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1. Introduction 

1.1. Hematopoiesis 

Blood consists of plasma, electrolytes, hormones and various cellular components. 

With the exception of a subpopulation of lymphocytes, the individual blood cells 

have only a limited lifespan and therefore need to be regenerated continuously. 

Under normal conditions, approximately 3.5 x 1011 new blood cells are produced 

daily in a healthy adult person [40]. This process of blood formation is referred to 

as hematopoiesis and is structured hierarchically. In the human body, a distinction 

is made between embryonic and adult hematopoiesis. 

 

1.1.1. Embryonic Hematopoiesis 

Hematopoiesis in mice and humans is very similar. For this reason, numerous stu-

dies have been conducted in recent decades to evaluate embryonic hematopoiesis 

in the mouse model [198]. Blood formation in the embryo takes place in various 

anatomical structures, depending on the embryonic stage (Fig. 1). In all verte-

brates, hematopoiesis starts in the yolk sac mesoderm. In terms of its form, the 

mesoderm can be subdivided into a ventral and dorsal domain, also referred to as 

Spemann‟s organizer. It is assumed that mesodermal development is the result of 

an antagonistic relationship between ventralizing signals on the one hand and fac-

tors which stimulate dorsal development on the other [180] [66]. Maternal factors 

such as the transcription factors from the TGF-ß and FGF families lead to meso-

derm induction at the blastula stage. The mesoderm ventralization which is impor-

tant for embryonic hematopoiesis occurs during gastrulation. Ventralizing homeo-

box genes from the Vent and Mix families play a role in this [32] [73]. Both families 

are downstream targets of the BMP-4 signalling pathway. Lack of BMP-4 usually 

leads to premature embryonic death as a result of mesodermal defects [191] [83], 

whereas the ectopic expression of BMP-4 after gastrulation leads to increased 

blood production. Important early markers of hematopoietic mesoderm which are 

induced by BMP-4 are: GATA-1, GATA-2 and also the transcription factor SCL 

[117] [126]. The first blood islands subsequently develop from a small cluster of 
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cells in the ventral mesoderm. These differentiate into both hematopoietic and en-

dothelial cells. The fact that both cell lineages arise simultaneously led to the as-

sumption of a common precursor cell, known as the hemangioblast [194]. From 

this hemangioblast, the first primitive nucleated erythrocytes develop on day 7-7.5 

after fertilization in the mouse. Myeloid precursor cells appear in the yolk sac one 

day later, and lymphoid precursor cells on day 8.5 post conceptionem [44] [61]. 

Because it was a long time before any other hematopoietic cell source was identi-

fied in the embryo, it was assumed that the yolk sac also supplied hematopoietic 

stem cells [131]. Further investigations revealed, however, that only HSCs from 

the AGM region of the embryo at day 10.5 p.c. are capable of reconstructing bone 

marrow in lethally irradiated adult mice. As a result of this, the AGM region is now 

considered to be the source of definitive hematopoiesis [30] [127]. Unlike the primi-

tive hematopoiesis in the yolk sac, other specific transcription factors play a deci-

sive role at this point in time. Mice which are deficient in RUNX1, part of the notch1 

signalling pathway, die on day 10-12 post conceptionem, despite the fact that they 

exhibit nearly normal hematopoiesis in the yolk sac [44]. The HSCs produced in 

the AGM are released into the bloodstream one day later, and also colonize the 

yolk sac and placenta [37] [144]. The AGM region may not be capable of generat-

ing sufficient quantities of HSC on its own to colonize the fetal liver [95]. From day 

10-12 post conceptionem, the fetal liver and thymus become involved in hemato-

poiesis. De novo HSC synthesis in the liver does not occur. Instead, there is ex-

pansion of HSCs and differentiation into erythrocytes, myeloid and lymphoid cells. 

Shortly before birth, the bone marrow takes over hematopoiesis [44] [60]. 
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Fig. 1: Developmental regulation of Hematopoiesis in the Mouse, adapted from [143, p. 632] 
 (A) Hematopoiesis occurs first in the yolk sac blood islands and later at the AGM (aorta gonad mesonephros) 

region, plazenta, and fetal liver. (B) Hematopoiesis in each location favors the production of specific blood 
lineages, ECs (endothelial cells), RBCs (red blood cells), HSC (hematopoietic stem cell), LT-HSC (long-term 
hematopietic stem cell), ST-HSC (short-term hematopoietic stem cell), CMP (common myeloid progenitor), 
CLP (common lymphoid progenitor), MEP (megakaryocyte/erythroid progenitor), GMP (granulo-
cyte/macrophage progenitor). (C) Developmental time windows for shifting sites of hematopoiesis 

 

1.1.2. Adult Hematopoiesis 

In all adult mammals, the site of hematopoiesis is the bone marrow. Throughout 

life, new blood cells are generated in this compartment and released into the peri-

pheral blood. Only lymphopoiesis takes place additionally in other lymphatic tis-

sues. All cells are derived from the pluripotent HSC which represents the top of the 

haematopoietic hierarchy (Fig. 2). Two properties characterize this cell: its ability to 

self-renew and its ability to differentiate into all types of blood cells. HSCs include 

long-term (LT-HSCs), short-term (ST-HSCs) and also the multipotent progenitor 

cells. Whereas the LT-HSC has a lifetime capacity for self-renewal, this capacity is 

limited to around eight weeks in the later ST-HSC stage. Multipotent progenitor 

cells (MPPs) self-renew only for a brief period, if at all, although they have a higher 

proliferation rate than their predecessors [147] [134] [158]. They represent a bridge 
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point in hematopoiesis and differentiate into oligolineage restricted progenitors, 

with common lymphoid progenitors (CLPs) being the precursors for all lymphoid 

cells, while common myeloid progenitors (CMPs) represent the starting point for 

the myeloid/erythroid lineages [88] [3]. Interestingly, dendritic cells arise from both 

CMPs and CLPs [120]. The production of functional, mature blood cells represents 

the end of the hematopoietic differentiation cascade.  

 

 

Fig. 2: Classical model of hematopoiesis, modified from [147, p. 11843] 

Hematopoietic and progenitor cell lineages. Hematopoietic stem cells (HSCs) can be divided into highly self-
renewing long-term (LT) HSCs and short-term (ST) HSCs which ability to self renew is limited and which diffe-
rentiate into multipotent progenitors (MPP). MPPs do not or briefly self-renew and give rise to the oligolineage-
restricted progenitors CMPs or CLPs, which in turn produce mature cells of the myeloid-erythroid lineage or 
the lymphoid lineage. Both CMPs and CLPs can give rise to dendritic cells. CMP (common myeloid progeni-
tor), CLP (common lymphoid progenitor), MEP (megakaryotic/erythroid progenitors), GMP (myelomonocytic 
progenitors), DC (dendritic cells), NK (natural killer cells) 

 

Hematopoietic Stem Cells 

The existence of hematopoietic stem cells was first demonstrated by a series of 

experiments in the early 1960s. In lethally irradiated syngenic mice, transplanted 

bone marrow cells lead to the clonal proliferation of myeloerythroid colonies in the 

spleen [14]. A balance between self-renewal and lineage commitment is essential 



Introduction 
 
5 

if a sufficient pool of HSCs and a constant supply of new mononuclear blood cells 

(MBCs) is to be ensured in the long-term. If this homeostasis is disturbed in the 

form of abnormal HSC development, leukemia may develop [158]. The factors in-

volved in HSC maintenance and differentiation can be divided into intrinsic and 

extrinsic signals. Known intrinsic factors are PTEN, BMI-1, TEL/ETV-6, p21 and 

the homeobox gene HOXB4. PTEN-deficient HSCs are more involved in the cell 

cycle and lead to a decrease in the stem cell pool [163]. Loss of function analyses 

in mice have shown that the Polycomb group gene BMI-1 represents an essential 

factor for HSC self-maintenance [78], and the transcription factor TEL/ETV-6 ap-

pears to be the first identified selective regulator of stem cell regeneration [71]. In 

experiments, retroviral overexpression of the homeobox gene HOXB4 showed a 

significantly increased number of HSCs [4] [22]. The cyclin-dependent kinase inhi-

bitor p21 regulates the transition from G0 to G1 in the HSC cell cycle. In its ab-

sence, the number of HSCs decreases and there is an increase in HOXB4-

induced stem cell self-renewal in p21-/- mice [29] [129].  

