotherapeutic regimens (e.g. cytarabine). Further substances 

are hypomethylating agents (e.g. 5-azacytadine), and immunomodulatory drugs 

(e.g. lenalidomide), the latter of which is only approved for MDS with del(5q). Finally, 

allogeneic stem cell transplantation after remission inducing chemotherapy is the 

only potentially curative therapeutic option.  

 

1.2 SF3B1 

SF3B1 (formerly known as SAP155 or SF3B155) is a human gene coding for the 

subunit 1 of the splicing factor 3b, a protein complex that is part of the spliceosome. 
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Along with units of small nuclear RNA (snRNA) and other proteins it is an integral 

constituent of two different ribonucleoprotein variants existing in the human cell 

nucleus, the U2 type spliceosome and the U12-type spliceosome (Golas et al. 

2003). Within the larger compound of the spliceosome, the SF3B1 subunit is 

believed to interact non-specifically with both branch sites of pre-mRNA, 

crosslinking them to other protein components, thereby acting as a scaffolding in 

the assembly of the larger splicing machinery (Wang et al.1998, Gozani et al. 1998, 

Cass et al. 2006).  

The SF3B1 gene is located on the long arm of chromosome 2 and the longest 

transcription variant comprises 25 exons. The corresponding protein has a length of 

1304 amino acids which corresponds to a molecular mass of 155 kDa. These SF3B1 

gene/protein data and our nomenclature of mutations (see chapter 2.15) are based 

on the ‘isoform 1’ (NM_012433.3) of gene ID 23451, assessed on 

http://www.ncbi.nlm.nih.gov on June 26, 2015, as well as transcript SF3B1-001 of 

gene entry ENSG00000115524 assessed on http://www.ensembl.org June 26, 

2015.   

The c-terminal side of the SF3B1-protein is known to consist of 22 HEAT domains, 

each comprising about 40 amino acids (represented in Figure 1). Upon folding of 

the protein’s secondary and tertiary structure, these HEAT domains are believed to 

form a series of antiparallel α-helices, thus producing a ladder-like structure (Golas 

et al. 2003). 

 

 

Figure 1: Linear model of the SF3B1 primary protein structure. The carboxy-terminal two thirds of the protein 
consist of 22 repetitive HEAT domains. C=carboxy-terminus. HEAT=repetitive protein domain. N=amino-
terminus. SF3B1=splicing factor 3b, subunit 1 (human protein). 

After assembly of the U12-type spliceosome, the c-terminal HEAT domains are 

believed to become a part of the outer shell of the complex, while the n-terminal 

third of the SF3B1 protein is located towards the center of the spliceosome where it 

interacts with other protein and ribonucleic components (Golas et al. 2005). The 

molecular effect of SF3B1 gene mutations with regard the protein’s structure and 

function in MDS is discussed in further detail in chapter 4.3.1. 
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1.3 TP53 

TP53 is a human gene coding for the tumor protein 53. Alternative titles are p53 

[used mainly for referring to the protein rather than to the gene], tumor suppressor 

protein 53, or transformation-related protein 53 (TRP53). p53 has long been known 

as one of the most important tumor suppressors in the human cell nucleus. In 

response to cellular stress and DNA damages, p53 regulates the transcription of 

other genes and interacts directly with a variety of effector proteins. The most 

important downstream effects of p53 are a temporary arrest of the cell cycle, 

induction of DNA repair and the initiation of apoptosis if DNA repair remains 

unsuccessful. In this capacity, p53 is regarded as the ‘guardian of the genome’ 

(Lane 1992). The protein is believed to form tetramers that bind to specific DNA 

sequences (Jeffrey et al. 1995). At its core [100-300 amino acids] the protein 

contains a DNA-binding domain that is flanked by an oligomerization domain on the 

c-terminal end and a strong translation-activating domain at the n-terminal end 

(Vogelstein et Kinzler 1994).  

The TP53 gene is located on the short arm of chromosome 17 (17p13.1) and the 

longest transcription variant is known to be built of 11 exons. The corresponding 

protein of this major isoform is composed of 393 amino acids corresponding to a 

protein with a molecular mass of 53 kDa. These TP53 gene/protein data and our 

nomenclature of mutations (see chapter 2.15) are based on the ‘isoform a’ 

(NM_000546.5) of gene ID 7157 assessed on http://www.ncbi.nlm.nih.gov on April 

16, 2015, as well as on transcript TP53-001 of gene entry ENSG00000141510 

assessed on http://www.ensembl.org on April 16, 2015. Alternative splicing variants 

have been described (Bourdon et al. 2005). 

Mutations of this gene or caryotypical aberrations at the TP53 gene locus (17p13) 

can be found in more than half of all incidents of human cancer, thus indicating a 

crucial driving effect of TP53-mutations in oncogenesis. Further evidence for this 

assumption can be found in cases of heterozygous familial germ line mutations of 

TP53 that give rise to the clinical presentation of LiFraumeni syndrome. Such 

patients often develop a variety of cancers at a very early age. More consideration 

for the molecular effect of TP53 gene mutations with regard to the protein’s role in 

MDS can be found in chapter 4.3.2. 
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1.4 Study objectives 

While the diagnostic and therapeutic standards of other myeloid diseases such as 

MPN or AML had almost revolutionarily changed during the last two decades owing 

to insights into the molecular biology of these diseases, our understanding of MDS 

had until recently been lacking behind in this regard. However, significant 

discoveries about gene mutations and their clinical associations in MDS were made 

during the last years, which are reflected in the recent 2016 revision of the WHO 

disease classification.   

Since the previous revision of the WHO classification of myeloid neoplasms in 2008, 

a variety of genes that had been comprehensively investigated in AML were 

discovered to be affected also in MDS and to sustain significant prognostic 

relevance (Bejar et al. 2011). These included RUNX1, ASXL1 and TP53 (Bejar et 

al. 2011). The highest mutation rates (19-26%) were discovered in the TET2 gene 

(Delhommeau et al. 2009, Langemeijer et al. 2009), however with little to no 

significant clinical or prognostic correlation (Bejar et al. 2011). Despite these 

findings, research about MDS was yet lacking the kind of break through discovery 

about target genes highly specific to the disease that would allow to distinguish 

between different disease entities on a molecular basis, and help to refine 

prognostic and therapeutic standards.  

Shortly before this study project was commenced, massive parallel sequencing 

(whole exome sequencing) of DNA from bone marrow cells of patients with MDS 

had revealed mutations in a group of novel target genes, all of which are coding for 

proteins that are part of the spliceosome complex (Yoshida et al. 2011). The highest 

mutation rate was found for SF3B1 (Yoshida et al. 2011, Papaemmanuil et al. 2011, 

Visconte et al. 2012a).3 Up to this point no mutations of the SF3B1 gene in human 

cancer had been observed. Soon after the initial discovery, SF3B1 mutations were 

independently reported in other hematological malignancies such as CLL (Rossi et 

al. 2011; Wang et al. 2011)) and sporadically also in solid tumors such as breast 

cancer (Ellis et al. 2012) or pancreatic cancer (Biankin et al. 2012). However, no 

other disease to this day is as significantly associated with mutations of SF3B1 as 

                                                                 
3 Other genes coding for spliceosome components that were reported to be frequently mutated in 

patients with MDS included SRSF2, U2AF1 and ZRSR2 (Yoshida et al. 2011). Far less mutations 

were found in these genes than in SF3B1. 
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MDS. More importantly, it could be shown that mutations in this gene strongly 

correlated with a certain morphological and clinical phenotype. Accordingly, it 

needed to be assumed for SF3B1 mutations to be a highly specific driver in the 

development of myelodysplasias and a target gene for refined models of diagnosis, 

prognosis and therapy. The aim of this project was to scrutinize whether the findings 

of these early publications about SF3B1 in MDS could be reproduced, and whether 

associations with clinical data could be found, that would be indicative of prognostic 

or therapeutic consequences. 

TP53 was the second target gene to be screened for mutations as part of this thesis 

project. Previous publications had suggested a certain clinical phenotype of MDS to 

be associated with TP53 mutations (Bejar et al. 2011). Our aim was to scrutinize, 

whether findings of earlier publications about TP53 in MDS could be verified and 

whether associations with SF3B1 mutations might be found. After the novel 

discovery of spliceosomal genes being affected in MDS, it became a sub-question 

of this project, whether events of aberrant splicing might be discovered in TP53. 

Unlike most previous studies about TP53 in MDS, our screening assay was RNA-

based (reverse transcription PCR), allowing to detect possible events of aberrant 

splicing that might remain undiscovered if analyzing from DNA-level only.   

Thus, the two genes SF3B1 and TP53 were selected for genetic analysis on the 

basis of previous publications suggesting a significant incidence of mutations in 

patients with MDS, as well as clinical associations. Our aim was to build and 

investigate a cohort of patients with MDS, to scrutinize the incidence of SF3B1 and 

TP53 gene mutations, and to correlate mutations with clinical data. The question 

was, whether significant associations with clinical data, most importantly with 

endpoints of survival could be found. In other words, we wanted to evaluate whether 

SF3B1 and TP53 mutations might have a significant impact on the prognosis of 

MDS patients. Therefore, we assembled a cohort of patients based on the Ulm 

University Hospital’s registry of MDS patients. A total of 116 patients could be 

included in our study, whose bone marrow and peripheral blood samples, 

comprehensive clinical data and informed consent for genetic analysis were 

available.  
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2 Methods 

2.1 Reagents 

All chemical and biotechnological reagents that were used for this dissertation 

project are listed in Table 9. PCR primers were ordered from MWG-Biotech/Eurofins 

Genomics. 

Table 9: Alphabetical list of reagents and manufacturers.   

Reagent Manufacturer 

0,5 M EDTA pH 8.0 Ambion 

1 M Tris pH 8.0 Ambion 

10x BlueJuice Loading Buffer Invitrogen 

10x Buffer with EDTA Applied Biosystems 

1x TAE Buffer self-manufactured 

3500 Dx/3500xL Dx Sequencing Install Standard Applied Biosystems 

3500xLDx Genetic Analyzer Capillary Array, 50 cm Applied Biosystems 

5x Sequencing Buffer Applied Biosystems 

Acetic acid VWR 

Agarose for Routine Sigma Aldrich 

AllPrep DNA/RNA Mini Kit Qiagen 

AmpliTaq-Gold Polymerase Life Technologies 

Anode Buffer Container for 3500 Dx/3500xL Dx Applied Biosystems 

Aqua ad iniectabilia Braun 

Big Dye Terminator 5x Sequencing Buffer Applied Biosystems 

BigDye Terminator v3.1 Cycle Sequencing Kit Applied Biosystems 

Cathode Buffer Container for 3500 Dx/3500xL Dx Applied Biosystems 

Conditioning Reagent for 3500 Dx/3500xL Dx Applied Biosystems 

Desoxynucleoside Triphosphate Set PCR Grade Roche 

Discoverase Polymerase Invitrogen 

Dulbecco's PBS  Gibco/LifeTechnologies 

DyeEx 2.0 Spin Kit Qiagen 

Ethanol absolut puriss Sigma Aldrich 

Ethidium-bromide solution 1% (10mg/ml) Roth 

Glycerol Merck 

Granta cell line self-established 

Hi-Di Formamide Applied Biosystems 

HL60 cell line self-established 

Kanamycin Roche 

Kasumi-1 cell line self-established 

MinElute Gel Extraction Kit  Qiagen 

One Shot TOP10 Chemically Competent E. coli  Invitrogen 

Optimase Polymerase Ultrapack  Transgenomic 

Orange G Sigma Aldrich 

Pancoll human PAN Biotech 

Platinum Taq Polymerase Invitrogen 

POP-7TM (960) Polymer for 3500 Dx/3500xL Applied Biosystems 

QIAquick PCR Purification Kit Qiagen 

QIAshredder Qiagen 

Quanti Tect Rev. Transcription Kit Qiagen 

Random Hexamers Applied Biosystems 
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REPLI-g Mini Kit Qiagen 

Rnase-Free Dnase Set Qiagen 

RPMI 1640 Liquid Medium Biochrom 

SuperaseIn Rnase Inhibitor Ambion 

TA Topo Kloning Kit for Sequencing Invitrogen 

TrackIt 1 Kb Plus DNA Ladder Invitrogen 

TrackIt 100bp DNA Ladder Invitrogen 

Trizma base Sigma Aldrich 

UltraPure DEPC-Treated Water Invitrogen 

WAVE Buffer A Transgenomic 

WAVE Buffer B Transgenomic 

WAVE Buffer D Transgenomic 

WAVE DNA Sizing Standard Transgenomic 

WAVE High Range Mutation Standard Transgenomic 

WAVE Low Range Mutation Standard Transgenomic 

 

2.2 Machines and devices 

All machines and devices – excluding consumable items and basic laboratory 

facilities – that were used for this dissertation project are listed in Table 10. 

Table 10: Alphabetical list of machines/devices and manufacturers.  

Device/Machine Manufacturer 

Automatic Pipette Aid Pipetboy acu Brand 

Biofuge Fresco Heraeus/ Thermo Electron 

Centrifuge/Vortexer Combi-spin PCV-2400 Grant 

Electronic Multichannel Transfer Pipette Eppendorf 

Fluorscent Flow Cytometer XS 800i Sysmex 

Freezer -20°C G2711 Liebherr 

Freezer -80°C VIP Plus Panasonic 

Freezer/Refrigerator-Combo CUN3923-2 Liebherr 

Freezer/Refrigerator-Combo Premium CUP 3553 Liebherr 

Gel Imaging System Syngene Genius Bioimaging system 

Gel Separation Systems A2 OWL OWL/ThermoScientific 

Gel Separation Systems B2 OWL OWL/ThermoScientific 

GeneAmp 2720 Thermal Cycler Applied Biosystems 

Genetic Analyzer 3500xL Dx Applied Biosystems 

HandyStep Electronic Repeating Pipette Brand 

Hybridisation Oven/Shaker Stuart Scientific 

Ice Machine AF 100 Scotsman 

Incubator B6 Heraeus 

Lable Printer 2450Dx Brother 

Magnetic Stirrer IKAMAG REO IKA Labortechnik 

Microcentrifuge 5424 Eppendorf 

Mikrowave HF24M241 Siemens 

MiniStar Centrifuge VWR International 

Multifuge 3S-R Heraeus/Thermo Scientific 

Multifuge 4KR Heraeus/ Thermo Scientific 

ND1000 Spectrophotometer Thermo Scientific 

Precision Balance NewClassic MF-Model MS603S/M01 Mettler Toledo 

Reax 2000 Vortexer Heidolpph 
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Refrigerator KS9827 Severin 

Research 2100 Manual Pipette, 0.5 - 10 µl Eppendorf 

Research 2100 Manual Pipette, 10 - 100 µl Eppendorf 

Research 2100 Manual Pipette, 100 - 1000 µl Eppendorf 

Research 2100 Manual Pipette, 2 - 20 µl Eppendorf 

Research 2100 Manual Pipette, 20 - 200 µl Eppendorf 

Thermoblock QBD2 Grant 

Transfer Pipette 100-1000 Brand 

Transfer Pipette 20-200 Brand 

WAVE 3500HT Fragment Analysis System Transgenomic 

 

2.3 Patients 

2.3.1 Patient cohort 

The total study population comprised 116 patients. All MDS patients in this study 

were diagnosed with MDS and/or treated at the Ulm University Hospital. They all 

have given informed consent to the genetic analyses of their tissue according to the 

declaration of Helsinki. The Ulm University ethical review committee has approved 

of this study (reference number 135/07). Peripheral blood (PB) was drawn and bone 

marrow (BM) was aspirated by puncturing the patients’ posterior superior iliac spine 

upon disease presentation and repeatedly during follow up examinations.  

The local registry counted a total of 204 MDS patients. One hundred and sixteen 

(57%) were finally included in this study, based on the availability of appropriate BM 

and/or PB samples. Diagnostic BM samples were used as first priority. BM samples 

from a later appointment (follow up sample) were analyzed as second priority, if no 

prior treatment was administered. If no BM samples prior to any treatment were 

available, follow up BM samples of patients under supportive therapy regimens as 

characterized in chapter 1.1.4 and Table 12 were used as third priority. PB samples 

were used, if no BM samples prior to any disease modifying treatment were 

available. If available, analysis of PB was supplemented with BM analysis (follow up 

samples under disease modifying treatment) for the respective patients. Finally, 

isolated PB samples prior to any disease modifying treatment were analyzed in the 

cases of 5 patients, because no BM samples of any time were available. Samples 

of patients who had previously received disease modifying treatment or undergone 

transformation to AML were not used for this study. The final composition of our 

patient cohort with regard to the prioritization of sample selection is summarized in 

Table 11:  
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Table 11: Priority of sample selection and number of patients selected. BM=bone marrow. n=number.  
PB=peripheral blood. 