In the bone marrow stem cell niche, HSCs are also under the influence of a range 

of external signalling pathways, with the notch signalling pathway playing an im-

portant role. Blockade of the notch signalling pathway leads to increased differen-

tiation of HSCs in vitro and to a decrease in HSCs in vivo [43]. The highly con-

served Wnt/ß-catenin signalling pathway also leads to HSC proliferation, whereas 

inhibitors of this signalling pathway lead to a reduction in vivo [157]. Two other fac-

tors which are involved in HSC regulation are the sonic hedgehog and Smad sig-

nalling pathways. One of the factors which activates the latter is TGF-ß, a known 

inhibitor of HSC proliferation [18]. 

 

Progenitors 

Progenitor cells, regardless of their lineage, have lost the ability to self-renew. The 

lineage specification mechanisms of stem cells are still only partly understood, but 

there is a family of transcription factors (TFs), called a transcription factor network 

(TFN), the antagonizing or cooperative effects of which play an important role in 

the diversification of hematopoiesis [79].  
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Erythrocytes, megakaryocytes, eosinophils, neutrophils and monocytes are all de-

rived from the common myeloid progenitor (CMP). In the CMP, the transcription 

factors PU.1 and GATA-1 are co-expressed and interact physiologically. The in-

creased expression of the zinc finger transcription factor GATA-1 leads to differen-

tiation into eosinophils, erythrocytes and megakaryocytes, the precursors of plate-

lets [142]. Co-expression of GATA-1 and the cofactor FOG (friend of GATA-1) is 

important for the development of erythrocytes and megakaryocytes, whereas eosi-

nophils express GATA-1 together with C/EBPß (Fig. 3) [152] [186]. 

Granulocytes and monocytes develop from the granulocyte/monocyte progenitor 

(GMP), with PU.1 representing an important transcription factor. The ETS family 

transcription factor PU.1 inhibits GATA-1 function by preventing GATA-1 from 

binding to relevant DNA sequences and thus promoting both myeloid and lympho-

id differentiation (Fig. 3, 4). Whereas high concentrations of PU.1 lead to differen-

tiation into macrophages (deriving from circulating monocytes), less high levels of 

PU.1 tend to favour lymphocytic development [201] [36]. Whether or not C/EBPα is 

expressed influences GMP lineage selection. C/EBPα expression is found mainly 

in granulocytes.The additional expression of PU.1 together with its partner, interfe-

ron consensus sequence-binding protein (ICSBP), is of greater relevance for the 

development of monocytes [203]. 

 

Fig. 3: Transcriptional regulation of common myeloid precursor (CMP) commitment, adapted from 
[203, p. 3302]  

CMPs differentiate into either common precursors for granulocytic and monocytic lineages (GMPs) or common 
precusors for both erythroid and megakaryocytic lineages (EMPs). A separate, possible, pathway leading to 
eosinophils is depicted by dotted line. Dual expression of PU.1 and GATA-1 leads HSCs to CMPs, but then 
dominant expression of PU.1 is restricted to GMPs, while unopposed GATA-1 directs differrentiation to EMPs. 
HSC (hematopoietic stem cell)   
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Both T and B lymphocytes are derived from the common lymphoid progenitor 

(CLP). Besides the requirement for the transcription factor PU.1 which has already 

been mentioned, other characteristics of this progenitor are the surface expression 

of the IL-7 receptor, combined with a decrease in the G/M potential [38] (Fig. 4). 

The development of T lymphocytes takes place in the thymus, with the notch1 re-

ceptor signalling pathway being a crucial factor for the start of T lymphocyte devel-

opment, inhibiting the transcription of genes which play a role in B cell develop-

ment [203]. In contrast, E2A and EBF are initial transcription factors in B lympho-

cyte differentiation. In the absence of both, B cell differentiation is inhibited [204] 

[108]. EBF also directly regulates PAX5, another regulator of lymphopoiesis. Ab-

sence of this factor also blocks differentiation and can even lead to dedifferentia-

tion of B cells [139]. 

 

 

Fig. 4: Transcriptional regulation of common lymphoid precursor (CLP) commitment, adapted from 
[203, p. 3302] 

B lymphocytes and T lymphocytes are derived from a common lymphoid precursor (CLP). The early develop-
ment of B cell is distinguished into distinct stages by the sequential expression of different transcription factors 
that direct Ig gene recombination and the expression of B cell specific cell surface phenotyps. A proposed 
(alternative) differentiation pathway of macrophages from pro-B is also indicated by a dotted line. HSC (hema-
topoietic stem cell) 
 
 

1.2. Leukemia 

Leukemia is a malignant clonal disease originating from hematopoietic stem – and 

progenitor cells. The causes are diverse, and also often unclear. Possible triggers 

are benzene, ionizing rays, viruses and hematological or genetic disorders. A dis-

tinction is made between acute and chronic leukemias, depending on the course. 
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Each type of leukemia is characterized by its own age-specific incidence.The 

acute leukemias include the acute myeloid and acute lymphoid leukemias (AML 

and ALL), which generally lead to death within weeks or months if left untreated. 

The chronic forms of leukemia include chronic lymphoid leukemia, which is classi-

fied as an indolent non-Hodgkin‟s lymphoma, and chronic myeloid leukemia, which 

is classified as a myeloproliferative disorder. 

 

Acute myeloid Leukemia 

Acute myeloid leukemia is a very heterogeneous group of diseases genetically and 

in terms of phenotype and develops as a result of clonal transformation and prolif-

eration of a multipotent hematopoietic stem cell. As a consequence, physiological 

hematopoiesis in the bone marrow is impaired by the leukaemia cells. Anaemia, 

granulocytopenia and thrombocytopenia are consequences of hematopoietic insuf-

ficiency. While ALL represents 80 % of acute leukemias in childhood, AML is re-

sponsible for 80 % of cases in adults and the median age at diagnosis is 65. There 

are two commonly used classification schemata for AML. The older FAB system 

classifies AML mainly according to criteria relating to blast cell morphology (Tab. 

1). 

 

Tab. 1: The FAB-classification (French-American-British) [16] 

FAB- 
Subtype 

Name Cytogenetics 
 

M0 minimally differentiated acute myeloblastic leu-
kemia 

 

M1 acute myeloblastic leukemia, without maturation  

M2 acute myeloblastic leukemia, with maturation t(8;21)(q22;q22), t(6;9) 

M3 acute promyelocytic leukemia t(15;17) 

M4 acute myelomonocytic leukemia inv(16)(p13q22), del(16q) 

M4eo myelomonocytic together with bone marrow eo-
sinophilia 

inv(16), t(16;16) 

M5 acute monoblastic leukemia (M5a) or acute mo-
nocytic leukemia (M5b) 

del (11q), t(9;11), t(11;19) 

M6 acute erythroid leukemias  

M7 acute megakaryoblastic leukemia t(1;22) 

M8 acute basophilic leukemia  

 



Introduction 
 
9 

The newer, revised WHO classification, on the other hand, incorporates immuno-

phenotypic, cytogenetic and molecular genetic aspects in addition to morphology 

(Tab. 2). 

 

Tab. 2: WHO Classification of 2008, only major disease categories are listed [67] [188] 

Acute myeloid leukemia with recurrent genetic abnormalities: 
AML with t(8;21) ; RUNX1-RUNX1T1 
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
APL with t(15;17)(q22;q12); PML-RARA 
AML with t(9;11)(p22;q23); MLLT3-MLL 
AML with t(6;9)(p23;q34); DEK-NUP214 
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1 

Acute myeloid leukemia with myelodysplasia-related changes  

Therapy-related myeloid neoplasms 

Acute myeloid leukemia,not otherwise specified (NOS) 
AML with minimal differentiation 
AML without maturation 
AML with maturation 
Acute myelomonocytic leukemia 
Acute monoblastic/monocytic leukemia 
Acute erythroid leukemia 
Pure erythroid leukemia 
Erythroleukemia, erythroid/myeloid 
Acute megakaryoblastic leukemia 
Acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 

 

According to the WHO criteria, over 20 % myeloblasts must be present in the bone 

marrow for a diagnosis of AML. Entities with the genetic abnormalities t(15;17), 

t(8;21), inv(16) or t(16;16) and some cases of acute erythroid leukaemia are diag-

nosed as AML irrespective of the blast percentage [41]. Cytogenetically, a distinc-

tion can be made between two main subgroups of AML.  

The first group, which accounts for almost 50 % of all AML cases, includes AML 

without chromosome aberrations, which means a normal karyotype. Molecular mu-

tations are frequently found in this category (Fig. 5) [10], the most common of 

which involves the NPM1 gene which regulates the ARF-p53 tumour suppressor 

pathway and is present in 50 % of patients with a normal karyotype [47]. This is 

followed by mutations in the FLT-3 gene which codes for a tyrosine kinase recep-

tor and is not uncommonly associated with NPM1 gene mutations [57] [10]. 
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Fig. 5: Frequency of recurrent molecular mutations in normal karyotyp acute myeloid leukemia 
 

The second cytogenetic group includes AML with an abnormal or complex karyo-

type. The translocation t(8;21) represents a common chromosomal abnormality in 

AML patients. It occurs in approximately 15 % of AML patients and exhibits an in-

creased incidence in the FAB-M2 subtype. This translocation gives rise to the 

transcription factor fusion protein RUNX1-RUNX1T1 (also known as AML1-ETO), 

which promotes the self-renewal of haematopoietic cells and selectively inhibits 

erythroid and granulocytic differentiation [149] [185]. The rearrangement of chro-

mosome 16 by inversion, inv(16), or its variant t(16;16) are associated with the 

FAB-M4eo subtype. The resulting fusion protein CBFß-MYH11 leads directly to 

repression of the tumour suppressor RUNX1(AML1) [112]. Other more frequently 

occurring alterations at the chromosomal level relate to rearrangements in the MLL 

gene and the translocation t(15;17) with the fusion protein PML/RARα [111] [170]. 

A complex karyotype is defined by three or more unrelated cytogenetic abnormali-

ties. 

Cancer is the result of a stepwise accumulation of genetic alterations resulting in a 

transformation from normal into malignant cells [65]. A “two hit” theory exists for 

AML, which states that at least two classes of mutation must be present for the 

disease to develop (Fig. 6).  

  

NPM1

50%

FLT3-ITD

40%

CEBPA

10%

NRAS 

7,5%

FLT3-TKD

6,5%

Others

48%
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Fig. 6: Cooperating mutations in AML (acute myeloid leukemia), modified from [58, p. 1539]  
 

Class I mutations confer proliferation and survival advantages, but have hardly any 

influence on cell differentiation. These mutations expressed in isolation cause 

myeloproliferative disease with normal differentiation. Class II mutations inhibit cell 

differentiation. When expressed in isolation, they give rise to myelodysplastic syn-

dromes. In summary, what this means is that many of the aforementioned muta-

tions are not capable of inducing AML in isolation, but that cooperation with distinct 

genetic alterations is required for this [15] [59]. 
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1.3. Homeobox Genes 

Homeobox genes represent a major family of transcription factors to which an es-

sential role is attributed in embryogenesis, organogenesis, cell proliferation, cell 

differentiation and other developmental processes across organisms. The charac-

teristic of this class of genes is the homeobox, a common sequence element of 

180 bp which was first identified in the fruit fly Drosophila in 1983. The homeobox 

codes for a helix-turn-helix motif, or “homeodomain”, which contains 60 amino ac-

ids and which interacts sequence-specifically with the DNA of a multitude of other 

genes, either as an activator or a repressor [125] [55]. The human homeobox gene 

family is currently divided into 235 functional genes and 65 pseudogenes. These 

genes are in turn classified into 11 gene classes [72]. ANTP homeobox genes 

represent the biggest class, of which the best-known members are the 39 Hox 

genes. In the human body, as in other vertebrates, the Hox genes are arranged in 

four clusters in accordance with the homology to the genes of the fruit fly Droso-

phila (HOXA, HOXB, HOXC, HOXD), whereas the fruit fly has only one Hox gene 

cluster (HOM-C) (Fig. 7). Their main role during embryonic development is the 

formation of the anteroposterior body axis of the embryo [93]. Older studies in 

Drosophila showed that homeotic mutants, or individuals with mutations in these 

genes, exhibit changes in patterns of body parts which are significant in some 

cases. Such mutants may have four wings rather than two, for example [100] 

[105]. 
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Fig. 7: Genomic organization and colinear expression patterns of Drosophila HOM genes and mamma-
lian Hox genes, adapted from [121, p. 422]  

Schematic representation of the Drosophila homeotic complex (HOM-C), the four human Hox complexes and 
a hypothetical ancestral homeotic complex are displayed showing their possible phylogenic relationships. 
Each gene is represented by a colored box. The expression domains of HOM/ Hox genes are schematized in 
a fly and in the CNS and prevertebrae of a human fetus. Within the different HOX clusters each gene can be 
divided into paralogous groups which is based on the sequence homology of their homeobox regions (shown 
by same colours). HOM gene abbreviations are: lab (labial), pb (proboscipedia), Dfd (Deformed), Scr (Sex 
combs reduced) Antp (Antennapedia), Ubx (Ultrabithorax),  abd-A (abdominal-A),  Abd-B (Abdominal-B) 

 

Another common classification system divides the homeobox genes into two 

classes according to their arrangement within the genome. The clustered homeo-

box or Hox genes located on chromosomes 2, 7, 12 and 17 in the human genome 

belong to the Class I homeobox genes. Class II or non-clustered homeobox (non-

Hox) genes are dispersed throughout the genome [145]. 

 

1.3.1. Hox genes in normal and malignant hematopoiesis 

The significance of the Hox genes in hematopoiesis has been investigated in nu-

merous studies via the overexpression of retroviral vectors in murine hematopoi-
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etic stem cells and human umbilical cord blood and using knockout mouse models 

[145]. Hox genes play a role both in HSC self-renewal and in progenitor cell line-

age specification. Their expression is tightly regulated and they exhibit expression 

of a time-limited nature with regard to their 3„→ 5„ chromosomal position during the 

haematopoietic differentiation cascade [118]. Many Hox genes are expressed in 

the early stages of hematopoiesis and are then downregulated or silenced during 

subsequent differentiation. Furthermore, only Hox genes from clusters A, B and C 

are expressed in early progenitor cells. HOXD genes are not expressed [164] [56]. 

As already mentioned in section 1.1.2., HOXB4 is a positive regulator of HSC self-

renewal, and overexpression in ex vivo experiments showed a significantly in-

creased number of HSCs compared with non-transduced cell cultures [4] [22]. 

HOXA9 is expressed mainly in primitive haematopoietic cells and HOXA9-deficient 

mice exhibit defects in the differentiation of their haematopoietic cells [7]. The Hox 

genes with the greatest specificity in their expression pattern are HOXA10, ex-

pressed mainly in myelomonocytic cell lines, and HOXC4, which plays a role only 

in lymphoid progenitor cells [99]. 