Priority Sample Patients (Total n = 116) 

1) BM at disease presentation 63 

2) BM at follow up, no treatment  37 

3) BM at follow up, no disease modifying therapy4 9 

4) PB at disease presentation + BM at follow up 2 

5) PB at follow up, no treatment   4 

6) PB at follow up, no disease modifying therapy5 1 

 

The 116 patients included in this study were classified according to the 2008 WHO 

criteria. The group was composed of 38 patients with RCMD, 23 with RAEB-1, 16 

with RAEB-2, 11 with RCUD, eight with MDS del(5q) and six with RARS. Six 

unclassifiable MDS patients were included (MDS-U). Eight patients with MDS/MPN 

were included (five patients with CMML-1, one patient with CMML-2 and two 

patients with MDS-MPN-U). Figure 2 shows the relative composition of our patient 

cohort with regard to MDS subtypes: 

 

 

Figure 2: Distribution of MDS subtypes according to the 2008 WHO classification in our study cohort of 116 
patients with MDS based on the registry of MDS patients at the Ulm University Hospital as of May 15th 2013. 
%=per cent. CMML-1=chronic myelomonocytic leukemia-1. CMML-2=chronic myelomonocytic leukemia-2. 
MDS=myelodysplastic syndrome. MDS-MPN-U=myelodysplastic syndrome/myeloproliferative neoplasm, 
unclassifiable. MDS-U=myelodysplastic syndrome, unclassifiable. MDS with del(5q)=myelodysplastic syndrome 
with isolated del(5q). RAEB-1=refractory anemia with excess blasts-1. RAEB-2=refractory anemia with excess 
blasts-2. RARS=refractory anemia with ring sideroblasts. RCMD=refractory cytopenia with multilineage 
dysplasia. RCUD=refractory cytopenia with unilineage dysplasia. WHO=world health organization. 

                                                                 
4 Among these nine patients, three had received treatment with only deferasirox. Three had received 

both deferasirox and darbepoetin alfa. The remaining three patients had received darbepoetin alfa, 

romiplostim and calcitriol respectively. 
5 This patient was under treatment with darbepoetin alfa. 
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The median age at primary diagnosis was 67.5 years. Results of cytogenetic 

diagnostics, blood cell count and morphological assessment in BM at the time of 

diagnosis were available for all patients. Individual risk was assessed according to 

IPSS and IPSS-R. Figure 3 shows the risk distribution within our patient cohort 

according to IPSS and IPSS-R:  

 

 

Figure 3: Risk distribution in the cohort of 116 MDS patients according to IPSS (A) and IPSS-R (B). 
IPSS=international prognostic scoring system. IPSS-R=revised international prognostic scoring system. 
MDS=myelodysplastic syndrome. 

Table 12 provides an overview of all substances that have been administered in our 

patient cohort of 116 MDS patients, how often each substance was prescribed, and 

whether it was defined as supportive or specific therapy: 

Table 12: Overview of all therapeutic substances that were administered and number of patients who have 
received each substance in our cohort of 116 patients with myelodysplastic syndrome.  

Substance Category Number of patients 

Darbepoetin alfa Supportive therapy 46 

Deferasirox Supportive therapy 43 

Romiplostim Supportive therapy 3 

Filgrastim Supportive therapy 1 

Azacytidine Specific therapy 20 

Lenalidomide Specific therapy 16 

Hydroxycarbamide Specific therapy 9 

Thalidomide Specific therapy 7 

RHAMM-R3 peptide vaccination Specific therapy 3 

Etoposide Specific therapy 1 

Cytarabine Specific therapy 1 

Valproate Specific therapy 1 
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2.4 Isolation of mononuclear cells from BM/PB 

Mononuclear cells were isolated from BM/PB by density gradient centrifugation 

based on a Ficoll-paque medium (Pancoll human, PAN Biotech). This method 

allows to separate different blood components according to density. 20 ml of Ficoll-

Paque, a 400 kDa sucrose-polymer solution, were pipetted into a 50 ml 

centrifugation vial. Ten ml of heparinized BM/PB were diluted in 10 ml of nutrient 

solution (RPMI 1640 liquid medium, Biochrom) and then carefully pipetted onto the 

Ficoll-Paque layer. The vial was centrifuged at 400 rpm for 30 minutes (Heraeus 

Multifuge 3S-R). The Ficoll-Paque causes erythrocytes to agglutinate and sink to 

the bottom of the tube. Also granulocytes have a higher density than mononuclear 

cells and sink below the Ficoll-phase. Mononuclear cells remain layered on top of 

the Ficoll-paque and below the blood plasma phases. This layer of mononuclear 

cells was carefully aspirated and pipetted into a new 50 ml centrifugation vial. Forty 

ml of Dulbecco’s PBS buffer (Gibco/LifeTechnologies) were added for washing. The 

vial was centrifuged for seven minutes at 1200 rpm and the washing buffer was 

carefully pipetted off, while the cells remained pelleted at bottom of the vial. This 

whole washing procedure was repeated before the cells were dissolved in one ml 

of RPMI 1640 liquid medium. The white blood cell count of this solution was 

measured by fluorescence flow cytometry (Sysmex XS 800i) and a portion of 1x10⁷ 

cells was transferred into a labelled sealable 2 ml tube. After five minutes of 

centrifugation at 5000 rpm (5424 microcentrifuge, Eppendorf), excess buffer was 

carefully pipetted off, so 1x10⁷ isolated mononuclear cells remained pelleted at 

bottom of the tube.    

 

2.5 DNA/RNA extraction 

The obtained cell pellets could either be processed immediately or kept in storage 

at -80° Celsius. As stated, this study was based on both recently gained and older 

patient samples. In each case, the next step towards sequence analysis was 

extraction of DNA and RNA from the cell pellet.  
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2.5.1 Extraction kit and preparation 

Extraction was performed using the AllPrep DNA/RNA Kit (QIAGEN) which allows 

for simultaneous purification of both DNA and RNA. The extraction kit includes five 

buffer solutions (RLT, AW1, AW2, RW1, RPE), three of which come as a 

concentrate (AW1, AW2, RPE) to which pure ethanol (Sigma Aldrich) must be 

added to obtain a proper solution. Further components of the kit are two types of 

spin columns; AllPrep DNA Mini Spin Columns (uncolored) and RNeasy Mini Spin 

Columns (pink), each coming in a 2 ml collection tube. Additional 2 ml collection 

tubes, sealable 1.5 ml tubes, and Rnase free water are also included in the kit. Apart 

from this kit, the extraction process required preparation of additional reagents and 

materials, summarized as follows: A 70% ethanol solution, containing 35 ml of pure 

ethanol (Sigma Aldrich) and 15 ml of DEPC treated Water (Invitrogen) was prepared 

in a 50 ml vial. A DNAse incubation mix was prepared, containing for each cell pellet 

10 µl of DNase solution (enzyme stock dissolved in 550 µl of water) and 70 µl of 

RDD buffer from the Rnase-Free Dnase Set (QIAGEN). Two sealable 1.5 ml tubes 

were prepared for each pellet, containing 2 µl of 10xBlueJuice Loading Buffer 

(Invitrogen) and 8 µl of Rnase-free water. A 1% agarose gel for electrophoresis was 

produced from 1.3 g of agarose (Sigma Aldrich) and 130 ml of self-manufactured 

1xTAE buffer. 1xTAE buffer contains 24 g of Trizma base (Sigma Aldrich), 5.7 ml of 

pure acetic acid (VWR), 10 ml of 0.5 M EDTA solution (Ambion), and 5 l of water. 

1xTE buffer was self-manufactured from 500 µl of 1 M TRIS solution (Ambion), 10 

µl of 0.5 M EDTA solution (Ambion), and 49.5 ml of DEPC-treated water (Invitrogen). 

Sealable 1.5 ml and 2 ml tubes were prepared and labelled for storing of extracted 

DNA and RNA respectively. 

 

2.5.2 Cell disruption, homogenization and separation of DNA from RNA 

The extraction process (see: QIAGEN AllPrep DNA/RNA Mini Handbook, November 

2005) was undertaken at room temperature and without disruption. 600 µl of RLT 

lysis buffer were added to the frozen cell pellet in its storage vessel. The lysate was 

carefully re-pipetted to mix and shortly vortexed. This process melts the pellet and 

disrupts all membranes – outer, nucleus and organelles – of the cell. The lysate was 

pipetted onto a QIAshredder spin column (QIAGEN), placed in a 2 ml collection tube 

and centrifuged for three minutes at 13000 rpm (Biofuge Fresco, 
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Heraeus/ThermoScientific). Larger molecular components are hereby shredded 

apart and the lysate is homogenized to a lower viscosity. The column was then lifted 

off and cast away, while the homogenized lysate (flow-through) was transferred onto 

the uncolored AllPrep DNA Mini Spin Column and centrifuged again at 13000 rpm 

for one minute. After this second round of spinning, all DNA – having a much higher 

molecular weight than RNA – remains bound to the column, whereas all RNA is 

dissolved in the flow-through lysate. The AllPrep DNA Mini Spin Column (containing 

the isolated DNA) was set aside in a new 2 ml collection tube for further processing.  

 

2.5.3 Extraction of RNA and DNA 

As a single strand molecule, RNA is less stable and more susceptible to outer 

disruptive factors (temperature, light and ubiquitous Rnases) than DNA. RNA-

extraction was therefore given priority over DNA-extraction, which remained paused 

until all RNA was extracted, sealed and stored on ice. The flow-through lysate 

containing the RNA was mixed with 600 µl of 70% ethanol solution, carefully re-

pipetted to mix and then loaded onto a pink RNeasy Mini Spin Column. This process 

affects precipitation of RNA which can bind to the pink column now. The column 

was spun at 13000 rpm for one minute. This process was repeated because the 

maximum loading volume of each spin column is 700 µl. The flow-through was 

discarded each time, and new collection tubes were placed underneath the column. 

350 µl of RW1 buffer were then loaded onto the column – to which the RNA was 

now bound – in order to wash off remaining protein and other unwanted cell 

components. The column was spun again at 13000 rpm and placed atop of a new 

collection tube. 80 µl of prepared Dnase incubation solution were pipetted onto the 

column and left to incubate for 15 minutes. The Dnase is applied to digest any 

remaining traces of DNA so that subsequent molecular analyses can be trusted to 

distinguish between RNA-and DNA-level. After incubation, 350 µl of RW1 buffer 

were loaded onto the column, followed by another minute of spinning at 13000 rpm, 

in order to wash the Dnase off again. This was followed by two more rounds of 

washing, using 500 µl of RPE buffer, each time centrifuged at 13000 rpm for one 

and two minutes respectively. All flow-through was discarded, the column placed 

atop of a new collection tube, and spun dry for one minute. These final washing 

steps are meant to wash and dry off all remaining ethanol, which could otherwise 



21 

 

interfere with subsequent molecular analyses. The column was placed in a final 

collection tube. 40 µl of Rnase-free water were now carefully pipetted onto the 

middle of the column’s membrane in order to dissolve the RNA. After three minutes 

of incubation, the column was centrifuged for one minute at 13000 rpm in order to 

elute the dissolved RNA. The eluted RNA was transferred into a labelled sealable 2 

ml tube and placed on ice. Two µl of SuperaseIn Rnase inhibitor (Ambion) were 

added to the extracted RNA in order to stabilize the product and to protect it from 

degradation.  

Extraction of DNA was then continued: 500 µl of AW-1 buffer were loaded onto the 

uncolored spin column containing the DNA, and the column was centrifuged at 

13000 rpm for one minute. The flow-through was discarded and a new collection 

tube placed underneath. The process was repeated with 500 µl of AW-2 buffer and 

two minutes of spinning. Unwanted molecular material was hereby washed off, and 

the column was then spun dry for one minute at 13000 rpm. The column was then 

placed in a new collection tube and 100 µl of 1xTE-buffer were carefully pipetted 

onto the middle of the column’s membrane in order to dissolve the DNA. After three 

minutes of incubation, the column was centrifuged for one final minute at 13000 rpm 

in order to elute the dissolved DNA. The eluted DNA was transferred into a labelled 

sealable 1.5 ml tube. 

 

2.5.4 Product measuring and quality control 

The product concentration (ng/µl) of DNA and RNA was measured by 

spectrophotometry. One µl of each product solution was loaded onto a Nanodrop 

ND1000 spectrophotometer (ThermoScientific). Ideally, a high product 

concentration and low fractions of residual protein and lipids were yielded. The 

extracted RNA product was stored at -80° C until used for cDNA transcription. The 

extracted DNA product was stored at -20° C until used for PCR.  

The quality of extracted RNA and DNA was controlled by gel-electrophoresis. Two 

µl of extracted RNA and DNA were transferred into prepared 1.5 ml tubes containing 

a BlueJuice loading buffer solution for gel-electrophoresis. A 1% agarose gel was 

fitted into the buffer chamber of a B2 gel electrophoresis system 

(OWL/ThermoScientific) and the samples were loaded into their respective slots. 
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Samples were flanked by 4 µl of TrackIt 1 Kb Plus DNA Ladder (Invitrogen). The 

electrophoresis system was set at 120 V voltage and a duration of 40 minutes. Upon 

completion, the gel was transferred into a water-bath containing ethidium-bromide 

(Roth), a chemical compound that fluoresces strongly under UV-light if bound to 

nucleic acids. After 20 minutes of incubation the ethidium-bromide has intercalated 

with DNA/RNA- products that have migrated through the gel. A photograph was 

taken under UV-light in a gel imaging system (Syngene Genius Bioimaging system) 

and printed from the manufacturer’s GeneSnap software. The product’s quality 

could now be assessed, based on how it had migrated and where it had left bands 

in the gel. If intact, RNA should yield two major bands, representing the two 

ribonucleic ribosomal subunits (28S and 18S rRNA). DNA molecules are too large 

to migrate far and should leave a major single band at the top of their lane. Additional 

signs of migration in DNA lanes (bands, streaks and flowmarks) indicate product 

degradation or contamination, whereas non-migrated DNA bands in RNA slots are 

indicative of insufficient isolation of RNA from DNA. An example of high product 

quality is provided in Figure 4:  

 

 

Figure 4: UV-light image of agarose gel electrophoresis of extracted DNA (top row) and RNA (bottom row) from 
two cell pellets. Lanes 3 and 6: TrackIt 1 Kb Plus DNA Ladder (Invitrogen), showing standardized bands for 
product lengths of 12000  through 100 base pairs. Lanes 1 and 2 show hardly migrated single bands of extracted 
DNA. Two major bands can be distinguished in the RNA migration lanes (4 and 5), representing two types of 
rRNA (28S and 18S). Bp=base pairs. DNA=deoxyribonucleic acid. Kb=kilobase. RNA=ribonucleic acid 
rRNA=ribosomal ribonucleic acid. S=svedberg unit. UV=ultraviolet.  
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2.6 cDNA-synthesis 

Complementary DNA (cDNA) was produced from RNA templates by reverse 

transcription using the QuantiTect Reverse Transcription Kit by QIAGEN. The kit 

contains Rnase-free water, gDNA wipeout buffer, Quantiscript reverse transcriptase 

enzyme, Quantiscript RT buffer, and RT primer mix. Instead of the default primer 

mix as contained in the kit, we used random hexameres (Applied Biosystems) to 

yield better transcription results. Sample RNA was mixed with Rnase free water at 

variable proportions (depending on RNA product concentration) to obtain a total of 

12 µl. Two µl of gDNA wipeout buffer were added to the mix in a 0.2 ml reaction 

tube. The solution was incubated at 42°C for two minutes in a GeneAmp 2720 

thermal cycler (Applied Biosystems) to eliminate possible remains of DNA. One µl 

of random hexamere primers, 4 µl of Quantiscript RT buffer (containing magnesium 

ions and dNTPs) and 1 µl of reverse transcriptase enzyme were added, and the mix 

incubated at 42°C for another 15 minutes. During this incubation time the enzyme 

prolongs random hexamere primers which have ‘randomly’ bound to RNA 

templates, thus producing complementary DNA. The temperature was then raised 

to 95 °C for three minutes to stop the reaction, inactivate the enzyme and degrade 

the original RNA templates. The cDNA product was transferred to labelled sealable 

1.5 ml tubes and stored at -20° C until used for PCR. 

 

2.7 PCR 

The gene loci of interest were amplified by polymerase chain reactions (PCR). This 

method consists of biochemical reactions taking place during repeating cycles of 

temperature change. DNA double helices melt at high temperatures (>90°C), 

thereby yielding single strand templates. As the temperature drops, primers bind 

specifically to their templates. This step is called ‘annealing,’ and an ideal annealing 

temperature must be established for each PCR assay (usually between 54 and 

60°C). Overly low temperatures lead to nonspecific and faulty binding, whereas 

overly high temperatures prevent primers from binding at all. During the third step, 

the temperature is raised to about 70°C, at which a thermostable DNA-polymerase 

elongates the hybridized primers. This whole process is cyclically repeated and 

leads to exponential product amplification.  
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Forward primers (5’-3’) and reverse primers (3’-5’) were designed to amplify certain 

gene segments. Our SF3B1-assay was based on DNA, whereas the TP53-assay 

was based on cDNA (RT-PCR). The Optimase polymerase kit (Transgenomics) was 

used for both PCRs due to its compatibility with WAVE-DHPLC screening systems. 

PCR master-mixes were created according to assay protocols (see Tables 14, 15, 

17 ,19 and 21). PCR master-mix and patient DNA/cDNA were pipetted to mix in a 

96-well reaction plate. A wild-type sample was included as positive control during 

each PCR and one well was left without DNA/cDNA templates (PCR master-mix 

only) as negative control (NTC). DNA from HL60 cell lines (wild-type for SF3B1) and 

cDNA from Kasumi-1 (wild-type for TP53 exon 5-6) and Granta cell lines (wild-type 

for TP53 exon 7-8) were used as positive controls. All cell lines had previously been 

self-established in our lab. The reaction plate was placed in a thermal cycler 

(GeneAmp PCR System 2720, Applied Biosystems), which was programmed to run 

according to assay-protocols (see Tables 14, 15, 17 ,19 and 21).  