Homeobox genes which are physiologically expressed in non-differentiated cells 

such as the Hox genes (class I genes) are generally overexpressed in cancer, 

whereas those homeobox genes which are normally expressed in differentiated 

cells are downregulated in cancer [1]. The deregulation of Hox genes is of signific-

ance both in myeloid and lymphoblastic leukaemia [7] [75]. Sixty per cent of pa-

tients with AML, particularly those with a normal karyotype, exhibit an altered pat-

tern of Hox gene expression. The first evidence of the involvement of homeobox 

genes in leukaemia development was the identification of the HOXB8 (Hox-2.4) 

Hox gene in the myeloid leukaemia WEHI-3B cell line, the constitutive activation of 

which leads to inhibition of myeloid cell differentiation [89] [19]. In other studies, 

the overexpression of individual Hox genes such as HOXB6, HOXA10, HOXA9 or 

HOXB3 in murine bone marrow cells resulted in leukaemia with long latency [49] 

[181] [92], there being a significant reduction in the time to development of the full-

blown AML phenotype with the coexpression of certain non-Hox homeobox genes 

(section 1.3.2.) [145]. Furthermore, few Hox genes are associated with leukaemia-

specific translocations. Both HOXA9 and HOXD13, which are not expressed con-

stitutively in normal hematopoiesis, form fusion genes with the nucleoporin gene 

NUP98 and lead to leukaemic transformation [138] [109]. Chromosomal rear-
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rangements in the MLL (mixed lineage leukaemia) gene play a role in 5 % of AML 

cases. This gene is essential for physiological hematopoiesis and is a known up-

stream regulator of Hox genes [33]. In the majority of cases, however, the cause of 

aberrant Hox gene expression remains unclear. 

 

1.3.2. Non Hox genes in normal and malignant hematopoiesis 

Many non clustered (class II) homeobox genes, are less well characterized in 

terms of their role than Hox genes. As a rule their gen size is smaller than Hox 

genes, they are dispersed throughout the genome, and their regulatory effects are 

more specific and limited mainly to organogenesis and cell differentiation.  

One example of the role of the non-Hox homeobox genes in hematopoiesis is the 

hematopoietically-expressed homeobox protein (HHEX) gene. It is essential both 

in primitive hematopoiesis at the hemangioblast stage (Fig. 1) and in adult hema-

topoiesis, in which it influences multipotent progenitor cell differentiation [148]. The 

HB24 (HLX) homeobox gene displays selective expression in CD34+ bone marrow 

cells and is downregulated in the subsequent process of hematopoietic cell diffe-

rentiation [35]. Various experiments have shown that some non-Hox genes func-

tion as cofactors for Hox proteins. The three-amino-acid-loop-extension (TALE) 

proteins PBX and MEIS belong to this group. They interact directly with Hox pro-

teins in order to increase their DNA binding affinity and specificity [130]. Paralog-

ous group 1-10 Hox proteins interact with the divergent homeodomain protein 

PBX1, whereas paralogous groups 11-13 interact with MEIS1 [167]. Loss-of-

function experiments with these Hox cofactors have shown that they influence a 

range of Hox-dependent pathways, and both PBX1- and MEIS1-deficient embryos 

display defects in haematopoiesis and are unviable [39] [70]. The deregulated ex-

pression of non-Hox cofactors with some Hox genes led to leukemic transforma-

tion in mouse models and human myeloid leukemia cells, with non-Hox cofactors 

being capable of shortening the latency for leukemia development. Although the 

overexpression of PBX1 and MEIS1 is not sufficient in isolation for leukemia de-

velopment [7], PBX1 does have oncogenic potential as a fusion protein with E2A 

via the t(1;19) translocation which is probably caused by dysregulation of certain 

target genes and which is cytogenetically detectable in 25 % of children with pre-B 

ALL [101] [84]. MEIS1 is overexpressed in half of patients with AML and was first 
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identified together with HOXA7 and HOXA9 in myeloid cells of BXH-2 mice [2] 

[135]. Other non-Hox genes such as CDX2, HOX11 or PMX1 play no role in phy-

siological hematopoiesis, although they are associated with leukemia [145]. CDX2 

belongs to the ParaHox A cluster and is an upstream regulator of Hox genes. In 

adults, its expression is strictly limited to intestinal development, and overexpres-

sion leads to intestinal metaplasia [76]. CDX2 is overexpressed in over 90 % of 

patients with AML (Fig. 8). At the cytogenetic level, CDX2 forms a fusion gene with 

ETV6, a member of the ETS family (section 1.1.2.), via the t(12;13) translation, 

although interestingly this gene is incapable of inducing leukaemia itself. The result 

of this balanced translocation is the ectopic expression of CDX2 in the hemato-

poietic system where it acts as an oncogene and induces fatal AML in transplanted 

mice [154]. 
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Fig. 8: A model for CDX2-mediated leukemogenesis, adapted from [160,p. 866] 

CDX2 is expressed in the posterior primitive streak during embryogenesis, where it directs anteroposterior 
axial development and elongation by regulating HOX gene expression. Monoallelic expression of CDX2 is 
observed in 90 % of patients with acute myeloid leukemia (AML) and may perturb hematopoiesis by affecting 
HOX gene expression (red dashed arrows indicate ectopic expression; black arrows indicate normal expres-
sion in embryonic development).  

 

1.3.3. VENTX 

The human homeobox gene VENTX (formerly VENTX2/HPX42B) is a non-Hox 

(class II) homeobox gene and belongs to the large ANTP class of homeobox 

genes. This is further subdivided into the HOXL subclass, composed mainly of the 

Hox genes, and the NKL subclass, to which VENTX belongs [133]. This gene is 

localized at chromosome 10q 26.3 and, for a genome length of 4.03 kbp, has a 

molecular weight of 28 kDa [133]. The protein structure of VENTX is illustrated in 

Fig. 9. 
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Fig. 9: VENTX protein structure, modified from [133, p. 25]  

VENTX contains a high percentage of serine and threonine at the amino terminus, a homeodomain between 
91-151 and an overall high frequency of proline. The protein is 258 residues in length. Numbers above 
represent amino acids positions. 

 

VENTX is the human homologue of the Xenopus xvent2b gene. Xvent2b is a 

member of the multigenic Vent HB gene family which is essential for the formation 

of the ventral mesoderm and haematopoietic development in Xenopus. This gene 

family can be further subdivided into two families on the basis of their sequence 

homology outside the homeodomain. The Vent-1 subfamily in Xenopus includes 

xvent1, xvent1b and pvi [54] [153] [8]. The Vent-2 subfamily consists of xvent2, 

xom, xvent2b, Xbr-1, and vox genes [141] [96] [153] [146] [165]. VENTX has 65% 

identity between its homeodomain and the homeodomain of the xvent2b gene and 

is the first mammalian gene member of the Vent HB gene family identified to date 

[133]. Members of the xvent family act as direct and indirect downstream targets 

for the BMP-4 protein. BMP-4 is the key molecule in the development of the ven-

tral mesoderm which gives rise to hematopoiesis in the embryo following gastrula-

tion (section 1.1.1.). The individual xvent genes from the two Vent subfamilies dif-

fer greatly in terms of their expression patterns in time and space during this 

process. Whereas xvent1b and xvent2b are expressed in the ventral mesoderm, 

xvent2b is also expressed in the dorsal mesoderm [153]. As a direct target for 

BMP-4, xvent2b is expressed in an identical manner to BMP-4 throughout em-

bryonic development and is capable of upregulating BMP-4 expression itself via a 

positive autoregulatory loop [69] (Fig. 10). The cooperative interaction of xvent2b 

and GATA-2 is required for the activation of xvent1b as an indirect target for the 

BMP-4 pathway, however [50]. 
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Fig. 10: Genetic cascades involved in the activation and autocatalytic regulation of BMP-4, modified 
from [166, p. 34372]  

While BMP-4 activates Xvent-2 and GATA-2, only Xvent-2 is able to up-regulate BMP-4. BMP-2 protein trans-
lated from maternal RNA activates Xvent-2 and triggers the autocatalytic loop, which is subsequently main-
tained by BMP-4 and Xvent-2 recruiting a yet unknown co-activator. Xvent-2 suppresses gsc. GATA-2 and 
Xvent-2 activate Xvent-1 which has been shown to repress ventral expression of the dorsal lip-specific winged 
helix gene XFD-1. 

 

The ectopic expression of members of the Vent HB gene family leads to ventrali-

zation in Xenopus and zebra fish embryos. Analogously, VENTX overexpression 

causes anterior truncation in zebra fish embryos in experiments (Fig. 11). 

The role of VENTX in human hematopoiesis has been studied more closely in re-

cent years. Interestingly, it has not been possible to identify a homologue of the 

Xenopus Vent HB gene family in the mouse, which means that it is not possible to 

study the function of this gene in the syngenic mouse model. VENTX displays an 

expression pattern opposite to that of Hox genes which are expressed mainly in 

immature CD34+ bone marrow cells and are downregulated during subsequent 

differentiation (section 1.3.1.), there being significantly less expression of VENTX 

in the CD34+ stem cell compartment than in the more mature CD34-/CD38+ mono-

nuclear bone marrow cells. Furthermore, VENTX expression levels are significant-

ly higher in myeloid than in lymphoid and erythroid cells. It was possible to confirm 

this finding via the overexpression of VENTX in retroviral based human cord blood 

xenograft transplantation model in NOD/SCID mice. Most of the genes which are 

upregulated by VENTX are those associated with myelopoiesis such as CD11b, 

CD125 or CD9, whereas genes which are responsible for erythropoiesis, including 

EPOR, are downregulated. The impaired development of lymphoid cells is attribut-
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able to the fact that VENTX represents an LEF1/TCF-associated transcription fac-

tor which inhibits the highly conserved Wnt/ß-catenin signalling pathway [155]. 

This signalling pathway is essential for B cell development [159]. 

 

 

Fig. 11: Ventralization of zebrafish embryos by human VENTX2 overexpression, adapted from [133, p. 
27] 

Embryos were injected at the 1- to 4-cell stage with VENTX2 mRNA and photographed after 1 day of devel-
opment. (A) Uninjected control embryo. (B) VENTX2-injected embryo showing a ventralized phenotype. 

 

Interestingly, there is initial evidence that VENTX is also of relevance in malignant 

hematopoiesis. The majority of AML patients exhibit significantly increased VENTX 

expression in studies compared with normal CD34+ and mononuclear bone mar-

row cells, with AML patients classified as FAB-M2 with the translocation t(8;21) 

and with a normal karyotype displaying the highest levels of abnormal VENTX ex-

pression. In these patients, VENTX expression is particularly high in the CD34+ 

compartment compared with normal hematopoiesis, which means that the aber-

rant expression of this gene may contribute to the development of leukemia in 

some patients [155]. This assumption is based on the existence of the current 

theory that, in AML, the CD34+ compartment harbours LSCs which are responsible 

for initiating and maintaining the disease [158]. In addition, knockdown studies of 

VENTX in human AML cell lines show that this gene is of relevance for the proli-

ferative activity of AML cells [155]. Other studies have shown that VENTX may 

also function as a putative tumour suppressor in lymphoid malignancies. In CLL, 

VENTX is significantly downregulated as a negative regulator of cell proliferation, 

which is associated with changes in the Wnt/ß-catenin signalling pathway [52]. 



Introduction 
 

21 

1.4. miRNA 

miRNAs are highly conserved endogenous, non-coding RNAs of around 22 nuc-

leotides in length, and represent a young, as yet insufficiently studied, class of 

gene regulators. Non-coding RNAs are RNA molecules which are not translated 

into proteins like mRNAs but have a function after transcription. They include 

rRNAs, tRNAs and small RNAs (miRNAs, siRNAs, piRNAs). miRNAs were first 

described with the discovery of the function of the lin-4 gene in the Caenorhabditis 

elegans worm in 1993 [102] [12]. The name miRNA was not coined until 2001, 

however [200]. miRNAs function as negative gene regulators via a mechanism 

known as RNA interference which is used to switch off genes in a targeted manner 

in eukaryotes. In broad terms, the principle consists of the interaction between 

miRNA and a protein-coding mRNA with the involvement of several enzyme com-

plexes. This causes destruction of the mRNA and translation into a protein is no 

longer possible [169]. The biogenesis and biological function of miRNA is illu-

strated in Fig. 12. Interestingly, as one can see in Fig. 12 during typical biogenesis 

of miRNAs only one strand, the mature miRNA, is loaded in the miRISC complex, 

whereas the other one is degraded (not shown in this figure). It is called miRNA* or 

passenger strand. Until recently miRNA* function was believed as merely carrier 

strand without biological function. However today there is evidence that at least 

some miRNAs* probably represent potential regulatory molecules with abundant 

expression [63]. miRNAs are expressed in a large number of organisms and are 

also involved in a wide range of diseases, including cancer, alongside physiologi-

cal cell processes such as cell differentiation/proliferation and apoptosis [87]. Over 

17,000 miRNA sequences are currently known in more than 140 species, all of 

which can be looked up on the miRBase online database [128] [90] [62]. By 2009, 

400 human miRNAs had been identified in the human genome [13]. According to 

miRBase number has dramatically increased to 1898 human miRNAs by the end 

of 2011[128]. miRNAs can be classified into families on the basis of the sequence 

homology at their 5´ end. The first 2-8 nucleotides at this 5´ end are referred to as 

the “seed region” and are important for the biological function of miRNAs.  
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Fig. 12: The biogenesis and function of microRNAs, adapted from [46, p. 261] 

MicroRNA (miRNA) genes are generally transcribed by RNA Polymerase II (Pol II) in the nucleus to form large 
pri-miRNA transcripts, which are capped (7MGpppG) and polyadenylated (AAAAA). These pri-miRNA tran-
scripts are processed by the RNase III enzyme Drosha and its co-factor, Pasha, to release the ~70-nucleotide 
pre-miRNA precursor product. (Note that the human let-7a-1 miRNA is shown here as an example of a pre-
miRNA hairpin sequence. The mature miRNA sequence is shown in red.) RAN–GTP and exportin 5 transport 
the pre-miRNA into the cytoplasm. Subsequently, another RNase III enzyme, Dicer, processes the pre-miRNA 
to generate a transient ~22-nucleotide miRNA:miRNA* duplex. This duplex is then loaded into the miRNA-
associated multiprotein RNA-induced silencing complex (miRISC) (light blue), which includes the Argonaute 
proteins, and the mature single-stranded miRNA (red) is preferentially retained in this complex. The mature 
miRNA then binds to complementary sites in the mRNA target to negatively regulate gene expression in one 
of two ways that depend on the degree of complementarity between the miRNA and its target. miRNAs that 
bind to mRNA targets with imperfect complementarity (in general metazoa) block target gene expression at 
the level of protein translation (lower left). However, recent evidence indicates that miRNAs might also affect 
mRNA stability (not shown). Complementary sites for miRNAs using this mechanism are generally found in the 

3´untranslated regions (3‟ UTRs) of the target mRNA genes. miRNAs that bind to their mRNA targets with 
perfect (or nearly perfect) complementarity (in general plants) induce target-mRNA cleavage (lower right). 
miRNAs using this mechanism bind to miRNA complementary sites that are generally found in the coding 
sequence or open reading frame (ORF) of the mRNA target. 