 

2.7.1 SF3B1 DNA-based assay 

Previous publications (Yoshida et al. 2011, Papaemmanuil et al. 2011) had indicated 

that mutations of the SF3B1 gene occur mainly in a hotspot region encompassing 

the exons 14, 15 and 16. Thus we established a set of primers covering these three 

exons, including all splice sites. All primers are shown in Table 13:  

Table 13: Primer pairs of the DNA-based PCR assay for SF3B1. a=adenosine. bp=base pairs. c=cytidine. 
DNA=deoxyribonucleic acid. g=guanosine. PCR=polymerase chain reaction. SF3B1=splicing factor 3b, subunit 
1 (human gene). t=thymidine.   

Exon Forward primer Reverse primer Fragment length 

14 Attaccaactcatgactgtccttt aaaaagacaaagttacattacaacttac 340 bp 

15 ttggctgaatagttgatatattgagag gataaatcaaaaggtaattggtgga 271 bp 

16 Aaatccaccaattaccttttga tgttagaaccatgaaacatatcca 294 bp 

 

The assay for SF3B1 exon 14 was programmed as touchdown-PCR to ensure 

higher specificity of primer annealing during the early cycles:  
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Table 14: DNA-based PCR assay for SF3B1 exon 14. The left two columns enlist all necessary reagents of the 

reaction. The right two columns represent the thermocycling program. Steps two through four were repeated 15 
times and each time the annealing temperature (initially 60.3°C) was lowered by 0.5°C. Steps five through seven 
were repeated nineteen times. Towards the end, the temperature was lowered from 95°C by 1°C every 22 
seconds. ºC=degrees Celsius. ∞=infinitely. µl=microliter. DNA=deoxyribonucleic acid.  dNTP=deoxynucleoside 
triphosphates. MgSO4=magnesium sulfate. min=minutes. mM=millimolar. PCR=polymerase chain reaction. 
pmol=picomol. sec=seconds. SF3B1=splicing factor 3b, subunit 1 (human gene). x=times.  

Reagent 
Volume 
(µl) 

Time Temperature  

Aqua ad iniectabilia  36.1 2 min 95ºC   

10x PCR buffer (without MgSO4) 5 30 sec 95ºC   

MgSO4 (25mM) 2 30 sec      60.3°C x15 Touchdown -0.5°C 

dNTP (Mix 25 mM each) 0.4 40 sec 72ºC   

Forward primer (10 pmol/µl) 2 30 sec      95ºC   

Reverse primer (10 pmol/µl) 2 30 sec      53.3ºC x19 

Optimase polymerase 0.5 40 sec 72ºC   

DNA product 2 7 min 72ºC   

  10 min 10ºC        

  5 min 95°C  

  22 sec 95°C x70 Touchdown -1°C 
  ∞ 10°C  

 

The similar PCR assays for SF3B1 exon 15 and 16 are summarized in Table 15:  

Table 15: DNA-based PCR assay for SF3B1 exon 15 and 16. The left two columns enlist all necessary reagents 

of the reaction. The right two columns represent the thermocycling program. Steps two through four were 
repeated 32 times. The annealing temperature was 57°C for exon 15 and 54°C for exon 16. Towards the end, 
the temperature was lowered from 95°C by 1°C every 22 seconds. ºC=degrees Celsius. ∞=infinitely. 
µl=microliter. DNA=deoxyribonucleic acid.  dNTP=deoxynucleoside triphosphates. MgSO4=magnesium sulfate. 
min=minutes. mM=millimolar. PCR=polymerase chain reaction. pmol=picomol. sec=seconds. SF3B1=splicing 
factor 3b, subunit 1 (human gene). x=times. 

Reagent 
Volume 
(µl) 

Time Temperature  

Aqua ad iniectabilia 34.5 5 min 95ºC   

10x PCR buffer (without MgSO4) 5 30 sec 95ºC   

MgSO4 (25mM) 3.6 30 sec      57/54°C x32 

dNTP (Mix 25 mM each) 0.4 30 sec 72ºC   

Forward primer (10 pmol/µl) 2 7 min 72ºC   

Reverse primer (10 pmol/µl) 2 10 min 10ºC        

Optimase polymerase 0.5 5 min 95°C  

DNA product 2 22 sec 95°C x70 Touchdown -1°C 
  ∞ 10°C  

 

 

2.7.2 SF3B1 cDNA-based assay 

Initial sequencing results from the DNA-based assay of SF3B1 had rendered a 

recurring single nucleotide mutation in the acceptor splice site of exon 15 (c.2077-

7T>A). Such mutations within the consensus sequence of splice sites can lead to 
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aberrant splicing. Possible effects could be exon-skipping, activation of a cryptic 

splice site or intron retention. To determine whether the discovered mutation had 

any effect on pre-mRNA-splicing of SF3B1 and subsequently on the protein’s 

structure, a separate cDNA-based assay was devised as shown in Tables 16 and 

17. Two different reverse primers were designed to detect all theoretically possible 

outcomes of aberrant splicing. 

Table 16: Primers of the cDNA-based PCR assay for SF3B1. a=adenosine. bp=base pairs. c=cytidine. 
cDNA=complementary deoxyribonucleic acid. g=guanosine. PCR=polymerase chain reaction. SF3B1=splicing 
factor 3b, subunit 1 (human gene). t=thymidine.   

Name Primer 

Forward  gctattcttatgggctgtgc 

Reverse 1 (R1) tttcctcatcaggagactgg 

Reverse 2 (R2) atgaaccatagcctgtcagc 

 

The forward primer is located towards the end of exon 14 and the first reverse primer 

(R1) is located towards the end of exon 16 (see Figure 5). This primer pair was 

designed to detect the possible outcomes of exon-skipping or cryptic splice site 

activation. In case of exon-skipping, the product would have become significantly 

shorter because exon 14 would have been followed immediately by exon 16, thus 

skipping exon 15. Activation of a cryptic splice cite means that due to the mutation 

in the acceptor splice site of exon 15, the site becomes unrecognizable for the 

spliceosome and thus an alternate acceptor splice site within exon 15 is activated 

which is not used for splicing under normal circumstances. To detect the third 

theoretical consequence, namely an intron retention between exon 14 and 15, we 

developed a different reverse primer (R2), which is located in the middle of this 

intron. This was necessary because the total fragment length would have been too 

long for proper PCR elongation of the first primer pair (Forward and Reverse R1) in 

case of a retained intron. A schematic representation of primer locations and of 

possible consequences of aberrant splicing is provided in Figure 5: 
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Figure 5: Schematic representation of SF3B1 gene region and primer location of the cDNA-based PCR assay: 

The top row shows the location of all primers (blue arrows) on genomic DNA and of the suspicious mutation at 
the acceptor splice site of exon 15 (red bolt). 1-4 represent theoretically possible outcomes of this splice site 
mutation and show how the designed primers would be able to detect each outcome: 1) Normal splicing takes 
place. 2) Exon 15 is skipped. 3) A cryptic acceptor splice site within exon 15 is activated, thus resulting in a 
shortened fragment instead of a full exon 15. 4) Intron retention. In the latter case the total fragment length 
would have been too long for proper elongation from primer R1 (indicated by crossing out in red), so primer R2 
was designed to detect this theoretical outcome. cDNA=complementary deoxyribonucleic acid. 
DNA=deoxyribonucleic acid. PCR=polymerase chain reaction. R1=reverse primer 1. R2=reverse primer 2. 
SF3B1=splicing factor 3b, subunit 1 (human gene). 

Table 17 shows the details of this cDNA-based PCR assay for SF3B1 for which the 

Platinum Taq polymerase kit (Invitrogen) was used.  

Table 17: cDNA-based PCR assay for SF3B1. The left two columns enlist all necessary reagents of the reaction. 

The right two columns represent the thermocycling program. Steps two through four were repeated 30 times. 
ºC=degrees Celsius. ∞=infinitely. µl=microliter. cDNA=complementary deoxyribonucleic acid.  
dNTP=deoxynucleoside triphosphates. MgCl2=magnesium chloride. MgSO4=magnesium sulfate. min=minutes. 
mM=millimolar. PCR=polymerase chain reaction. pmol=picomol. sec=seconds. SF3B1=splicing factor 3b, 
subunit 1 (human gene). x=times. 

Reagent Volume (µl) Time Temperature  

Aqua ad iniectabilia  19.25 2 min 95ºC   

10x PCR buffer (without MgSO4) 2.5 30 sec 95ºC   

MgCl2 (25mM) 0.75 30 sec      58°C x30 

dNTP (Mix 25 mM each) 0.25 90 sec 70ºC   

Forward Primer (10 pmol/µl) 0.5 10 min 70ºC   

Reverse Primer (10 pmol/µl) 0.5 ∞ 4°C  

Platinum Taq  0.25    

cDNA product 1.5    
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2.7.3 TP53 cDNA-based assay 

It has long been known that mutations of the TP53 gene occur mainly in a highly 

conserved hotspot region encompassing exons 5-8 (Nigro et al. 1989). A great 

variety of point mutations and rarer cases of micro-insertions/deletions are known 

in this area (Harris et al. 1993, Wattel et al. 1994). However, previous studies have 

based their analyses almost exclusively on genomic DNA. We have used a cDNA-

based assay instead, with two primer pairs covering the four exons in full, the first 

pair spanning exons 5 and 6, the second exons 7 and 8. The primers of this assay 

are shown in Table 18:  

Table 18: Primer pairs of the cDNA-based PCR assay for TP53. a=adenosine. bp=base pairs. c=cytidine. 
cDNA=complementary deoxyribonucleic acid. g=guanosine. PCR=polymerase chain reaction. TP53=tumor 

protein 53 (human gene). t=thymidine.   

Exon Forward Primer Reverse Primer Fragment Length 

5-6 Gtctgggcttcttgcattct tggtacagtcagagccaacct 363 bp 

7-8 Aaggaaatttgcgtgtggag tctccatccagtggtttcttc 385 bp 

 

Reagents and thermocycling programs were identical for both primer pairs and are 

summarized in Table 19. We used the Optimase polymerase (Transgenomics), 

allowing for mutation screening with DHPLC. 

Table 19: cDNA-based PCR assay for TP53. The left two columns enlist all necessary reagents of the reaction. 

The right two columns represent the thermocycling program. Steps two through four were repeated 35 times. 
ºC=degrees Celsius. ∞=infinitely. µl=microliter. cDNA=complementary deoxyribonucleic acid.  
dNTP=deoxynucleoside triphosphates. MgSO4=magnesium sulfate. min=minutes. mM=millimolar. 
PCR=polymerase chain reaction. pmol=picomol. sec=seconds. TP53=tumor protein 53 (human gene). x=times. 

Reagent Volume (µl) Time Temperature  

Aqua ad iniectabilia 33.5 2 min 95ºC   

10x PCR buffer (without MgSO4) 5 30 sec 95ºC   

MgSO4 (25mM) 3.6 30 sec      57°C x35 

dNTP (Mix 25 mM each) 0.4 40 sec 72ºC   

Forward primer (10 pmol/µl) 2 5 min 72ºC   

Reverse primer (10 pmol/µl) 2 ∞ 10°C  

Optimase polymerase 0.5    

cDNA product 3    

 

 

2.7.4 TP53 DNA-based assay 

Because sequencing results (from RNA level) of one patient seemed to point 

towards a complex event of aberrant splicing, a DNA-based PCR was undertaken 
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for verification. This DNA-based PCR assay was also used to verify results in four 

patients after DHPLC screening and sequencing results from RNA level had 

remained inconclusive. A previously established DNA-based assay for TP53 was 

adapted and used, as specified in Tables 20 and 21: 

Table 20: Primer pairs of the DNA-based PCR assay for TP53. a=adenosine. bp=base pairs. c=cytidine. 
DNA=deoxyribonucleic acid. g=guanosine. PCR=polymerase chain reaction. TP53=tumor protein 53 (human 
gene). t=thymidine. 

Exon Forward Primer Reverse Primer Fragment Length 

5 Ctagctcgctagtgggttgc cactcggataagatgctgag 421 bp 

6 ccaccatgagcgctgctcag cccttagcctctgtaagcttc 410 bp 

7 gcctcccctgcttgccacag gggagcagtaaggagattcc 332 bp 

8-9 Ttccttactgcctcttgctt agaaaacggcattttgagtg 411 bp 

 

Discoverase polymerase (Invitrogen) was used for this PCR assay as specified in 

Table 21: 

Table 21: DNA-based PCR assay for TP53. The left two columns enlist all necessary reagents of the reaction. 
The right two columns represent the thermocycling program. Annealing temperatures were 62°C for the exon 5 
and 6 assays, 64°C for the exon 7 assay, and 58°C for the exon 8-9 assay. Steps two through four were repeated 
28 times in the exon 5 assay, 35 times in the exon 6 assay, 30 times in the exon 7 assay, and 33 times in the 
exon 8-9 assay. ºC=degrees Celsius. ∞=infinitely. µl=microliter. DNA=deoxyribonucleic acid.  
dNTP=deoxynucleoside triphosphates. MgSO4=magnesium sulfate. min=minutes. mM=millimolar. 
PCR=polymerase chain reaction. pmol=picomol. sec=seconds. TP53=tumor protein 53 (human gene). x=times. 

Reagent Volume (µl) Time Temperature  

Aqua ad iniectabilia 17.6 30 sec 94ºC   

10x PCR buffer (with MgSO4) 6 30 sec 94ºC   

MgSO4 (25mM)6 0 1 min      58-64°C x28-35 

dNTP (Mix 25 mM each) 0.4 1 min 68ºC   

Forward primer (10 pmol/µl) 2 5 min 68ºC   

Reverse primer (10 pmol/µl) 2 ∞ 4°C  

Discoverase polymerase 0.5    

DNA product 1    

 

 

2.7.5 Product control by gel-electrophoresis 

Before proceeding with further genetic analysis, the success and quality of PCR 

amplification was controlled by gel-electrophoresis. Five µl of each PCR product 

were mixed with 5 µl of 3xOrangeG loading buffer and loaded onto a 3% agarose 

gel, fitted into an A2 gel electrophoresis system (OWL/ThermoScientific). The 

                                                                 
6 Only the DNA-based assay for TP53 exon 6 required 1.2 µl of MgSO4 (25mM) and a reduced 

amount of water (16.4 µl), all other three exons were amplified without additional MgSO4 as specified 

in Table 21. 
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3xOrangeG buffer was self-manufactured from 0.2 g Orange G Dye (Sigma Aldrich), 

15 ml of glycerol (Merck), and 85 ml of distilled water (Braun). Samples were flanked 

by a TrackIt 100bp DNA Ladder (Invitrogen). The machine was set at 140 V voltage 

and 75 minutes duration. Upon completion, the gel was transferred into a water-bath 

containing ethidium-bromide (Roth). After 20 minutes of incubation a photograph 

was taken under UV-light (see Figure 6).  

 

 

Figure 6: UV-light image of agarose gel electrophoresis of DNA-based PCR for SF3B1 (exons 14, 15 and 16). 

Every first lane (1) shows PCR product bands as amplified from patient DNA. Every second lane (2) shows PCR 
products bands amplified from DNA of HL60 cell line (positive/wild-type control). Every third lane (3) represents 
the negative/no template control (NTC), thus showing no bands. The three control lanes of each exon were 
flanked by a standard 100 base pair DNA ladder (Invitrogen) in order to estimate the product length. In this case 
all three amplified fragments (exons 14, 15 and 16) were roughly 300bp long. Bp=base pairs. 
DNA=deoxyribonucleic acid. NTC=No template control. PCR=polymerase chain reaction. SF3B1=splicing factor 
3b, subunit 1 (human gene). UV=ultraviolet. 

The success of PCR amplification and the product’s quality could now be assessed. 

There should be a single band for each sample on the same migration height as the 

wild-type positive control. The slot of the negative control should yield no band at 

all. Additional bands are indicative of product contamination or mutations that 

change the product’s size (deletions or insertions).  

 

2.8 PCR-cloning 

Because of inconclusive results from the TP53 sequence of one patient (patient ID-

81), it became necessary to seek further verification. There seemed to be a complex 

mutation, however, the result could also be interpreted as an artefact. We decided 

to attempt selective amplification of the mutated clone/allele in order to verify the 
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alleged mutation. This was achieved by cloning of the PCR product, using the ‘TA 

Topo cloning kit for sequencing’ (Invitrogen).  

The principle of this method is to insert a PCR product into a synthetic plasmid vector 

which is then introduced into bacteria. The bacteria are colonized on an antibiotics-

infused agar plate. Apart from a strong promotor for the inserted gene product, the 

vector also contains a gene that codes for an antibiotic resistance mechanism. This 

allows for the positive selection and proliferation only of those bacteria that have 

taken up the vector and translated its gene products. The rationale behind this whole 

procedure is the assumption that some bacterial colonies might selectively take up 

and amplify the mutated template. Thus, the mutated template gets both isolated 

and hyper-amplified due to the clonal proliferation of a bacterial colony. 

Cloning requires a prior PCR with a certain polymerase (taq-polymerase). The 

plasmid vectors are linear with a single thymidine overhang on both sides. Because 

taq-polymerases generally add a single adenosine to their elongation products at 

the end, such products can subsequently bind to the vector and be joined to a 

circular DNA molecule. Therefore, we used the usual cDNA-based PCR assay for 

TP53, except that the enzyme was replaced by an ‘AmpliTaq Gold polymerase’ (Life 

technologies). Two µl of the new PCR product, 2 µl of distilled water (Braun), 1 µl of 

salt solution, and 1 µl of the vector Topo 4.0 from the cloning kit were mixed and 

incubated at room temperature for 20 minutes.  

After this cloning reaction, the joined vectors were introduced to E.coli bacteria 

(transformation reaction). One tube of ‘One Shot TOP10 Chemically Competent 

E.coli’ (Invitrogen) was slowly defrosted on ice (previously stored at -80°C). Two µl 

of the cloning reaction mix were added and left to incubate for 30 minutes on ice. 

The tube was then placed for exactly 30 seconds into a thermoblock (Grant) 

preheated at 40°C and then immediately returned onto ice. The vectors transform 

through the destabilized outer membrane of the E.coli bacteria during this heat 

shock. 250 µl of SOC-medium, a liquid nutrient medium and part of the E.coli kit, 

were now added and the tube was then placed in a hybridization oven/shaker that 

gently rocks and rotates the tube at 220 rpm and 37°C for one hour (Stuart). After 

this incubation period the bacteria stock was evenly streaked on two agar plates. 

Self-manufactured agar plates were used that contain ampicillin (Roche), 

kanamycin (Roche), tetracyclin (SigmaAldrich), and chloramphenicol 
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(SigmaAldrich). The plates were then left to incubate overnight at 37°C (in a B6 

Heraeus incubator) so that clonal E.coli colonies could grow.  

A new PCR master-mix for TP53 exon 5-6 was prepared on the next day and 

pipetted into each well of a 96 well reaction plate. Isolated E.coli colonies were then 

carefully picked off the agar plates with a small pipet tip and dipped into the reaction 

mix as a template. The regular thermocycling program of the cDNA based PCR 

assay for TP53 was started then. The translation product of a single clonal E.coli 

colony was thus amplified in each well of the reaction plate. Cloning was followed 

by the same screening procedures (DHPLC), purification steps and genetic analysis 

(Sanger sequencing) as regular PCR. 

 

2.9 DHPLC-screening 

Patient samples were screened for mutations on the highly sensitive WAVE-DHPLC 

system (Transgenomic). Denaturing high-performance liquid chromatography 

(DHPLC) is a method that detects small deletions, insertions and point mutations in 

PCR products. It is based on chromatographic detection of mismatched DNA 

double-strands (heteroduplexes). They get detected when DNA duplexes are 

chemically bound to a liquid column (DNASep, Transgenomic) and then washed off 

again. Because heteroduplexes have slightly different chemical properties than 

homoduplexes, they are washed off earlier, thereby creating a separate 

chromatographic detection peak (Fackenthal et al. 2005). This process is 

temperature-dependent, as the temperature of washing buffers affects sensitivity. 

Ideal temperatures must therefore be established for each PCR-product in question 

(Fackenthal et al. 2005). In order to detect identical by-allelic (homozygous) 

mutations, all samples were additionally screened as a product mix with wild-type 

DNA. After mixing, random reassembly of DNA duplexes is achieved by denaturing 

in a thermal cycler. The temperature is elevated to 95° C until all duplex-bonds 

brake, and then slowly lowered back to room temperature, so that random duplexes 

between DNA from patient samples and DNA from wild-type cell-lines are formed. 

Twenty µl of each PCR product were loaded onto a 96 well reaction plate and 10 µl 

of each PCR product onto a separate plate in order to be mixed with 10 µl of wild-

type PCR product (amplified from HL60, Kasumi-1 or Granta cell lines). The 



33 

 

denaturing program was run in a GeneAmp 2720 thermal cycler (Applied 

Biosystems). The WAVE system was maintained, initiated and set according to the 

manufacturer’s recommendations. A sample sheet was written using the 

manufacturer’s Navigator Software (Transgenomic), in which all sample positions 

were specified and detection temperatures set. TP53 samples were set to be 

screened at two different temperatures to ensure maximum sensitivity. The PCR 

product of exon 5-6 of TP53 was screened at 60°C and 63°C, the PCR product of 

exon 7-8 at 60.2°C and 62.5°C. Exons 14, 15 and 16 of SF3B1 were screened at 

57.1°C, 59.2°C, and 54.8°C respectively. 

Screening results were viewed, adjusted and printed from Navigator software. 

Positive controls (wild-type homoduplex) were used as standards for comparison. If 

the peak of a patient sample differed from this control peak in shape or position, the 

sample was positively screened and thus selected for sequencing. Figure 7 shows 

a positively screened patient sample in comparison to the wild-type control: 

 

 

Figure 7: Screenshot from Navigator software (Transgenomic) showing a positive DHPLC-screen. The dotted 
blue curve represents the standard (wild-type) peak. The patient sample (green curve) shows a double peak, 
differing from the wild-type control in position and shape. Chromatographic absorbance (converted to mV) is 
represented on the x-axis. The time (minutes) until duplexes are washed off the DHPLC liquid column is 
represented on the y-axis. The headline provides project specifications (project name, tray name and method 
name), sample name, system settings (injection of 10 µl, buffer temperature of 57.1 °C) and run date. Vial 2 
refers to the exact position of this sample on a standard sample tray with 96 vials. ºC=degrees Celsius. 
µl=microliter. DHPLC=denaturing high-performance liquid chromatography. min=minutes. mV=Millivolt. 
SF3B1=splicing factor 3b, subunit 1 (human gene).  

A minimum peak size of 10 mV was required so that shapes could properly be 

evaluated and compared. If samples rendered smaller peaks, the whole process, 

starting with PCR, was repeated. If samples rendered inconclusive results (small 

peaks) twice, they were selected for sequencing. 
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2.10 Purification of PCR-products 

PCR products selected for sequencing were purified from unwanted residues of the 

PCR reaction (dNTPs, primers, polymerase enzyme) by using the QIAquick PCR 

Purification Kit (QIAGEN). Pure ethanol (Sigma Aldrich) was added to the kit’s PE 

buffer as indicated by the manufacturer. PB buffer was added to the PCR product 

at a 5:1 ratio and carefully repipetted to mix. This mix was loaded onto a QIAquick 

spin column in a 2 ml collection tube and centrifuged at 13000 rpm for one minute, 

thereby binding all product DNA to the column. The column was then placed in a 

new collection tube, 700 µl of PE buffer were loaded, and the column centrifuged 

again at 13000 rpm for one minute. This process washes off all unwanted residue 

of the PCR reaction while the PCR product remains bound to the column. After one 

more minute of centrifugation for drying, the column was placed in a new collection 

tube and 30 µl of EB buffer were carefully pipetted onto the middle of the membrane 

in order to re-dissolve the product. After one minute of incubation, the column was 

spun at 13000 rpm for one last minute to elute the purified and dissolved PCR 

product. The product was then transferred into a labelled sealable 1.5 ml tube.  

 

2.11 Purification of gel-bound PCR-product 

Because the gel control of one patient (ID-81) had repeatedly shown multiple bands 

for the PCR of TP53 exon 5-6 (before and after cloning), and because sequencing 

results of this patient had remained inconclusive, we decided to separate these 

different fragments directly from the gel. The regular PCR (cDNA based TP53 exon 

5-6) was repeated, the entire PCR product loaded onto a new agarose gel and 

separated at a voltage of 140 V for two hours. After incubation with ethidium-

bromide the separate bands were made visible under UV light and separately cut 

from the gel. Purification of this gel-bound PCR product was performed by using the 

MinElute Gel Extraction Kit (Qiagen). The gel cut-outs were weighed in a sealable 

1.5 ml tube and the quadruple amount of QG buffer was added in order to dissolve 

the gel. This mix was incubated at 50° C for 10 minutes on a QBD2 thermoblock 

(Grant) and then pipetted onto a QIAquick spin column. After centrifugation (one 

minute at 13000 rpm) the column was placed in a new collection tube and 500 µl of 

QG buffer were loaded for washing. The flow through was discarded each time, 

while the PCR product remained bound to the column. From here on, the regular 
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purification process (washing with PE buffer, etc.) as described in the previous 

chapter was continued. 

   

2.12 Cycle sequencing reaction 

Sequencing of PCR products requires a cycle sequencing reaction (CSR). This 

reaction is similar to PCR, however, apart from regular dNTPs, fluorescent di-deoxy-

nucleotides (ddNTPs) are built into the elongation product at random positions. 

Once such a ddNTP is built in, the polymerase enzyme is inhibited and stops 

elongation. CSR – like PCR – is based on a cyclical repetition of duplex 

denaturation, primer annealing and enzymatic elongation. Due to exponential 

product amplification during PCR, it can be assumed with statistic certainty that 

elongation is stopped at every possible position of the product template during CSR. 

The Sanger sequencing technique is based on a separation of all these fragments 

according to length/molecular weight. At each position a fluorescent signal is emitted 

thus providing the exact base sequence, because the four possible ddNTPs 

(ddATP, ddGTP, ddCTP, and ddTTP) fluoresce at different wave lengths.  

The BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) was used 

according to the manufacturer’s recommendations and according to the protocol as 

shown in Table 22:    

Table 22: Reaction protocol for CSR. The left two columns enlist all necessary reagents of the reaction. The 
right two columns represent the thermocycling program. ºC=degrees Celsius. ∞=infinitely. CSR=cycle 
sequencing reaction. µl=microliter. min=minutes.  PCR=polymerase chain reaction. pmol=picomol. 
sec=seconds. x=times. 

Reagent Volume (µl) Time Temperature  

Aqua ad iniectabilia  10 2 min 96ºC   

BigDye Terminator v3.1 2 15 sec 95ºC   

5xSequencing buffer 1 1 min      55°C x25 

Primer (10pmol/µl) 1 3 min 60ºC   

Purified PCR product 1 10 min 4ºC   

  ∞ 4°C  

 

Two master-mixes (forward and reverse) were created for each sample, in order to 

allow sequencing in both directions. Each master mix contained 1 µl of either 

forward or reverse primers (the same primers as used for PCR). Fourteen µl of each 

master-mix and 1 µl of each purified PCR product were mixed directly in the wells 

of a 96 well reaction plate. The plate was centrifuged at 1000 rpm for one minute on 
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a 4KR Multifuge (Heraeus/ThermoScientific) and then placed in a thermal cycler to 

run according to protocol (see Table 22).  

 

2.13 Purification of CSR-products 

Before sequencing, reaction residues (primers, dNTPs, ddNTPs and enzymes) 

must be removed. Purification was performed by using the DyeEx 2.0 Spin Kit 

(QIAGEN). The bottom of the DyeEx 2.0 spin column was snapped off, and the lid 

slightly opened. The column contains a liquid gel. It was placed in a 2 ml collection 

tube and centrifuged for three minutes at 3000 rpm, leaving behind a crystallized 

gel matrix. The column was placed in a new collection tube and the CSR product 

carefully pipetted directly onto the gel. The column was centrifuged at 3000 rpm for 

three minutes so the purified CSR product was eluted into the collection tube while 

unwanted residue of the CSR reaction remained bound to the crystal gel matrix. 

 

2.14 Sequencing and sequence analysis 

The purified CSR product was pipetted onto a 96 well reaction plate and mixed with 

5 µl of Hi-Di Formamide (Applied Biosystems). The plate was placed on the carrier 

tray of a 3500xL Dx sequencer (Applied Biosystems) which was maintained, initiated 

and set as recommended by the manufacturer. A sample sheet was written, using 

the manufacturer’s Data Collection Software. The sample sheet specified the well 

position of each sample and the sequencing settings (instrument protocol 

NPM1_50_18s_POP7, analysis protocol BigDye 3.1 Standard). The run was started 

then.   

Upon completion, the results were viewed, edited and printed from the 

manufacturer’s Sequencing Analysis Software which depicts the sequence as 

electropherogram. An electropherogram shows each base of the sequence as a 

colored peak, the four colors green, black, blue and red coding for adenine, guanine, 

cytosine and thymine respectively. The sequence was then searched for mutations. 

Heterozygous point mutations/SNPs present as a double peak, whereas 

homozygous point mutations/SNPs can only be detected in comparison to a wild-

type control sequence. Therefore, wild-type control sequences of all analyzed gene 

loci were manually compared to patient sequences. Heterozygous 
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insertions/deletions cause all peaks downstream of the mutation to present as 

double peaks. Figure 8 shows two example sequences, one with a point mutation 

and one with a deletion of 11 base pairs:  

 

 

Figure 8: Two example electropherograms. A) shows a heterozygous point mutation in exon 14 of SF3B1. Under 

the blue peak of the wild-type base (representing cytosine) there shows a red second peak (representing 
thymidine) as indicated by the black arrow. B) shows a microdeletion of 11 base pairs in exon 7 of TP53. The 
11 deleted base pairs are circled in red. As indicated by the black arrow, the mutation skips 11 base pairs and 
anticipates the sequence (noted underneath) that should follow only after these 11 bases. Thus, the deletion 
causes all subsequent peaks to present as doubles. A=adenosine. C=cytidine. G=guanosine. R=Indicates 
possible mutation according to Sequencing Analysis Software (Applied Biosystems).  SF3B1=splicing factor 3b, 
subunit 1 (human gene). T=thymidine. TP53=tumor protein 53 (human gene). Y=Indicates possible mutation 
according to Sequencing Analysis Software (Applied Biosystems). 

 

2.15 Mutation nomenclature   

All mutations were documented and named according to the standards of the 

Human Genome Variation Society (www.hgvs.org). The first base of the start codon 

was counted as +1. In describing the calculated effect of genomic mutations on 

protein level, single letter amino acid symbols were used according to the Human 

Gene Nomenclature Committee guidelines (www.genenames.org). Designations at 

the protein level were theoretically deduced from reference sequences. 

Nomenclature of TP53 mutations was based on the coding DNA reference 

sequence ‘isoform a’ (NM_000546.5) of gene ID 7157 assessed on 

http://www.ncbi.nlm.nih.gov on April 16, 2015, as well as transcript TP53-001 of 

gene entry ENSG00000141510 assessed on http://www.ensembl.org on April 16, 

2015. Nomenclature of SF3B1 mutations was based on the coding DNA reference 

sequence ‘isoform 1’ (NM_012433.3) of gene ID 23451 assessed on 
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http://www.ncbi.nlm.nih.gov on June 26, 2015, as well as transcript SF3B1-001 of 

gene entry ENSG00000115524 assessed on http://www.ensembl.org on June 26, 

2015. We investigated all detected sequence variations for previous publication on 

www.ncbi.nlm.nih.gov, www.ensemble.org and www.cancer.sanger.ac.uk. If 

previously described, mutations were cross-referenced by COSMIC-code according 

to the catalogue of somatic mutations in cancer as maintained by the Wellcome 

Trust Sanger Institute, UK. In order to distinguish between SNPs and mutations we 

also investigated each discovered sequence variation for previous listing as a SNP 

on the NCBI database of single nucleotide polymorphisms 

(www.ncbi.nlm.nih.gov/snp) and the COSMIC-database 

(www.cancer.sanger.ac.uk). One of the sequence variations discovered by us in 

TP53 had previously been listed as a confirmed SNP and was thus not counted as 

a mutation and excluded from the statistical analysis (see chapters 3.2 and 3.9). 

 

2.16 Statistical analysis  

The main focus of this dissertation was to assemble the cohort of MDS patients, to 

design and to conduct the experiments for mutational analyses of SF3B1 and TP53. 

These experiments provided the basis for further clinical correlations with molecular 

data. Due to the complexity of the clinical data the statistical analyses, which were 

conducted on the basis of these molecular data, were performed with support of a 

member of the AMLSG office (Ms. Daniela Weber), a division within the Department 

of Internal Medicine III at the Ulm University Hospital, where the comprehensive 

clinical database of MDS patients is administered. I was involved in the design and 

process of the statistical analyses and interpreted the data by myself. Clinical and 

prognostic patient data as assessed at diagnosis (age, sex, cytogenetics, MDS-

classification, IPSS/-R, blood cell count and morphology) were compared between 

the group of patients who showed mutations and the group of patients with wild-type 

alleles of the genes. This was separately analyzed for each respective gene. The 

hypothesis h0 was that there is no difference between the groups of mutated and 

non-mutated patients concerning each clinical variable in question. If the applied 

statistic test rendered p values <5%, we rejected h0 and accepted the alternative 

hypothesis h1, namely that there is a significant difference between both groups 

with regard to the analyzed variable. Mann-Whitney-U tests (MWU) were applied to 
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quantitative variables (age, blood cell count) and Fischer exact tests to qualitative 

variables (sex, IPSS, etc.). The Kaplan Meyer method was used to estimate and 

visualize overall survival and leukemia free survival with regard to the presence or 

absence of mutations. 
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3 Results 

3.1 Frequency and distribution of SF3B1 mutations 

Mutations in the SF3B1 gene were found in 20 (17.2%) out of 116 patients. All of 

these were heterozygous point mutations. Eight patients had mutations in exon 14, 

nine patients in exon 15, and two patients in exon 16. One patient had mutations in 

both exon 14 and 15. Accordingly, altogether 21 SF3B1 mutations were found, as 

listed in Table 23: 

Table 23: Overview of 21 SF3B1 mutations found in 116 patients. The mutation c.1986C>A occurred in two 
patients and the mutation c.2098A>G in 10 patients. Two mutations have not previously been described. One 
mutation has previously been described in adenoid cystic carcinoma (ACC), all other mutation have previously 
been found in patients with MDS. Nomenclature of SF3B1 mutations was based on the coding DNA reference 
sequence ‘isoform 1’ (NM_012433.3) of gene ID 23451 assessed on http://www.ncbi.nlm.nih.gov on June 26, 
2015, as well as transcript SF3B1-001 of gene entry ENSG00000115524 assessed on http://www.ensembl.org 
on June 26, 2015. The first base of the start codon was counted as +1. Designations at the protein level were 
theoretically deduced from these reference sequences.  ACC=adenoid cystic carcinoma. c.=mutation 
nomenclature on coding DNA level. DNA=deoxyribonucleic acid. p.=mutation nomenclature on protein level. 
MDS=myelodysplastic syndrome. SF3B1=splicing factor 3b, subunit 1 (human gene). 