 

This “seed region” is the determining factor for binding to the 3´ untranslated re-

gions of the target mRNA genes. Within a miRNA family, the 3´ end determines 

the target specificity of the individual family members [21]. miRNAs represent a 
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major gene class which accounts for 1-4 % of all expressed genes in humans and 

regulates the expression of an estimated 30-60 % of human mRNAs. In addition, 

even individual miRNAs are probably capable of regulating up to 200 gene targets 

with a wide range of functions [107] [51] [46]. The organization of the miRNA 

genes in the genome is complex. Around half of all miRNAs lie in the introns of 

protein-coding genes or non-coding mRNA transcripts [162]. The other half are 

found either in intergenic regions, within exons of non-coding mRNA genes, or in 

the 3‟ ends of coding mRNA genes [140]. miRNAs are also arranged in clusters. A 

cluster generally includes two or three non-homologous miRNAs. One hypothesis 

for this is that the clustered miRNAs are functionally related with regard to their 

gene targets [199]. One example of such a cluster is the miR-17-92 cluster, over-

expression of which promotes the proliferation of lung epithelial progenitor cells 

and inhibits their differentiation [113]. Interestingly, miRNAs are also associated 

with the Hox gene clusters. In vertebrates, the miRNA miR-196 sequence is loca-

lized between the two Hox genes HOX9 and HOX10, and miR-10 between HOX4 

and HOX5 [177]. It is known that 50 % of the miRNA genes are localized to chro-

mosome regions which are associated with various types of cancer [23]. miRNAs 

are consequently considered capable of acting both as tumour suppressors and 

oncogenes (Fig.13). let-7 family miRNAs act as tumour suppressors by regulating 

the expression of the Ras oncogene which is mutant in many human tumours [82]. 

miRNA21, on the other hand, acts as an oncogene in human glioblastoma [27]. On 

the basis of this causal relationship with carcinogenesis, miRNAs represent a new 

class of potential therapeutic targets and open up a new field of therapeutic ap-

proaches. The development of synthetic RNAs which are complement mature 

miRNA and are referred to as antagomirs lead efficiently to miRNA inactivation in 

vivo. At the same time, in the event of loss of miRNAs which function as tumour 

suppressors, synthesized RNAs might help to replace them and thus to treat spe-

cific tumours [94].  
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Fig. 13: MicroRNAs can function as tumor suppressors and oncogenes, adapted from [46, p. 263] 

a) In normal tissues, proper microRNA transcription,processing and binding to complementary sequneces on 
the target mRNA results in the repression of target-gene expression through a block in protein translation. The 
overall result is normal rates of cellular growth, proliferation,differentiation and cell death. b) The reduction or 
deletion of a miRNA that functions as a tumor suppressor leads to tumour formation. A reduction in or 
elimination of mature miRNA levels can occur because of defects at any stage of miRNA biogenesis (indicated 
by question marks) and ultimately leads to inappropiate expression of the miRNA-target oncoprotein (purple 
squares). The overall outcome might involve increased proliferation,invasiveness or angiogenesis, decreased 
levels of apoptosis, or undifferentiated or de-differentiated tissue, ultimately leading to tumour formation. c) 
The amplification or overexpression of a miRNA that has an oncogenic role would also result in tumour 
formation. In this situation,increased amounts of a miRNA,which might be produced at inappropiate times or in 
the wrong tissues, would eliminate the expression of a miRNA-target tumour-supressor gene (pink) and lead 
to cancer progression. Increased levels of mature miRNA might occur because of amplification of the miRNA 
gene, a constitutively active promoter, increased efficiency in miRNA processing or increased stability of the 
miRNA (indicating by question marks). ORF (open reading frame) 

 

It may therefore be possible in the future for these antagomirs to be used to inacti-

vate a large number of miRNAs in tumours or to help slow their growth. 

 

1.4.1. miRNA in normal and malignant hematopoeisis 

The first evidence of the importance of miRNAs in hematopoiesis came to light in 

2004, when it was shown in studies that miRNAs are expressed specifically in he-

matopoietic cells and they are subject to a specific expression pattern during he-
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matopoietic development. As an example, the miRNA miR-181 is expressed pri-

marily in B lymphocytes and their precursor cells, and ectopic overexpression of 

this miRNA in stem cells or progenitor cells leads to a significant increase in B cell 

levels in vivo and in vitro [28]. Since this discovery, many other studies have 

yielded a considerable number of miRNAs with a role in hematopoiesis [68]. A 

summary of well characterized miRNAs in hematopoiesis is provided in Fig.14. 

 

Fig. 14: Role of different microRNAs in normal hematopoiesis, adapted from [17, p. 1278] 

Abbreviations: CLP (common lymphoid progenitor), CMP (common myeloid progenitor), DP (double positive) 
EP (erythroid progenitor), G (granulocyte) GMP, (granulocyte macrophage progenitor), GP (granulocyte pro-
genitor), HSC (hematopoietic stem cells), MEP (macrophage erythroid progenitor), MP (mono-
cyte/macrophage progenitor), Mo (monocyte), Ma (macrophage) 

 

miRNAs regulate hematopoiesis, both as a result of their post-transcriptional inhi-

bition of a wide range of targets and by the fine regulation of transcription factors. 

PU.1, an important transcription factor for lineage commitment in hematopoietic 

cells, is a known target of miR-155, for example [189]. The idea that miRNAs are 

involved in cancer development at all first emerged when it was shown that the two 

miRNAs, miR-15 and miR-16, are frequently downregulated in CLL patients with 

the chromosome deletion 13q14 [24]. The upregulation of miR-10 (section 1.4.) 

correlates with high levels of Hox gene expression in AML patients with a normal 

karyotype [53]. miR-223, involved in myeloid fate (Fig. 14) of progenitor cells is 
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epigentically silenced by the AML-ETO1 fusion protein, which is characteristic of 

AML FAB subtype M2 with the translocation t(8;21) [48]. Physiologically expressed 

in HSC and downregulated in progenitors overexpression of miR-29a is believed to 

initiate AML by converting myeloid progenitors into LSC [64]. Increased levels of 

miR-155 expression are associated with B cell lymphomas [45]. In summary, this 

small number of examples is intended to illustrate that the deregulated expression 

of individual miRNAs plays a major role in the development of malignant proc-

esses in hematopoiesis.  
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1.5.  Aim of the study 

In recent years, numerous advances have been made in our understanding of the 

molecular network which regulates the self-renewal and differentiation of hemato-

poietic cells. It has thus been possible to demonstrate that homeobox genes, 

which play a role in embryonic body formation, also have a relevant part to play in 

hematopoiesis. As a member of this homeobox gene family, VENTX has been 

characterized functionally in recent years, demonstrating that it has a significant 

influence on the differentiation of hematopoietic cells and plays a role in malignant 

hematopoiesis. Although some target genes of VENTX have already been identi-

fied, there is still a need to further elucidate the role of VENTX, including in relation 

to malignant hematopoiesis. Possible candidate genes include the non-coding 

miRNAs, which are also of fundamental importance in many physiological 

processes and are still relatively unstudied. The aim of this work was to examine 

the influence of VENTX on the expression of miRNAs. To test this, human umbili-

cal cord blood cells was transduced with VENTX or the blank control vector by 

means of retroviral gene transfer and the expression of several hundred miRNAs 

was measured quantitatively by TaqMan Low Density Arrays. This allowed the 

identification of differentially expressed miRNAs between cells aberrantly express-

ing VENTX and normal controls. 