Exon Mutation Patients Cosmic Code 
Previously 
described 
in 

Reference 

14 c.1822A>C; p.T608P 1 -- -- -- 

14 c.1866G>T; p.E622D 1 COSM110693 MDS Yoshida et al. 2011 

14 c.1873C>T; p.R625C 1 COSM110696 MDS Yoshida et al. 2011 

14 c.1873C>A; p.R625S 1 COSM1658998 ACC Stephens et al. 2013 

14 c.1874G>T; p.R625L 1 COSM110695 MDS Yoshida et al. 2011 

14 c.1986C>A; p.H662Q 2 COSM130416 MDS Yoshida et al. 2011 

14 c.1997A>G; p.K666R 1 COSM131553 MDS Yoshida et al. 2011 

14 c.1997A>T; p.K666M 1 COSM110698 MDS Visconte et al. 2012a 

15 c.2098A>G; p.K700E 10 COSM84677 MDS Yoshida et al. 2011 

16 c.2230G>C; p.A744P 1 -- -- -- 

16 c.2342A>G;p.D781G 1 COSM131554  MDS Yoshida et al. 2011 

 

All mutations in exon 15 were identical (c.2098A>G; p.K700E), whereas different 

mutations were found in exon 14 and 16. A recurrence rate of 8-10% had already 

been described for the K700E-mutation in MDS and previous research had also 

indicated that mutations in exon 14 are highly clustered to affect distinct codons 

(Yoshida et al. 2011, Papaemmanuil et al. 2011). These findings could be 

reproduced in our study. Out of nine mutations found in exon 14, three affected 

codon 625, two affected codon 662 (identical mutations), and another two affected 

codon 666. Two mutations (c.1822A>C and c.2230G>C) have not previously been 

described.  
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Most of the mutations were located within three adjacent HEAT domains of the 

SF3B1 protein, as shown in Figure 9: 

 

 

Figure 9: Schematic representation of the SF3B1 protein structure and distribution of 21 mutations found in 116 
patients with MDS. Each blue box represents one HEAT domain. The four blue boxes in the second row 
represent HEAT domains 4-7. Mutations were clustered in the fourth through seventh of 22 HEAT domains on 
the protein’s carboxy-terminal side. Each mutation is represented by a green dot and labelled by theoretically 
deduced effect on protein level. C=carboxy-terminus. HEAT=repetitive protein domain. N=amino-terminus. 
SF3B1=splicing factor 3b, subunit 1 (human protein). 

We found a recurrent intron mutation 7 base pairs before the beginning of exon 15 

(c.2077-7T>A) in three patients, which had not been described before. Because this 

mutation was located in the extended consensus sequence of the exon 15 acceptor 

splice site, it was considered as possible splice site mutation. As discussed in 

chapter 2.7.2, an mRNA-based assay was established to determine whether this 

was a silent mutation or whether it might cause alternate splicing that affects the 

amino acid sequence and structure of the protein. The result was that correct 

splicing of SF3B1 pre-mRNA was not affected by this mutation. Thus, the mutation 

was considered as intronic mutation with no relevance for the protein structure and 

therefore not included in clinical correlations. 

 

3.2 Frequency and distribution of TP53 mutations  

A total of 12 mutations in the TP53 gene in 11 (9.5%) out of 116 patients were 

detected. Seven of these were point mutations; one of them was a homozygous 

mutation (c.537T>A; p.H179Q), the remaining were heterozygous. In addition, three 

deletions, one insertion and one combined deletion-insertion (delins) were found. 

Three patients had mutations in exon 5, two patients in exon 6, five patients in exon 
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7, and one patient in exon 8. One patient presented with two complex frameshift 

mutations. These were both results of aberrant splicing (see chapter 3.3). An 

overview of all mutations discovered in TP53 is provided in Table 24: 

Table 24: Overview of 12 TP53 mutations found in 116 patients. All mutations have occurred only once, however 

the mutations c.560_672del113bp and c.782_783ins64bp were both discovered in the same patient. Four 
mutations have not previously been described. Except for the mutation c.646G>A, no other mutations have 
been described in MDS before. References to previous descriptions in other forms of cancer are made to those 
diseases in which the respective mutation has been described most often according to the Wellcome Trust 
Sanger Institute’s catalogue of somatic mutations in cancer (www.cancer.sanger.ac.uk). Nomenclature of TP53 
mutations is based on the coding DNA reference sequence ‘isoform a’ (NM_000546.5) of gene ID 7157 
assessed on http://www.ncbi.nlm.nih.gov on April 16, 2015, as well as transcript TP53-001 of gene entry 
ENSG00000141510 assessed on http://www.ensembl.org on April 16, 2015. The first base of the start codon 
was counted as +1. Designations at the protein level were theoretically deduced from these reference 
sequences. AML=acute myeloid leukemia. CRC=colorectal cancer. c.=mutation nomenclature on coding DNA 
level. DNA=deoxyribonucleic acid. MDS=myelodysplastic syndrome. p.=mutation nomenclature on protein level. 
TP53=tumor protein 53 (human gene).   

Exon Mutation Cosmic Code 
Previously 
described in 

Reference 

5 c.406C>G;p.Q136E COSM437600 Glioma Frattini et al. 2013 

5 
c.480_481delGGinsAT; 
p.M160_A161delinsIS 

-- -- -- 

5 c.537T>A;p.H179Q COSM307265 Liver Fujimoto et al. 2012 

6 c.584T>A;p.I195N COSM44877 Ovary Wang et al. 2004 

6 
c.560_672del113bp; 
p.G187delFsX4 

-- -- -- 

6 c.646G>A;p.V216M COSM10667 MDS Papaemmanuil et al. 2013 

7 c.734G>A;p.G245D COSM179807 Esophagus Wang K et al. 2011 

7 
c.734_744del; 
p.G245delFsX15 

-- -- -- 

7 c.743G>A;p.R248Q COSM1640830 AML Rücker et al. 2012 

7 
c.754_762del; 
p.L252_I254del 

COSM45333 CRC Chen Z et al. 2011  

7 
c.782_783ins64bp; 
p.S261RinsFsX24 

-- -- -- 

8 c.832C>G;p.P278A COSM3717626 AML Rücker et al. 2012 

 

Unlike the clustering of mutations in SF3B1, all mutations in TP53 had a single 

occurrence and seemed to be randomly distributed. All point mutations and one 

micro-deletion have previously been described in different cancers, but only one 

mutation (c.646G>A) in MDS (Papaemmanuil et al. 2013). Four are novel mutations. 

A known SNP (c.639A>G; p.=) of exon 6 was found in five patients. However, this 

SNP is silent and has no effect on the protein’s amino acid sequence. This sequence 

variation is listed as a SNP with confirmed germline occurrence both in the NCBI 

SNP database (dbSNP reference number 1800372) and in the COSMIC database 

(COSM249885). Accordingly, we did not count this sequence variation as a mutation 

and did not include it in our statistical analysis (see chapter 3.9). 



43 

 

3.3 Splicing mutations of TP53  

Two of the frameshift mutations listed in Table 24 were discovered in the same 

patient (patient ID-81) and both resulted from aberrant splicing.  

 

3.3.1 Mutation c.782_783ins64bp 

Sequencing results from the cDNA based PCR assay for TP53 exon 7-8 had 

rendered an insertion of 64 base pairs between exon 6 and 7 in this patient 

(c.782_783ins64bp). The mutation was suspicious, because the genetic material of 

the insertion contained fragments from intron 6-7. However, this was not a simple 

case of intron retention between exon 6 and 7, because after 29 base pairs of 

intronic material, the sequence skips back to the middle of exon 6 and continues 

then as normally. The complex insertion is represented schematically in Figure 10:  

 

 

Figure 10: Schematic representation of a complex insertion between exon 6 and 7 of TP53 mRNA in patient ID-

81. The first row represents genomic DNA of this patient on which level no mutation was found. The second row 
represents the mutated fragment as detected from mRNA (cDNA) level. Instead of a normal succession of 
exons, a part of the subsequent intron is retained after exon 6, as indicated by the blue arrows. The sequence 
then skips back to the middle of exon 6, as indicated by the green arrows, and continues normally from there. 
cDNA=complementary deoxyribonucleic acid. DNA=deoxyribonucleic acid. mRNA=messenger ribonucleic acid. 
TP53=tumor protein 53 (human gene). 

This complex mutation pattern seemed to point towards aberrant pre-mRNA splicing 

as underlying cause. In order to verify this hypothesis, a DNA-based PCR was 

performed (see chapter 2.7.4) and no mutation was found at the DNA level. Thus, 

the changes seen at the cDNA level might have been caused by aberrant splicing. 

Although we could not discover an underlying genomic mutation of TP53 at the DNA 

level, the biological consequence of this splicing-alteration on the protein level 

(p.S261RinsFsX24) was nevertheless interpreted as deleterious, because the 

insertion of intronic material causes a frameshift with an early stop codon after 24 

base pairs.  
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3.3.2 Mutation c.560_672del113bp 

Also sequencing results from the other cDNA based PCR (TP53 exon 5-6) had 

rendered a suspicious deviation in patient ID-81, which seemed to point towards 

another splicing error. Initially, these results were not unequivocal and could not be 

reliably verified by re-sequencing. Figure 11 shows details from the 

electropherogram of the initial sequencing result:  

 

 

Figure 11: Part of the cDNA-based TP53 exon 5-6 sequence of patient ID-81. A dubious double fragment 

spanning 18 base pairs can be seen. The peaks are very small but a sequence can nevertheless be discerned, 
as indicated underneath. A=adenosine. C=cytidine. cDNA=complementary deoxyribonucleic acid. 
G=guanosine. T=thymidine. TP53=tumor protein 53 (human gene). 

Double peaks indicating a parallel fragment of 18 bp length could hardly be 

discerned. This fragment turned out to be caused by aberrant splicing (as explained 

below), but could at this stage also be interpreted as a delins-mutation of eighteen 

base pairs. Moreover, these secondary peaks were too weak, so that they could 

also be discarded as an artefact. As described in chapters 2.8 and 2.11 we tried 

various methods to isolate and amplify this allegedly mutated fragment, because 

another complex mutation had already been found in this patient. Cloning was 

successful insofar that the deviation could be amplified, thus ruling out an artefact. 

However, the fragment was still not successfully separated from the dominant wild-

type allele/clone. This was finally achieved by cutting separate bands of the hyper-

amplified PCR product directly from the gel control, thereby manually separating the 

fragments. An image of this gel before cutting is shown in Figure 12: 
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Figure 12: Gel electrophoresis of the cDNA-based PCR for TP53 exon 5-6 of patient ID-81. Lanes 1 and 2 

contain PCR product from patient ID-81, lane 3 contains a wild-type positive control and lane 4 a negative control 
(NTC). The four lanes are flanked by a TrackIt 1 Kb Plus DNA Ladder (Invitrogen), showing standardized bands 
for product lengths of 12000 through 100 base pairs. Three separate bands are discernable in lanes 1 and 2 
(patient ID-81) as opposed to only one band from the wild-type control (lane 3). The approximate fragment 
lengths of these bands are 440, 380, and 270 base pairs. These three bands were separately cut from the gel, 
purified and sequenced. ≈=approximately. bp=base pairs. cDNA=complementary deoxyribonucleic acid. 
NTC=no template control. G=guanosine. Kb=kilobase. PCR=polymerase chain reaction. T=thymidine. 
TP53=tumor protein 53 (human gene).  

Three separate bands were in the patient product lanes. The wild-type fragment 

(second band) dominated. The upper band was approximately 60 base pairs longer 

and represented the mutant fragment discussed in the previous chapter 

(c.782_783ins64bp). The lower band was approximately 110 base pairs shorter and 

represented the second mutant fragment which could now be verified as a deletion 

of 113 base pairs (c.560_672del113bp). The deletion consisted in a skipping of exon 

6 and it was likely caused by aberrant splicing as we could not detect it at the DNA 

level. However, the skipping of exon 6 caused a faulty reassembly between exon 5 

and 7, thus creating a frameshift that generates an early stop codon. The precise 

mechanism of this frameshift mutation is explained in Figure 13:  
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Figure 13: Schematic representation of TP53 mutation c.560_672del113bp in patient ID-81. The upper row 
represents a section of TP53 mRNA. It shows the normal succession of exons 5, 6 and 7. Green arrows mark 
the beginning of a new exon. Dotted lines represent a continued sequence omitted from this representation. 
Bases are grouped as triplets (codons) and exon 5, 6 and 7 are depicted in blue, yellow and grey font 
respectively. Corresponding amino acids (black font) are provided below each triplet. There are two general 
possibilities for the joining of exons during splicing. Splicing can either take place in between two codons (as is 
the case between exon 6 and 7), or a codon is formed from bases of both exons (as is the case between exon 
5 and 6). The skipping of exon 6 causes these two mechanism to get mixed up as shown in the second row. 
The red arrow indicates how exon 5 and 7 are inadequately joined. The skipping of exon 6 thus shifts the reading 
frame and this frameshift generates a stop-codon (TGA) after four triplets. mRNA=messenger ribonucleic acid. 
TP53=tumor protein 53 (human gene). Colored font: A=adenosine. C=cytidine. G=guanosine. T=thymidine. 

Black font: Single letter amino acid symbols were used according to the Human Gene Nomenclature Committee 
guidelines (www.genenames.org). X=Stop.  

In consequence, we detected two different frameshift mutations in patient ID-81 that 

were both likely caused by aberrant splicing. Both aberrations were detectable from 

cDNA level only, while genomic DNA appeared unaffected. The mutant mRNA 

fragments were initially veiled by the dominant wild-type fragment, but could be 

amplified by cloning, be visualized by gel-electrophoresis and be separated 

manually from the gel. The amount of the c.560_672del113bp variant might be 

higher than indicated by its weak gel band, because the PCR primers we used were 

not ideal for detecting this variation. 7  Clinically, this patient presented with all 

features that we found to be significantly associated with TP53 mutations (see 

chapters 3.5 and 4.2.2): complex karyotype (including affected chromosome 17), 

PB blasts (6%), low thrombocytes (90 000/µl), highest risk categories in both IPSS 

and IPSS-R, early leukemic transformation (after 6 months) and short overall 

survival (14 months). The patient was diagnosed with RAEB-2 at the age of 47 

years, the youngest of all patients with TP53 mutations.  

                                                                 
7 The reverse primer located exactly in the beginning of exon 7 could only be elongated due to a 5’-

3’ exonuclease activity of the Optimase and Amplitaq polymerase we used for PCR. The exon-skip 

causes a mismatch in the last base pair at the 3’ end of the reverse primer, which cannot fully 

hybridize here. The primer is elongated due the proof reading activity of the polymerase enzymes 

(5’-3’ exonuclease activity). Standard polymerases as contained in the cycle sequencing kit we used 

for CSR (Applied Biosystems) do not have this proof reading capacity, and accordingly the reverse 

primer was not elongated during CSR. 
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In summary, two different deleterious splicing variants of TP53 could be detected in 

one out of 116 MDS patients due to our use of a cDNA based PCR assay.  

 

3.4 Associations of SF3B1 mutations with clinical characteristics 

SF3B1 mutation status was tested for associations with clinical characteristics. 

There was no significant difference with regard to age, gender distribution and 

cytogenetics (normal vs. abnormal karyotype) between patients with SF3B1 

mutations and wild-type: 

Table 25: Age, sex and cytogenetics compared between MDS patients with or without SF3B1 mutations. %=per 

cent. Fisher=Fisher exact test. MUT=mutated. MWU=Mann-Whitney-U test. n=number of patients. 
SF3B1=splicing factor 3b, subunit 1 (human gene). wt=wild-type. 

Variable SF3B1 MUT (n=20) SF3B1 wt (n=96) p-value 

Age (years)   0.14 (MWU) 

   Median 70 66  

   Range 50.9 – 84.3 32.6 – 82.4  

Sex   0.21 (Fisher) 

   Male 9 (45 %) 60 (62.5 %)  

   Female 11 (55 %) 36 (37.5 %)  

Cytogenetics   1 (Fisher) 

   Normal 12 (60 %) 56 (58.3 %)  

   Abnormal 8 (40 %) 40 (41.7 %)  

 

The median age at disease presentation in SF3B1 mutant and SF3B1 wild-type 

patients was 70 and 66 years, respectively (p=0.14). We found a significant 

difference between the SF3B1 mutant and wild-type groups regarding the 

distribution of MDS subtypes (p=0.03). Compared to the SF3B1 wild-type group, 

patients with SF3B1 mutations more frequently had the RARS MDS subtype (21% 

vs. 2%, p=0.03), but less frequently RAEB-2 MDS subtype (0% vs. 18%, p=0.03). 

SF3B1 mutated patients seemed to be grouped in the lower risk groups according 

to IPSS (p=0.07) and IPSS-R (p=0.14), however these latter associations were not 

significant (see Table 26):     
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Table 26: MDS classification, IPSS- and IPSS-R scores compared between MDS patients with or without SF3B1 

mutations. %=per cent. CMML-1=chronic myelomonocytic leukemia-1. CMML-2=chronic myelomonocytic 
leukemia-2. Fisher=Fisher exact test. IPSS=international prognostic scoring system. IPSS-R=revised 
international prognostic scoring system. MDS=myelodysplastic syndrome. MDS-MPN-U=myelodysplastic 
syndrome/myeloproliferative neoplasm, unclassifiable. MDS-U=myelodysplastic syndrome, unclassifiable. 
MUT=mutated. n=number of patients. RAEB-1=refractory anemia with excess blasts-1. RAEB-2=refractory 
anemia with excess blasts-2. RARS=refractory anemia with ring sideroblasts. RCMD=refractory cytopenia with 
multilineage dysplasia. RCUD=refractory cytopenia with unilineage dysplasia. SF3B1=splicing factor 3b, subunit 
1 (human gene). wt=wild-type. 

Variable SF3B1 MUT (n=20) SF3B1 wt (n=96) p-value 

MDS classification   0.03 (Fisher) 

   RCUD 2 (10.5 %) 9 (10.1 %)  

   RARS 4 (21.1 %) 2 (2.3 %)  

   RCMD 8 (42.1 %) 30 (33.7 %)  

   RAEB-1 3 (15.8 %) 20 (22.5 %)  

   RAEB-2 0 (0 %) 16 (18 %)  

   MDS-U 1 (5.3 %) 5 (5.6 %)  

   CMML-1 0 (0 %) 5 (5.6 %)  

   CMML-2 0 (0 %) 1 (1.1 %)  

   MDS/MPN-U 1 (5.3 %) 1 (1.1 %)  

   Missing data 1 7  

IPSS   0.07 (Fisher) 

   Low risk 9 (45 %) 22 (22.9 %)  

   Intermediate 1 10 (50 %) 43 (44.8 %)  

   Intermediate 2 0 (0 %) 14 (14.6 %)  

   High risk 0 (0 %) 11 (11.5 %)  

   Unclassified 1 (5 %) 6 (6.3 %)  

IPSS-R   0.14 (Fisher) 

   Very low risk 1 (5 %) 3 (3.1 %)  

   Low risk 10 (50 %) 32 (33.3 %)  

   Intermediate 6 (30 %) 32 (33.3 %)  

   High risk 0 (0 %) 16 (16.7 %)  

   Very high risk 0 (0 %) 6 (6.3 %)  

   Unclassified 3 (15 %) 7 (7.3 %)  

 

Although we could not find a significant association between SF3B1 mutations and 

favorable IPSS/IPSS-R scores, our data seemed to support that there was, at least 

as a trend. None of the SF3B1 mutated patients scored in the two highest risk 

categories according to IPSS (intermediate 2 and high risk) or IPSS-R (high risk and 

very high risk). In comparison, more than 17% of wild-type patients were scored in 

these risk groups according to IPSS, and more than 22% according to IPSS-R. 

As shown in Table 27, we found SF3B1 mutations to be significantly associated with 

ring sideroblasts. These numbers refer to the bone marrow cell count and the cut 

off was >15% (i.e. 15.0% were still considered as negative). Data was available for 

13 mutated patients, five of whom presented with ring sideroblasts (38%) as 

opposed to only one out of 51 non-mutated patients (2%) for whom data was 

available (p=0.001). These numbers would most likely have turned out even more 
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distinctive, if proper data regarding bone marrow percentage of ring sideroblasts 

had been available for all patients. We also found the PB cell count of SF3B1 

mutated patients to differ significantly from the group of patients without mutations 

in this gene:  

Table 27: Bone marrow percentage of ring sideroblasts and PB cell count compared between MDS patients with 
or without SF3B1 mutations. >=more than. %=per cent. µl=microliter. ANC=absolute neutrophil count. BM=bone 
marrow. dl=deciliter. Fisher=Fisher exact test. g=gram. MDS=myelodysplastic syndrome. MUT=mutated. 
n=number of patients. MWU=Mann-Whitney-U test. PB=peripheral blood. SF3B1=splicing factor 3b, subunit 1 
(human gene). WBC=white blood cell. wt=wild-type. 

Variable SF3B1 MUT (n=20) SF3B1 wt (n=96) p-value 

>15% BM ring sideroblasts  0.001 (Fisher) 

   Yes 5 (38.5 %) 1 (2 %)  

   No 8 (61.5 %) 50 (98 %)  

   Missing data 7 45  

>5% PB blasts   0.59 (Fisher) 

    Yes 0 (0 %) 7 (8.7 %)  

    No 14 (100 %) 73 (91.3 %)  

    Missing data 6 16  

ANC (10³/µl)   0.015 (MWU) 

   Median 2.22 1.315  

   Range 0.4 - 7.2 0 - 60.7  

   Missing data 1 4  

Hemoglobin (g/dl)   0.36 (MWU) 

   Median 9.55 9.7  

   Range 6.1 - 12.1 6 - 14.5  

Platelets (10³/µl)   0.0001 (MWU) 

   Median 301 109.5  

   Range 50 - 596 8 – 662  

WBC count (10³/µl)   0.001 (MWU) 

   Median 5.4 3  

   Range 1.9 - 11.1 1.1 - 97.9  

 

As shown in Table 27 SF3B1 mutations were not associated with circulating PB 

blasts. None of the 14 SF3B1-mutated patients, for whom data was available, 

presented with >5% of circulating PB blasts, as opposed to 7 (9%) out of 73 patients 

in the SF3B1 wild-type group. We found a significant association of SF3B1 

mutations with a higher neutrophil and total white blood cell count: Patients with 

SF3B1 mutations had a median ANC of 2220 per µl as opposed to 1315 per µl in 

the wild-type group (p=0.015). Similarly, the median WBC count of SF3B1 mutated 

patients was 5400 per µl as opposed to 3000 per µl among patients without SF3B1 

mutations (p=0.001). Patients with SF3B1 mutations also had a significantly higher 

platelet count with a median of 300 thousand platelets per µl as opposed to 110 

thousand platelets per µl in the wild-type group. None of the SF3B1 mutated patients 
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presented with thrombocytes <50 thousand platelets per µl. Regarding hemoglobin 

levels, we did not find a significant difference between patients with or without 

SF3B1 mutations.  

19 (95%) out of 20 patients with SF3B1 mutations required supportive therapy as 

defined in chapters 1.1.4 and 2.3.1 (Table 12), as opposed to only 51 (53%) out of 

96 patients without SF3B1 mutations (p=0.0003). Regarding stem cell 

transplantations and specific therapies as defined in chapters 1.1.4 and 2.3.1 (Table 

12) there was no significant difference between the two groups, as shown in Table 

28: 

Table 28: Registered therapies compared between MDS patients with or without SF3B1 mutations. Specific 
therapies are defined by the use of one or more of the following substances: hydroxycarbamide, lenalidomide, 
thalidomide, azacytidine, RHAMM-R3 peptide vaccination, etoposide, cytarabine, or valproate. Supportive 
therapies are defined by the use of one or more of the following substances: deferasirox, darbepoetin alfa, 
romiplostim, or filgrastim. %=per cent. Fisher=Fisher exact test. MDS=myelodysplastic syndrome. 
MUT=mutated. n=number of patients. SF3B1=splicing factor 3b, subunit 1 (human gene). wt=wild-type. 

Variable SF3B1 MUT (n=20) SF3B1 wt (n=96) p-value 

Specific therapy   0.81 (Fisher) 

   Yes 9 (45 %) 47 (49 %)  

   No 11 (55 %) 49 (51 %)  

Stem cell transplantation  0.69 (Fisher) 

   Yes 1 (5 %) 10 (10.4 %)  

   No 19 (95 %) 86 (89.6 %)  

Supportive therapy   0.0003 (Fisher) 

   Yes 19 (95 %) 51 (53.1 %)  

   No 1 (5 %) 45 (46.9 %)  

 

Supportive therapy administered in the group of SF3B1 mutated patients was 

exclusively related to erythroid deficiency, in other words to anemia: 15 (75%) out 

of 20 SF3B1 mutated patients have received erythropoiesis-stimulating agents 

(darbepoietin alfa) as opposed to 30 (31%) out of 96 patients without SF3B1 

mutations (p=0.0007). Although red blood cell transfusions were not explicitly 

registered, many SF3B1-mutated patients are likely to have been receiving 

transfusions, as indicated by the registered use of iron-chelators: 14 (70%) out of 

20 SF3B1 mutated patients are registered to have received the iron-chelating agent 

deferasirox, assumably due to transfusion related iron overload, as opposed to 27 

(28%) out of 96 patients without SF3B1 mutations (p=0.0007). 10 (50%) out of 20 

patients with SF3B1 mutations have received both darbepoietin alfa and 

deferasirox. For comparison, 0 out of 96 patients without SF3B1 mutations have 

received both darbepoietin alfa and deferasirox (p=0.). In summary, we could show 



51 

 

that patients with SF3B1 mutations required supportive therapy significantly more 

often than non-mutated patients. Given the significantly higher platelet and white 

blood cell counts in this group and the therapy details extrapolated from our register, 

this dependency on supportive therapy seems to be caused mainly by transfusion 

dependent erythroid insufficiency. 

 

3.5 Associations of TP53 mutations with clinical characteristics 

TP53 mutations in patients with MDS were tested for associations with a variety of 

clinical features. The median age at disease presentation was 67 years in both 

TP53-mutated and TP53-wild-type patients. Both groups also showed a similar 

gender distribution, with a slight male predominance (64% males among the TP53 

mutated patients vs. 59% males among patients without TP53 mutations). However, 

there was a highly significant difference regarding cytogenetics (p=0.0006). TP53 

mutations were strongly associated with chromosomal abnormalities; 91% (10/11) 

of the mutated patients had chromosomal aberrations8 as opposed to only 36% in 

the wild-type group:     

Table 29: Age, sex and cytogenetics compared between MDS patients with or without TP53 mutations. %=per 

cent. Fisher=Fisher exact test. MDS=myelodysplastic syndrome. MUT=mutated. MWU=Mann-Whitney-U test. 
n=number of patients. TP53=tumor protein 53 (human gene). wt=wild-type. 

Variable TP53 MUT (n=11) TP53 WT (n=105) p-value 

Age (years)   0.55 (MWU) 

   Median 67.4 67.6  

   Range 47.3 – 81.6 32.6 – 84.3  

Sex   1 (Fisher) 

   Male 7 (63.6 %) 62 (59.1 %)  

   Female 4 (36.4 %) 43 (40.9 %)  

Cytogenetics   0.0006 (Fisher) 

   Normal 1 (9.1 %) 67 (63.8 %)  

   Abnormal 10 (90.9 %) 38 (36.2 %)  

 

Our data found TP53 mutations to be strongly associated with a poor prognosis 

score: Both in the IPSS and the IPSS-R, 36% of TP53 mutated patients fell into the 

highest risk category as opposed to only 7% (IPSS) and 2% (IPSS-R) of patients 

                                                                 
8 Out of these 10 patients 6 had a complex karyotype with more than 3 aberrations, scored as “very 

poor” in the cytogenetic assessment according to IPSS-R (Greenberg et al. 2012). 2 patients scored 

as “very good” (isolated deletion of Y chromosome or long arm of chromosome 11) and another 2 

were registered as aberrant without further detail. Chromosome 17 (locus of the TP53 gene) was 

affected in 2 out of 8 patients for whom cytogenetic details were available. 
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without mutations in this gene. The p-value of this association was 0.005 for the 

IPSS and 0.0008 for the IPSS-R association as shown in Table 30:  

Table 30: MDS classification, IPSS- and IPSS-R scores compared between MDS patients with or without TP53 

mutations. %=per cent. CMML-1=chronic myelomonocytic leukemia-1. CMML-2=chronic myelomonocytic 
leukemia-2. Fisher=Fisher exact test. IPSS=international prognostic scoring system. IPSS-R=revised 
international prognostic scoring system. MDS=myelodysplastic syndrome. MDS-MPN-U=myelodysplastic 
syndrome/myeloproliferative neoplasm, unclassifiable. MDS-U=myelodysplastic syndrome, unclassifiable. 
MUT=mutated. n=number of patients. RAEB-1=refractory anemia with excess blasts-1. RAEB-2=refractory 
anemia with excess blasts-2. RARS=refractory anemia with ring sideroblasts. RCMD=refractory cytopenia with 
multilineage dysplasia. RCUD=refractory cytopenia with unilineage dysplasia. TP53=tumor protein 53 (human 
gene). wt=wild-type. 

Variable TP53 MUT (n=11) TP53 wt (n=105) p-value 

MDS classification   0.64 (Fisher) 

   RCUD 0 (0 %) 11 (11.3 %)  

   RARS 0 (0 %) 6 (6.2 %)  

   RCMD 5 (45.5 %) 33 (34 %)  

   RAEB-1 2 (18.2 %) 21 (21.7 %)  

   RAEB-2 4 (36.4 %) 12 (12.4 %)  

   MDS-U 0 (0 %) 6 (6.2 %)  

   CMML-1 0 (0 %) 5 (5.2 %)  

   CMML-2 0 (0 %) 1 (1 %)  

   MDS/MPN-U 0 (0 %) 2 (2.1 %)  

   Missing data 0 8  

IPSS   0.005 (Fisher) 

   Low risk 1 (9.1 %) 30 (28.6 %)  

   Intermediate 1 2 (18.2 %) 51 (48.6 %)  

   Intermediate 2 3 (27.3 %) 11 (10.5 %)  

   High risk 4 (36.4 %) 7 (6.7 %)  

   Unclassified 1 (9.1 %) 6 (5.7 %)  

IPSS-R   0.0008 (Fisher) 

   Very low risk 0 (0 %) 4 (3.8 %)  

   Low risk 1 (9.1 %) 41 (39.1 %)  

   Intermediate 2 (18.2 %) 36 (34.3 %)  

   High risk 2 (18.2 %) 14 (13.3 %)  

   Very high risk 4 (36.4 %) 2 (1.9 %)  

   Unclassified 2 (18.2 %) 8 (7.6 %)  

 

Unlike SF3B1 mutations, TP53 mutations were not significantly associated with a 

distinct MDS subtype. All of the patients with TP53 mutations were either diagnosed 

with RCMD or RAEB. 4 (36%) out of 11 patients with TP53 mutations were 

diagnosed with RAEB-2 as opposed to 12 (12,4%) in 96 patients without such a 

mutation, however this difference was not significant. As shown in Table 31 we 

analyzed TP53 mutations for associations with further clinical variables such as 

blood cell count and BM percentage of ring sideroblasts: 
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Table 31: Bone marrow percentage of ring sideroblasts and PB cell count compared between MDS patients with 
or without TP53 mutations. >=more than. %=per cent. µl=microliter. ANC=absolute neutrophil count. BM=bone 
marrow. dl=deciliter. Fisher=Fisher exact test. g=gram. MDS=myelodysplastic syndrome. MUT=mutated. 
n=number of patients. MWU=Mann-Whitney-U test. PB=peripheral blood. TP53=tumor protein 53 (human 
gene). WBC=white blood cell. wt=wild-type. 

Variable TP53 MUT (n=11) TP53 WT (n=105) p-value 

>15% BM ring sideroblasts  1 (Fisher) 

   Yes 0 (0 %) 6 (10.2 %)  

   No 5 (100 %) 53 (89.8 %)  

   Missing data 6 46  

>5% PB blasts   0.03 (Fisher) 

    Yes 3 (27.3 %) 4 (4.8 %)  

    No 8 (72.7 %) 79 (95.2 %)  

    Missing data 0 22  

ANC (10³/µl)   0.41 (MWU) 

   Median 1.34 1.53  

   Range 0.1 to 3.7 0 to 60.7  

   Missing data 0 5  

Hemoglobin (g/dl)   0.33 (MWU) 

   Median 8.9 9.7  

   Range 7.1 to 13.4 6 to 14.5  

Platelets (10³/µl)   0.01 (MWU) 

   Median 90 158  

   Range 8 to 326 13 to 662  

WBC count (10³/µl)   0.43 (MWU) 

   Median 3.2 3.2  

   Range 1.4 to 6.7 1.1 to 97.9  

 

TP53 mutations were significantly associated with the presentation of >5% PB 

blasts (p=0.03).  There were no significant associations with regard to hemoglobin 

levels, granulocyte or total WBC count, however TP53 mutations showed a 

significant association with a lower platelet count/thrombocytopenia (p=0.01). The 

median platelet count was 92 thousand platelets per µl in the group of TP53-mutated 

patients as opposed to 158 thousand platelets per µl in the wild-type group.  4 (36%) 

out of 11 patients with TP53 mutations had a platelet count of <50 000/µl as opposed 

to 12 (11%) out of 105 patients without a TP53 mutation (p=0.04).  