Another separate objective of this work was to investigate, whether VENTX muta-

tions occur in human acute myeloid leukemia cell lines. For this, VENTX was se-

quenced to exclude mutations resulting in an altered protein structure.  
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2. Materials and Methods 

2.1. Materials 

2.1.1. Consumables and and technical equipment     

DMEM      PAN Biotech, Aidenbach, Germany 

DPBS      PAN Biotech, Aidenbach, Germany 

RPMI      PAN Biotech, Aidenbach, Germany 

DMSO      Sigma- Aldrich, Taufkirchen, Germany 

Ciprobay 400     Bayer, Leverkusen, Germany 

FBS      PAN Biotech, Aidenbach, Germany 

IMDM      Gibco /Invitrogen, Carlsbad, CA, USA 

β- Mercaptoethanol    Gibco /Invitrogen, Carlsbad, CA, USA 

Isopropanol     Sigma- Aldrich, Taufkirchen,Germany 

Ethanol      Sigma- Aldrich, Taufkirchen,Germany 

Trizol      Gibco /Invitrogen, Carlsbad, CA, USA 

Polybren (8 mg/ml)    Sigma- Aldrich,Taufkirchen, Germany 

Protaminsulfat (5 mg/ml)   Sigma- Aldrich, Taufkirchen, Germany 

Methylcellulose M3434    Stem Cell Technologies, Vancouver, Canada 

BIT 9500 serum substitute   Stem Cell Technologies, Vancouver, Canada 

Penicillin/Streptomycin    PAN Biotech, Aidenbach, Germany 

Quick load 100 bp DNA ladder   New England Bio Labs, Ipswich, MA, USA 

Quick load 1 kb DNA ladder   New England Bio Labs, Ipswich, MA, USA 

Loading dye (6X)    New England Bio Labs, Ipswich, MA, USA 

Milk powder     Roth, Karlsruhe, Germany 

Trypanblue solution (0.4 %)   Sigma- Aldrich, Taufkirchen, Germany 
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Myco-1      Appli Chem, Darmstadt, Germany 

Myco-2      Appli Chem, Darmstadt, Germany 

Chloroform     Appli Chem, Darmstadt, Germany 

Gel red      Biotium, Hayward, CA, USA 

Agarose     Sigma- Aldrich, Taufkirchen, Germany 

7-aminoactinomycin D (7-AAD)    Becton Dickinson, Franklin Lakes, NJ, USA 

Hemacolor     Merck, Darmstadt, Germany  

Proteaseinhibitor 1    Sigma-Aldrich, Taufkirchen, Germany 

Sytox blue     Gibco /Invitrogen, Carlsbad, CA, USA 

DEPC- treated water    Applied biosystems, Foster City, CA, USA 

Trypsin EDTA     Gibco /Invitrogen, Carlsbad, CA, USA   

Phosphatase inhibitor cocktail 1 & 2   Sigma- Aldrich, Taufkirchen, Germany  

ECL Western Blotting Detection Reagents  Amersham, Freiburg, Germany 

Bradford Reagent    Appli Chem, Darmstadt, Germany   

Tween 20     Appli Chem, Darmstadt, Germany 

Ladder spectra multicolor   Fermentas, St. Leon Rot, Germany 

TEMED      Biorad, Hercules, CA, USA 

TBS      Appli Chem, Darmstadt, Germany 

Rotiphorese gel A and B   Roth, Karlsruhe, Germany 

Ammoniumpersulfat    Sigma-Adrich, Taufkirchen, Germany 

BSA      Sigma-Adrich, Taufkirchen, Germany 

Bromphenol blue    Merck, Darmstadt, Germany   

Triton X-100      Sigma-Adrich, Taufkirchen, Germany 

Methanol     Sigma-Adrich, Taufkirchen, Germany 

SDS      Appli Chem, Darmstadt, Germany 

Syringe filter (0.45 µl und 0.22 µl)  Millipore, Billerica, MA, USA 
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Gel elektrophoresis chamber   Thermo Fisher Scientific, Waltham, MA, USA 

Spectrophotometer Nano Drop 1000  Thermo Fisher Scientific, Waltham, MA, USA 

7900 HT Fast Real Time PCR- System  Applied Biosystems, Foster City, CA, USA 

PCR-Thermocycler    PeqLAB Biotechnologie,Erlangen,Germany 

Water bath     GFL, Burgwedel, Germany 

Precision balance CS-200   Ohaus, Nänikon, Switzerland  

Cytospin 4 Centrifuge           Thermo Fisher Scientific, Waltham, MA, USA 

Centrifuge 5810 & 5415 R   Eppendorf, Leipzig, Germany          

FACS Aria III Sorter    Becton Dickinson, Franklin Lakes, NJ, USA 

FACS Calibur with Cellquest software  Becton Dickinson, Franklin Lakes, NJ, USA 

Neubauer counting chamber   Laboroptik, Friedrichsdorf, Germany 

Microscope Axiovert 40 C   Carl Zeiss AG, Jena, Germany 

Cell scraper     Corning, NY, USA 

Petri dish     Becton Dickinson, Franklin Lakes, NJ, USA 

Cell incubator     Binder, Tuftlingen, Germany  

CL-1000 Ultraviolet Crosslinker    UVP, Cambridge, Great Britain 

50 ml Falcon tube    Becton Dickinson, Franklin Lakes, NJ, USA 

15 ml Falcon tube    Sarstedt, Nümbrecht, Germany 

Eppendorf tube     Roth, Karlsruhe, Germany 

137
Cs radiation source    Molsgard Medical, Kopenhagen, Denmark 

FACS tube     Becton Dickinson, Franklin Lakes, NJ, USA  

Cryo tube     Nunc, Roskilde, Denmark   

PCR soft tube     Biozym, Oldenburg, Germany  

Cytospin cuvette    Thermo Fisher Scientific, Waltham, MA, USA  

Cytospin filter      Thermo Fisher Scientific, Waltham, MA, USA  

6-well culture plate    Sarstedt, Nümbrecht, Germany 
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96-well plate     Applied Biosystems, Foster City, CA, USA 

Corning dish     Corning, NY, USA  

Cell culture dish (35 mm und 100 mm)  Corning, NY, USA 

Blunt end needle    Stem Cell Technologies, Vancouver, Canada  

Culture flask (200 ml)     Sarstedt, Newton, NC, USA    

Western blot chamber     CBS Scientific, Del Mar, CA, USA  

Liquid nitrogen     Chart Biomed, GA, USA 

Fridge      Liebherr, Ochsenhausen, Germany  

Slide      Roth, Karlsruhe, Germany   

Insulin needle     Becton Dickinson, Franklin Lakes, NJ, USA  

Needle      Becton Dickinson, Franklin Lakes, NJ, USA 

Syringe      Becton Dickinson, Franklin Lakes, NJ, USA 

Pipette      Eppendorf, Leipzig, Germany 

Vortexer     Scientific Industries, NY, USA  

Filter tip     Sarstedt, Newton, NC, USA 

High Performance UV-Transilluminator  UVP, Cambridge, Great Britain   

Scalpel      Braun, Tuttlingen, Germany 

Biophotometer      Eppendorf, Leipzig, Germany 

Microwave     Sharp, Hamburg, Germany 

Nitrocellulose membrane   Protran, Schleicher & Schüll, Dassel, Germany 

Hyperfilm     Amersham, Freiburg, Germany 

Hypercassette     Amersham, Freiburg, Germany 

Semi-Dry transfer chamber   CBS Scientific, Del Mar, CA, USA  
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2.1.2. Cytokines and antibodies 

rhIL-3       Immunotools, Friesoythe, Germany 

rhIL-6       Immunotools, Friesoythe, Germany 

rhSCF       Immunotools, Friesoythe, Germany 

rhFLT3 Ligand      Immunotools, Friesoythe, Germany 

rhG-CSF      Immunotools, Friesoythe, Germany 

APC mouse IgG1, ĸ isotype control AB  Becton Dickinson, Franklin Lakes, NJ, USA 

APC mouse anti- human CD 34
+
 AB  Becton Dickinson, Franklin Lakes, NJ, USA 

Anti VENTX AB     Abcam, Cambridge, United Kingdom 

Goat anti mouse IgG-HRP AB   Santa Cruz Biotechnology, CA, USA 

Anti ß-Actin AB     Santa Cruz Biotechnology, CA, USA 

 

2.1.3. Buffers and stock solutions 

TAE buffer (50X)    2 M Tris (pH 8.0) 