We found no significant difference between TP53 mutated and wild-type patients 

concerning administered therapies, as shown in Table 32:  
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Table 32: Registered therapies compared between MDS patients with or without TP53 mutations. Specific 

therapies are defined by the use of one or more of the following substances: hydroxycarbamide, lenalidomide, 
thalidomide, azacytidine, RHAMM-R3 peptide vaccination, etoposide, cytarabine, or valproate. Supportive 
therapies are defined by the use of one or more of the following substances: deferasirox, darbepoetin alfa, 
romiplostim, or filgrastim. %=per cent. Fisher=Fisher exact test. MDS=myelodysplastic syndrome. 
MUT=mutated. n=number of patients. TP53=tumor protein 53 (human gene). wt=wild-type. 

Variable TP53 MUT (n=11) TP53 WT (n=105) p-value 

Specific therapy   0.35 (Fisher) 

   Yes 7 (63.6 %) 49 (46.7 %)  

   No 4 (36.4 %) 56 (53.3 %)  

Stem cell transplantation  1 (Fisher) 

   Yes 1 (9.1 %) 10 (9.5 %)  

   No 10 (90.9 %) 95 (90.5 %)  

Supportive therapy   0.75 (Fisher) 

   Yes 6 (54.6 %) 64 (61 %)  

   No 5 (45.4 %) 41 (39 %)  

 

 

3.6 Association of SF3B1 with TP53 mutations 

We tested whether there was an association between SF3B1 and TP53 mutations. 

None of the patients with SF3B1 mutations presented with a mutation of TP53, and 

vice versa, however this association was not significant (p=0.21) in our study cohort 

of 116 patients:   

Table 33: Comparison between patients with or without TP53 mutations regarding SF3B1 mutations. %=per 
cent. Fisher=Fisher exact test. MDS=myelodysplastic syndrome. MUT=mutated. n=number of patients. 
SF3B1=splicing factor 3b, subunit 1 (human gene). TP53=tumor protein 53 (human gene). wt=wild-type. 

Variable TP53 MUT (n=11) TP53 WT (n=105) p-value 

SF3B1   0.21 (Fisher) 

   MUT 0 (0 %) 20 (19 %)  

   WT 11 (100 %) 85 (81 %)  

 

 

3.7 Survival analysis according to SF3B1 mutation status 

The study cohort was assessed regarding the association of SF3B1 mutations with 

the endpoints overall survival and leukemia free survival. There was no significant 

difference in overall survival and leukemia free survival between SF3B1 mutated 

and non-mutated patients. The median overall survival in the group of SF3B1 

mutated patients was 6.2 years (8 events of death in 20 patients) compared to 6.6 

years (43 events of death in 96 patients) in the wild-type group (p=0.39). The median 
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leukemia free survival could not be calculated due to a low total number of events. 

6 (30%) in 20 patients with SF3B1 mutations underwent leukemic transformation as 

opposed to 20 (21%) in 96 patients without SF3B1 mutations (p=0.72). Kaplan-

Meier curves for overall survival and leukemia free survival based on SF3B1 

mutation status are shown in Figure 14:  

 

 

Figure 14: Kaplan-Meier analyses of MDS patients with or without SF3B1 mutations regarding A) overall survival 
and B) leukemia free survival. MDS=myelodysplastic syndrome. MUT=patients with SF3B1 mutations (black 
curve). p=p-value. SF3B1=splicing factor 3b, subunit 1 (human gene). WT=patients without SF3B1 mutations 
(red curve).  

 

3.8 Survival analysis according to TP53 mutation status 

We found a significant association between TP53 mutations and a shorter overall 

survival and leukemia free survival compared to patients without TP53 mutations. 

The median overall survival in the TP53 mutated group was 1 year (10 events of 

death in 11 patients) as opposed to 6.7 years (41 events of death in 105 patients) 

in the wild-type group (p=0.0001). The median leukemia free survival among 

patients with TP53 mutations was 1.1 year, whereas the median leukemia free 

survival in the wild-type group could not be calculated due to low total numbers.  5 

(45%) in 11 patients with TP53 mutations underwent leukemic transformation as 

opposed to 21 (20%) in 105 patients without SF3B1 mutations (p=0.0001). Figure 

15 shows Kaplan-Meier curves for overall survival and leukemia free survival 

according to the presence and absence of TP53 mutations: 
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Figure 15: Kaplan-Meier analyses of MDS patients with or without TP53 mutations regarding A) overall survival 
and B) leukemia free survival. MDS=myelodysplastic syndrome. MUT=patients with TP53 mutations (black 
curve). p=p-value. TP53=tumor protein 53 (human gene). WT=patients without TP53 mutations (red curve). 

 

3.9 Associations of TP53 polymorphism c.639A>G 

As mentioned in chapter 3.2 we detected a known SNP of TP53 in exon 6 (NCBI 

dbSNP reference number 1800372; COSMIC database reference number 

COSM249885). This polymorphism c.639A>G; p.= has no calculated effect on the 

protein’s amino acid sequence. As mentioned, we did not count this SNP as a 

mutation and excluded it from our statistical analysis. However, we performed a 

separate statistical analysis comparing patients with or without this particular SNP. 

As expected, we found no significant differences regarding age, gender, 

cytogenetics (normal vs. abnormal karyotype), MDS subtypes, IPSS-score, IPSS-

R-score, blood cell count (blasts, hemoglobin, neutrophil, platelet, and total white 

blood cell count), BM percentage of ring sideroblasts, administered therapies, 

leukemia free survival, overall survival, SF3B1 mutations or other TP53 mutations.  
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4 Discussion 

4.1 Discussion of results regarding SF3B1 mutations 

4.1.1 Frequency of SF3B1 mutations 

SF3B1 mutations have been reported to occur in 15%-28% of patients with MDS 

(Yoshida et al. 2011; Papaemmanuil et al. 2011; Visconte, Rogers et al. 2012; 

Damm, Thol et al. 2012; Malcovati et al. 2014). The frequency seems to depend on 

the composition of the MDS cohort with regard to WHO subtypes. Our own results 

were in the lower region of this range (SF3B1 mutations in 17% of patients). 

However, this can be explained by the relatively low number of MDS patients with 

RARS in our study cohort, the subtype which is most strongly associated with 

SF3B1 mutations (Papaemmanuil et al. 2011; Malcovati et al. 2011; Visconte, 

Makishima et al. 2012a). All SF3B1 mutations we discovered were single nucleotide 

substitutions resulting in amino acid exchange. Most of the mutations we discovered 

have previously been described in MDS or other cancers and clustered to distinct 

codons (625, 662, 666, and 700). Two mutations have not previously been 

described (c.1822A>C;p.T608P and c.2230G>C;p.A744P). However, no germline 

analyses were performed as part of this project, so it cannot be determined at this 

point, whether these are clonal or germinal mutations.  

 

4.1.2 Associations with SF3B1 mutations 

The strongest association of SF3B1 mutations that was consistently reported in 

MDS is the association with ring sideroblasts (Papaemmanuil et al. 2011; Malcovati 

et al. 2011; Visconte, Makishima et al. 2012a). Also we have found SF3B1 mutations 

to be significantly associated with ring sideroblasts (p=0.001) and therefore SF3B1 

mutated patients to be classified more often as RARS subtype (p=0.031), which 

presents with sideroblasts by definition. Despite small numbers we found SF3B1 

mutations in 4 (66%) out of 6 patients with RARS in our MDS cohort, thus confirming 

previous reports ranging between 68%-83% (Yoshida et al. 2011, Papaemmanuil et 

al. 2011, Malcovati et al. 2011).  

We also found significantly higher thrombocyte and white blood cell counts, in 

SF3B1-mutated patients as opposed to patients without SF3B1 mutations, as 

similarly reported by Damm, Kosmider et al. (2012). Unlike Damm, Kosmider et al. 
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(2012), we did not find SF3B1 mutated patients to present with lower hemoglobin 

levels at the time of diagnosis than patients without mutations in this gene. However, 

we found patients with SF3B1 mutations to require darbepoetin alfa and deferasirox 

significantly more often during the course of the disease than patients without 

SF3B1 mutations. As discussed in chapter 3.4 this dependency on epo-derivates 

and on iron-chelation suggests an association of SF3B1 mutations with erythroid 

deficiency. Although our patient register did not list transfusions explicitly, the higher 

prescription rate of iron chelators seems to point towards a higher transfusion rate 

in SF3B1 mutated patients. This conclusion agrees with the findings of Damm, 

Kosmider et al. (2012) who have reported significantly higher transfusion 

dependency in SF3B1 mutated patients as opposed to patients without SF3B1 

mutations.  

While Damm, Thol et al. (2012) have reported a significant association of SF3B1 

mutations with a higher median age at disease presentation, we could confirm this 

only as a trend (median age of 70 years vs 66 years in the wild-type group, p=0.14). 

In total, SF3B1 mutations seem to be associated with a very distinct phenotype that 

tends to affect the erythropoietic lineage in a morphologically and clinically distinct 

way (presentation of ring sideroblasts, erythroid deficiency and transfusion 

dependency) while leaving the thrombopoietic and granulopoietic lineages less 

affected. This observation has given rise to the question whether MDS with SF3B1 

mutations should be considered as a distinct nosological entity and has most 

recently led to the inclusion of SF3B1 mutation status in the 2016 WHO 

classification.  

 

4.1.3 SF3B1 mutations and diagnosis/prognosis 

In our study SF3B1 mutated patients in trend fell into the more favorable risk 

categories ‘low risk’ and ‘intermediate 1’ according to IPSS (p=0.07), however we 

could not find a significant advantage in OS and LFS. Other publications have come 

to controversial results with regard to the prognostic impact of SF3B1 mutations. 

While SF3B1 mutations are generally considered a prognostically favorable marker, 

there are various confounders requiring adjustment when examining SF3B1 

mutations as independent prognostic marker. Confounders are the prognostic 

criteria constitutive of the IPSS/-R as well as MDS subtype. Visconte, Makishima et 
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al. (2012a), Damm, Kosmider et al. (2012), Damm, Thol et al. (2012), Thol et al. 

(2012), Patnaik et al. (2012) and Bejar et al. (2012) did not find SF3B1 mutations to 

be an independent favorable prognostic marker for OS and LFS. Other publications, 

however, found the opposite, namely SF3B1 mutations being an independent 

prognostic marker for longer OS and LFS: Visconte, Rogers et al. (2012) reported 

on a significantly longer OS for MDS patients with SF3B1 mutations. This advantage 

in OS was also significant after adjustment for the RARS MDS subcategory, which 

is already associated with a better outcome on its own (Greenberg et al. 1997). 

Similarly, Malcovati et al. (2011) reported SF3B1 mutations to be significantly 

associated with longer LFS and OS independently from IPSS after adjusting in 

multivariate analyses for age, sex, cytopenias of all lineages, cytogenetics, bone 

marrow blasts and ring sideroblasts. The discrepancies between these different 

publications are most likely caused by differences in study design (cohort size, 

composition regarding subtypes and adjustments). However, the latter publications 

tend to be based on larger patient groups, thus providing a more representative 

picture. Most recently, Malcovati et al. (2015) have published a large study, showing 

that in MDS with >1% ring sideroblasts and without excess blasts SF3B1 mutations 

predict a better outcome and more favorable clinical phenotype independently from 

subtype. In contrast, the absence of SF3B1 mutations in cases of MDS with >1% 

sideroblasts and without excess blasts was associated with a significantly shorter 

OS, an adverse clinical phenotype, and most notably, with TP53 mutations. SF3B1 

mutations, however, were not a prognostic determinant in MDS with excess blasts 

(RAEB-1/2). These findings have led Malcovati et al. (2015) to the claim that MDS 

with SF3B1 mutations should be viewed as a distinct nosological entity.  

As mentioned in chapter 1.1.2, the 2016 revision to the WHO classification of 

myeloid neoplasms has indeed been influenced by the discovery of SF3B1 

mutations and their clinical associations. Malcovati et al. (2015) have shown that in 

patients with >1% ring sideroblasts and SF3B1 mutations the actual proportion of 

ring sideroblasts predicted no significant difference regarding disease phenotype 

and outcome. Accordingly, the threshold of ring sideroblasts that is necessary for 

an MDS-RS diagnosis was lowered from >15% to >5% for patients with SF3B1 

mutations. Accordingly, SF3B1 mutation status is the first molecular marker to be 

included in the standard diagnostic framework of MDS. However, the new 

classification system still gives priority to morphological assessment (single- vs 
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multilineage dysplasia) over SF3B1 mutation status in the MDS-RS category despite 

the claim of Malcovati et al. (2016) that the presence/absence of SF3B1 mutations 

is an independent prognostic marker in this category.  

As mentioned in chapter 1.1.2 there was another rearrangement in the 2016 revision 

to the WHO classification based on the discovery of SF3B1 mutations. MDS/MPN-

RS-T have been recognized as a full entity based on their association with SF3B1 

mutations (Arber et al. 2016). Curiously JAK-2 is often co-mutated in patients with 

MDS/MPN-RS-T, thus underlining the hybrid nature of this subcategory between 

MDS and MPN (Arber et al. 2016). Unlike for the MDS-RS categories, >15% of ring 

sideroblasts are still required for the diagnosis of MDS/MPN-RS-T regardless of 

SF3B1 mutation status.  

 

4.1.4 SF3B1 mutations and therapy 

The question whether mutation status of SF3B1 might lead to altered therapy 

choices is still unanswered and a matter of current research. Publications such as 

the aforementioned study by Malcovati et al. (2015) seem to indicate that more 

aggressive therapy options might be advisable if SF3B1 mutations are absent in 

MDS patients with sideroblasts and without excess blasts.   

There is research underway for developing drugs that specifically target the SF3B1 

protein, respectively the larger spliceosome complex. Webb et al. (2013) have 

provided an overview of novel agents interacting with the SF3B1 protein as potential 

anti-cancer drugs. They have argued that these agents might also have an effect on 

MDS clones with SF3B1 mutations, because the binding sites of these agents differ 

from the known locations of SF3B1 mutations. Cazzola, Rossi et al. (2013) have 

even speculated that SF3B1 mutated cells might be more sensitive to such novel 

therapeutic agents. However, no clinical trials have been reported so far and the 

current state of research regarding such spliceosome modulators is still at a very 

basic level.  
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4.2 Discussion of results regarding TP53 mutations 

4.2.1 Frequency of TP53 mutations 

Mutations of the TP53 gene have been detected in patients with MDS as early as 

1991 (Jonveaux et al. 1991). Apart from chromosomal abnormalities affecting the 

TP53 gene locus (17p13.1), submicroscopic mutations have been reported in 8-

14% of patients with MDS (Wattel et al. 1994; Padua et al. 1998; Kita-Sasai et al. 

2001). In accordance with our results (9.5%) other MDS studies have reported 

incidence of TP53 mutations in the order of 5%-10% (Bejar et al. 2011; Damm, 

Kosmider et al. 2012; Papaemmanuil et al. 2013; Haferlach et al. 2014). Like our 

PCR assays, all quoted studies focused on the mutational hotspot region of exon 5-

8. The higher rate of TP53 mutations in the earlier publications can be explained by 

smaller patient groups and larger fractions of patients with the less favorable RAEB 

or RAEB-T subcategories (FAB). These MDS subtypes are associated more 

strongly with TP53 mutations than the FAB subcategories RA, RARS and CMML 

(Wattel et al. 1994). 

All TP53 point mutations found in this study have previously been described in other 

cancers, three of them in myeloid neoplasms. However, we also discovered four 

novel mutations, three of which resulted in frame shifts and one of which was a 

combined deletion/insertion (delins) without a frame shift. There were two frameshift 

mutations which occurred in the same patient (ID-81) and were caused by aberrant 

splicing rather than genomic variation. Splice mutations of the TP53 gene have long 

been described in cancer and also in MDS. Holmila et al. (2003) have shown that 

splice mutations of TP53 are not rare incidents and have thus recommended RNA 

as a regular starting point for molecular analysis. In their comprehensive study of 

gene mutations in MDS, Bejar et al. (2011) have discovered TP53 mutations in 33 

out of 439 patients with MDS, and six of these reported mutations (18%) were splice 

site mutations resulting in abnormal splicing. These data indicate that events of 

aberrant TP53 splicing are not rare incidents but a rather common mutation 

mechanism in MDS. However, we could not find any DNA mutations (splice site 

mutations) of the TP53 gene correlating with the two deleterious splicing variants 

we discovered in patient ID-81. Given the association of MDS with mutations of 

spliceosome genes, our hypothesis was that there might be a connection with 

SF3B1 mutations. Dolatshad et al. (2015) have recently reported a variety of genes 
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that are aberrantly spliced in SF3B1 knockdown myeloid cell lines. These splicing 

variants interestingly included a TP53 fragment with a skipped exon 6, as we have 

reported in patient ID-81 (chapter 3.3.2). 9  However, we did not find a SF3B1 

mutation in this patient, thus rendering such a connection unlikely in this case. This 

leaves the question open, by which molecular mechanism the aberrant mRNA 

fragments might have been caused. The patient might be harboring mutations of 

other spliceosomal genes that are associated with MDS such as SRSF2, U2AF1 or 

ZRSR2 (Yoshida et al. 2011), but there might be also yet unknown reasons. Further 

research is desirable about the mechanisms that cause alternate splicing in general 

and incorrect splicing in particular. Possible explanation models could be unknown 

regulatory DNA sites farther from the effected genes. Also, unknown mutations of 

other spliceosomal components (for example ribonucleic components of the 

spliceosome) or the effects of regulatory micro-RNA might be responsible. 

 

4.2.2 Associations of TP53 mutations 

We have found TP53 mutations to be significantly associated with several clinical, 

diagnostic, and prognostic variables. Most notably, TP53 mutations were 

significantly associated with karyotypic abnormalities, PB blasts, low thrombocyte 

count, an unfavorable prognosis score (IPSS and IPSS-R) and a shorter leukemia 

free and overall survival.  

An association of TP53 mutations with chromosomal abnormalities has been 

reported and it has been found that chromosome 17 is frequently affected, which 

includes the location of the TP53 gene itself (Fenaux et al. 1991; Wattel et al. 1994; 

Kaneko et al. 1995). In our own patient group, 10 in 11 patients with TP53 mutations 

had presented with an abnormal karyotype. Specific information about chromosome 

affection was available in 8 of these 10 patients and chromosome 17 was affected 

in 2 of them (25%). These numbers are in accordance with the results reported by 

other investigators. Bejar et al. (2011) have reported 8 in 33 TP53 mutant MDS 

patients (24%) to harbor abnormalities of chromosome 17. These findings give 

support to a common assumption in oncology called ‘second-hit theory.’ The 

                                                                 
9 There is no information provided by Dolatshad et al. with regard to the effect of this splicing variant 

on protein level. It is possible that exactly the same transcript has been detected by Dolatshad et al. 

as we have reported in chapter 3.3.2.   
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assumption is that a heterozygous point mutation of a tumor suppressor gene such 

as TP53 (‘first hit’) leads to a loss of heterozygosity, because only one intact allele 

of the gene is left in the cell. A subsequent acquisition of a chromosomal abnormality 

that affects the remaining TP53 allele (‘second hit’), eventually leads to oncogenic 

transformation. More consideration for the molecular effects of TP53 mutations is 

provided in chapter 4.3.2.  

Our results found a significant association of TP53 mutations with >5% PB blasts 

and with thrombocytopenia (<50.000 thrombocytes per µl), however not with lower 

hemoglobin levels, granulocyte or total white blood cell counts. These results 

confirm earlier findings (Bejar et al. 2011). None of the patients with TP53 mutations 

had a mutation of the SF3B1 gene and vice versa. Mutations in these two genes 

thus appeared to be mutually exclusive, however, these findings were not 

statistically significant (p=0.21) due to a small number of patients in this study. 

However, previous reports have confirmed a significant lower incidence of TP53 

mutations in patients with as opposed to without SF3B1 mutations in both MDS and 

CLL (Damm, Kosmider et al. 2012; Rossi et al. 2011). 

 

4.2.3 TP53 mutations and diagnosis/prognosis 

An important association of TP53 mutations, which has been consistently observed 

in all previous publications and in our own study, is the adverse prognostic impact 

regarding overall survival und leukemia free survival. In accordance with previous 

reports, we also found TP53 mutations to be significantly associated with a poor 

prognostic score both in the IPSS and the IPSS-R. However, the question is whether 

TP53 mutations can be considered as an independent predictor for unfavorable 

outcome, even after adjustment for confounders. Possible confounders are an 

abnormal karyotype, low thrombocyte count and high count of BM blasts, all three 

of which are associated with TP53 mutations on their own, and all three of which 

are already represented as prognostic constituents in the IPSS/-R. Nevertheless, it 

could be shown that TP53 mutations are an independent negative prognostic factor 

in patients with MDS even after adjustment for IPSS (Kita-Sasai et al. 2001; Bejar 

et al. 2011). Jädersten et al. (2011) have shown that TP53 mutations independently 

predict shorter LFS in low risk patients with MDS del(5q). Accordingly, the 2016 

WHO classification of MDS includes an explicit recommendation for TP53 mutation 
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screening in patients with MDS del(5q), in order to identify an adverse prognostic 

subgroup among patients with MDS del(5q) who are generally associated with a 

favorable prognosis (Arber et al. 2016). Beyond this single recommendation, there 

does not yet exist an official algorithm for screening of molecular prognostic markers 

in MDS. Bejar et al. (2011) have identified an entire set of gene mutations (TP53, 

RUNX1, ASXL1, ETV6 and EZH2) that independently predict a poorer prognosis in 

MDS (by one IPSS degree). Haferlach et al. (2014) have proposed a full prognostic 

model of molecular analysis as supplement for IPSS-R and clinical assessment. 

This model considers 14 target genes, including TP53 (but not SF3B1). 

Papaemmanuil et al. (2013) have presented a prognostic model that considers the 

total amount of mutations in one patient, regardless of kind. As indicated by these 

and similar publications, the general opinion in research about MDS seems to be 

that the general standards of prognosis will soon require adaption due to the 

progress that has been made in the molecular characterization of MDS during the 

last few years. Also, the advancement of massive parallel sequencing techniques 

make extended molecular analysis increasingly affordable. However, a 

comprehensive revision of the IPSS that includes molecular markers as a standard 

of prognosis in MDS is still pending. Most investigators agree that yet more 

functional research and more comprehensive studies are necessary before 

mandatory recommendations towards a new prognostic scoring system can be 

made (e.g. Bejar et al. 2012; Papaemmanuil et al. 2013; Malcovati et al. 2013; 

Cazzola, Della Porta et al. 2013; Malcovati et al. 2014).  

 

4.2.4 TP53 mutations and therapy  

The independent association of TP53 mutations with a worse outcome in MDS and 

especially in MDS del(5q) raises the question whether TP53 mutation status should 

lead to altered choices of therapy. The early studies of Kaneko et al. (1995) and 

Wattel et al. (1994) have found TP53 mutations to be significantly associated with 

poorer response rates to therapy in myeloid neoplasms. Jädersten et al. (2011) 

could show that TP53 mutations independently predict not only shorter OS and LFS 

but also poorer response rates to lenalidomide as standard treatment in low risk 

MDS with del(5q). In addition, Müller-Thomas et al. (2014) have shown that 

response to azacitidine was not affected in TP53 mutant patients with MDS del(5q), 
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therefore suggesting a possible benefit of combining both drugs (Müller-Thomas et 

al. 2014). Although these results concern only the relatively small fraction of MDS 

del(5q), they are an example of how insights into the mutation patterns of MDS 

patients may lead to concrete refinements of therapy.  

 

4.3 Molecular effects caused by SF3B1 and TP53 mutations  

An important question regarding the mutations we found in TP53 and SF3B1 

concerns their biological consequence. In this study we have strictly focused on the 

detection and description of gene mutation and looked for clinical associations of 

these mutations. In the statistical evaluation we have only considered mutations with 

a calculated effect on protein integrity – ignoring intron mutations and silent SNPs. 

However, there remains the question, what exactly is the consequence of the 

discovered mutations in the cell and how exactly an altered SF3B1/p53 protein 

contributes to the pathogenesis of MDS. The detailed molecular effects of most point 

mutations and other submicroscopic aberrations are largely unknown and subject 

of current functional research. This kind of research is important because it might 

lead to the development of novel therapeutic approaches.  

 

4.3.1 Molecular effects of SF3B1 mutations 

As shown above, mutations of the SF3B1 gene in MDS are clustered to affect certain 

codons/corresponding amino acids within close proximity to each other, thus 

suggesting a common biological effect. Those HEAT repeats of the SF3B1 protein 

encompassing most of the mutations (the fourth, fifth and sixth repeat) have been 

considered to be a hinge region between two halves of the spliceosome’s outer shell 

(Papaemmanuil et al. 2011). Papaemmanuil et al. have used the Sanger institute’s 

Pfam database of protein families (http://pfam.sanger.ac.uk) in order to determine 

to which degree SF3B1 mutations affect the protein’s structure. Curiously, they have 

found the typical mutations to be significantly less deleterious than expected. The 

protein’s essential structural integrity does not seem to be affected, thus suggesting 

a change/increase rather than a loss of function as the resulting pathogenic 

mechanism (Papaemmanuil et al. 2011). In accordance with this assumption, it has 

been shown in hematopoietic stem cells of knock-out mice that neither 
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haploinsufficiency (heterozygous knock-out) nor complete depletion of SF3B1 leads 

to myelodysplasia or development of ring sideroblasts (Matsunawa et al. 2014; 

Wang et al. 2014), again suggesting a gain or change rather than loss of function to 

be the driving effect of pathogenesis. Indeed, recent publications have been pointing 

towards alternately/aberrantly spliced effector genes as the consequence of SF3B1 

mutations. Dolatshad et al. (2015) have found a number of genes which are known 

to play a role in the pathogenesis of MDS to be differentially expressed in patients 

with SF3B1 mutations as opposed to patients without SF3B1 mutations. Their 

findings also included alternately spliced mRNA of TP53 (Dolatshad et al. 2015).  

Due to the strong association of SF3B1 mutations with ring sideroblasts, special 

regard has been paid to the question, by which mechanism this might be effected. 

Nikpour et al. (2013) have shown that splicing errors of the mitochondrial transporter 

gene ABCB7 in SF3B1 mutated patients with MDS causes mitochondrial iron 

overload, thereby effecting the associated phenotype with ring sideroblasts. More 

recently, Visconte et al. (2015) have found another mitochondrial iron transporter, 

SLC25A37, to be corrupted by intron retention in SF3B1 mutated patients with MDS-

RARS/-T.  

Curiously, identical SF3B1 mutations are independently predictive of an adverse 

outcome with shorter overall survival and therapy refractoriness in CLL (Rossi et al. 

2011). There also have not been any reports of mitochondrial iron overload to be 

associated with SF3B1 mutations in CLL. Hence, the effect of SF3B1 mutations on 

prognosis and phenotype obviously diverges in different hematologic diseases. This 

indicates that the consequences of identical mutations must be dependent on a 

complex set of genomic preconditions and other cellular factors which are not yet 

understood. 

 

4.3.2 Molecular effects of TP53 mutations 

Mutations of the TP53 gene found in this study were not as highly clustered as 

SF3B1 mutations, but randomly distributed across a previously described 

mutational hotspot region spanning between exon 5 and 8. The physiological role 

of p53 as an anti-tumor transcription factor in the human cell has been studied 

intensively and much has become textbook knowledge. The exact molecular 
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mechanisms of p53 involvement in the development of cancer are still less 

understood, although the common assumption is a loss/change of function.  

The significant association of submicroscopic TP53 mutations with a complex 

karyotype as discussed in chapter 4.2.2 raises the question of a causal biological 

relationship. I will refrain from discussing all known functions of the p53 transcription 

factor here. In general, p53 is known to be responsible for arresting the cell cycle 

and inducing repair, if DNA is damaged. Therefore, it can be assumed that early 

impairment of TP53 is a crucial driver for cells under oncogenic transformation, 

enabling them to evade cell cycle control despite acquisition of cytogenetic 

damages. This assumption is supported by Kaneko et al. (1995) who reported that 

TP53 mutations occur early during development of MDS.  

It is complex to study the function of p53 in cancer, because the protein acts both 

as a nuclear transcription factor and through direct interactions. Accordingly, it has 

a broad scope of possible downstream effects that are dependent on the specific 

biochemical context of the cell. It is known that the conformation of the p53 protein 

can physiologically be modified after transcription by alternate splicing, 

phosphorylation, protein-protein-interaction, etc. (Harris et al. 1993). Mutations of 

TP53 are believed to affect the conformation of the p53 protein to such extent, that 

proper DNA-binding and protein-protein interactions are compromised (Harris 

1993). As a general rule it is assumed that the mutant p53 protein loses its function 

as a tumor-suppressor and even acquires oncogenic potential (Harris et al. 1993). 

The mutated protein was shown to cumulate in the nucleus by immunostaining, 

probably due to conformational changes (Harris et al. 1993). Because the nuclear 

concentration of p53 in non-mutated cells is significantly lower, Saft et al. (2014) 

could even show that positive nuclear staining for p53 in MDS patients with del(5q) 

independently predicts a negative outcome. Crucially, this is even true for patients 

with wild-type TP53 genes, thus suggesting that there must be other molecular 

mechanisms than genomic TP53 mutations that can lead to an oncogenic p53 

phenotype with high nuclear expression. One possible mechanism might be such 

aberrant and deleterious splicing variants as we have detected in patient ID-81. 

The majority of TP53 mutations found in MDS and other human malignancies are 

single nucleotide missense mutations within a highly conserved region of the gene 

(Nigro et al. 1989, Harris and Holstein 1993, Wattel et al. 1994). Curiously, we found 
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mutations other than point mutations (deletions, insertions, delins-mutations and 

deleterious splicing variants) in five out of 12 mutations (42%). This percentage is 

much higher than the numbers reported by other investigators, ranging between 0 

and 15% (Kaneko et al. 1995; Wattel et al. 1994; Bejar et al. 2011; Papaemmanuil 

et al. 2013). This might be a coincidence due to low numbers. Another possible 

explanation could be our use of an RNA based assay which might be more sensitive 

for the detection of such mutations, certainly for the detection of splicing variants 

which cannot be detected by analyzing genomic DNA.  
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5 Summary 

New sequencing techniques have led to significant progress in the molecular 

characterization of myelodysplastic syndromes (MDS) during the last years. This 

thesis project was the starting point of a larger research project initiated in 

November 2012, pursuing a comprehensive analysis of genetic lesions in a cohort 

of MDS patients registered at the Ulm University Hospital. My aim and personal 

contribution in this thesis project was to assemble the patient cohort and to perform 

genetic analyses of two previously described target genes, Tumor protein 53 (TP53) 

and Splicing factor 3b, subunit 1 (SF3B1). TP53 is known to be frequently mutated 

in all kinds of cancer, amongst others in myeloid diseases. In contrast, SF3B1 is a 

more recently discovered major target gene that has not been implicated in 

hematological diseases before 2011. Our aims were to investigate TP53 and SF3B1 

mutations in terms of clinical associations and to determine their value as potential 

prognostic markers. Thus, we performed statistical analyses based on my 

generated data, searching for correlations between SF3B1/TP53 mutations and 

standardized clinical patient data as recorded in the Ulm register of MDS patients.  

Genetic analyses were performed after isolation of deoxyribonucleic/ribonucleic 

acids (DNA/RNA) from bone marrow and peripheral blood cells. Polymerase chain 

reaction (PCR) assays were designed and optimized to amplify the target 

sequences of previously described hotspot regions for mutations. PCR products 

were screened for mutations by denaturing high-performance liquid 

chromatography (DHPLC) and subsequently analyzed by Sanger sequencing. 

Verification of TP53 sequencing results in one patient required both cloning of PCR 

products and manual isolation of specific PCR fragments from agarose gel.  

TP53 and SF3B1 mutations were discovered in 11 (9.5%) and 20 (17.2%) out of 

116 patients with MDS, respectively. All SF3B1 mutations were point mutations, 

whereas 42% of all discovered TP53 mutations were deletions, insertions, or 

combined delins-mutations. One patient had two complex frameshift mutations of 

TP53 that were interpreted as result of aberrant splicing. TP53 mutations were 

significantly associated with an abnormal karyotype, peripheral blood blasts, lower 

thrombocytes, an unfavorable risk according to the international prognostic scoring 

system (IPSS), and shorter leukemia free/overall survival. SF3B1 mutations, on the 

other hand, presented with a more favorable clinical course of disease. Significant 
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associations were ring sideroblasts, a high count of platelets and neutrophils, a 

certain set of MDS subtypes, and a high dependency on anemia related supportive 

therapy (transfusions and iron chelation). As a trend, SF3B1 mutated patients 

belonged in the two lowest IPSS risk categories. Albeit not statistically significant, 

SF3B1 and TP53 mutations were mutually exclusive in our study group.  

These results are largely in accordance with the published reports of other 

investigators. In summary, TP53 and SF3B1 mutations seem to characterize two 

distinct MDS entities. TP53 mutations present with a highly adverse and SF3B1 

mutations with a rather benign clinical course of disease. According to most 

investigators, clinical and prognostic associations of both genes seem to be 

independent from confounders. Consequently, it can be recommended to include 

mutation analysis of these two genes in the diagnostic workup and prognostic 

algorithms of MDS, as has already been advised in some cases by the 2016 world 

health organization (WHO) classification of MDS. There remains the question, 

whether therapeutic decisions should be adapted according to TP53/SF3B1 

mutation status. Except for the entity of MDS patients with a deletion of/on the long 

arm of chromosome 5, who have been shown to benefit from more aggressive 

therapy options if TP53 is mutated, no unequivocal answers can yet be given to this 

question. More recently, TP53 mutations are taken into consideration in the process 

of deciding for or against allogeneic stem cell transplantations. However, more 

research is necessary about alternative therapies especially with regard to mutation 

status. Randomized clinical trials of large patient cohorts in the setting of a 

standardized diagnostic workup of molecular markers have become the gold 

standard in clinical care and research about myeloid malignancies. Despite recent 

progress, research about MDS still seems to fall behind. This has to do with the 

absence of novel therapeutic agents, but also with the heterogeneity of MDS itself, 

the standard therapy of which can range from ‘watch and wait’ to ‘hard and early’ 

chemotherapy. Hope remains, that new therapeutic approaches will be discovered 

and clearer guidelines for therapeutic decisions will be developed in the wake of 

recent progress in the molecular characterization of the disease. The development 

of novel therapeutic agents targeting SF3B1 has been reported. Nevertheless, more 

functional research about the exact molecular consequences of TP53 and SF3B1 

mutations, downstream effects and resulting pathway alterations seems to be 

necessary in order to develop new therapeutic agents. 
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