1 M acetic acid 

50 mM EDTA-NA2 X 2 H2O  

Freezing medium    90 % FBS 

      10 % DMSO 

TE buffer (100X)    1 M Tris (pH 8.0)  

      100 mM EDTA-Na2 x 2 H2O 

SFM      399 ml IMDM      

      100 ml BIT serum substitute    

      1 ml mercaptoethanol 

      275 µl Ciprobay 400 

FACS buffer     PBS 

      10 % SFM 
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100X cytokine cocktail    100 ng/ ml rhFLT3 Ligand 

      100 ng/ ml rhSCF 

      20 ng/ ml rhIL-3 

      20 ng/ ml rhIL-6 

      20 ng/ ml rhG-CSF 

RIPA buffer     150 mM sodium chloride   

      1 % Triton X-100 

      0.5 % sodium deoxycholate  

      0.1 % SDS (sodium dodecyl sulphate) 

      50 mM Tris HCl (pH 7.5) 

Laemmli buffer (2X)    4 % SDS 

      10 % mercaptoethanol 

      20 % glycerol 

      0.004 % bromophenol blue 

      0.125 M Tris HCl 

Tris-glycine buffer (1X)    25.5 mM Tris base (pH 8.3) 

      190 mM glycine 

      900 ml H2O 

      0.1 % SDS   

Transblotting solution     1X Tris glycine buffer  

      200 µl mercaptoethanol 

Resolving gel (12 %)    30 % acrylamide mix 

      1.5 M Tris HCl (pH 8.8) 

      10 % SDS 

      10 % Ammoniumpersulfat 

      TEMED 
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Stacking gel (5 %)    30 % Acrylamide Mix 

      1.5 M Tris HCl (pH 8.8) 

      10 % SDS 

      10 % Ammoniumpersulfat 

      TEMED 

Stripping solution    20 ml SDS 10 %  

      12.5 ml Tris HCl 0.5 M (pH 6.8) 

      0.8 ml mercaptoethanol 

      67.5 ml distilled water  

TBS (1X)     20 mM Tris-HCl (pH 7.5) 

      150 mM NaCl 

TBST (1X)     20 mM Tris-HCl (pH 7.5) 

      150 mM NaCl 

      0.1 % Tween 20 

 

2.1.4. Kits and reagents for microRNA Profiling 

PCR x Enhancer System   Gibco/ Invitrogen,Carlsbad,CA, USA 

ThermoScript RT-PCR System   Gibco/ Invitrogen, Carlsbad, CA, USA 

Platinum Taq DNA Polymerase   Gibco/ Invitrogen, Carlsbad, CA, USA 

Illustra GFX PCR DNA and Gel    GE Healthcare, Uppsala, Sweden  
Band Purification Kit 
 
TaqMan MicroRNA Reverse   Applied Biosystems, Foster City, CA, USA 
Transcription Kit 
 
TaqMan PreAmp Master Mix    Applied Biosystems, Foster City, CA, USA 

TaqMan Universal Master Mix    Applied Biosystems, Foster City, CA, USA 
NoAmpErase UNG  
 
TaqMan Human MicroRNA Array A+B  Applied Biosystems, Foster City, CA, USA  
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2.1.5. Oligonucleotide for standard PCR      

Human 

VENTX for      Gibco /Invitrogen, Carlsbad, CA, USA 

VENTX rev      Gibco /Invitrogen, Carlsbad, CA, USA 

ß-actin for      Gibco /Invitrogen, Carlsbad, CA, USA 

ß-actin rev       Gibco /Invitrogen, Carlsbad, CA, USA 

 

2.1.6. Oligonucleotide for Real-Time Quantitative PCR 

Human 

VENTX       Applied Biosystems, Foster City, CA, USA 

Murine 

GAPDH      Applied Biosystems, Foster City, CA, USA 

 

2.1.7. Cell lines 

Murine 

PG13 mouse embryonic fibroblast packaging cell line ATCC ( American Type Culture Collection) 

Human 

K562 erythroleukemia cell line    ATCC ( American Type Culture Collection) 

NB-4 promyelocytic leukemia cell line   ATCC ( American Type Culture Collection) 

MV4-11 myelomonocytic leukemia cell line  ATCC ( American Type Culture Collection) 

EOL-1 eosinophilic leukemia cell line   ATCC ( American Type Culture Collection) 

OCI-AML3 acute myeloid cell line   ATCC ( American Type Culture Collection) 

 

2.1.8. Human cells 

CD34
+
 cord blood cells (>90 % purity)   Lonza, Cologne, Germany 

Donor 19793 (≥1x 10
6
) cells  

Date cryopreserved: 31 August 2010 
Cat. No. : 2C-101 
Lot No: OF3908 
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2.2. Methods 

2.2.1. Cell cultivation 

Adherent cell lines were cultivated in DMEM plus 10 % FBS and 1 % PS. Suspen-

sion cells were cultivated in RPMI plus 10 % FBS and 1 % PS. The cells were split 

into 1:10 dilutions every 2-3 days due to their high doubling rate (~ 1 day) and to 

maintain log phase growth. The human CD34+ umbilical cord blood cells were cul-

tivated in serum free medium (SFM), which was enriched with the following cyto-

kines: 100 ng/ml rhFlt3-ligand, 100 ng/ml rhSCF, 20 ng/ml, rhIL-6, 20 ng/ml, rhIL-3 

and 20 ng/ml rhG-CSF. All cell lines were incubated in a humid atmosphere at 

37°C at 5 % CO2. 

 

2.2.2. Thawing and freezing cells 

Frozen cells were incubated in a water bath at 37°C while shaking gently and  

transferred to a Falcon tube directly after thawing. 10-20 ml of medium were added 

dropwise. After centrifugation at 1100 rpm for 5-10 minutes the cell pellet was 

washed twice with warm medium to remove residues of DMSO. The cells were 

then transferred to 10 cm Corning dishes or culture bottles. 

If necessary for freezing, the cells were trypsinized and centrifuged under the con-

ditions specified above. 1 ml of freezing medium per 5 x 105 – 5 x 107 cells was 

pipetted slowly onto the cell pellet. Aliquots of 1 ml were frozen in cryo tubes 

at -80°C for short-term storage and subsequently to the liquid nitrogen tank for 

long-term storage. 

 

2.2.3. Viability test and cell counting  

Trypan blue dye was used to determine the number and proportion of live cells. 

Trypan blue is an anionic azo dye which binds onto cell proteins. As a result of 

defective cell membranes of dead cells, trypan blue penetrates the cytosol of the 

cells and stains these dark blue. In contrast, living cells will have a clear cytoplasm 

under the microscope at 10- to 40-fold magnification. In order to count the cells, 10 
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µl of the cell suspension were diluted with 10 µl of trypan blue (0.4 %) and the cell 

number per ml was calculated in the Neubauer counting chamber as follows:  

Mean value of 4 large quadrants x 2 (dilution factor) x 104 (chamber factor) 

 

2.2.4. Western blot 

The protein expression of PG13 cells was confirmed by western blot. The cells 

were washed twice with PBS and, after centrifugation, lysed with 300 µl of RIPA 

lysis buffer containing protease and phosphatase inhibitors. The samples were 

incubated on ice for 30 minutes and centrifuged subsequently at 13000 rpm for 15 

minutes. The supernatant was transferred to a new Eppendorf tube. Protein ly-

sates were stored at -80°C. The concentration of the extracted proteins was de-

termined using the Bradford method. The basic principle of the method is a shift of 

the absorption maximum of the acidic solution of Coomassie Brilliant Blue from 

470 nm to 595 nm with complex formation with proteins. After the protein concen-

tration had been determined by means of the Bradford assay, 100 µg of the pro-

tein was mixed with 2X Laemmli buffer in a ratio of 1:1 and denatured at 95°C for 5 

minutes. The samples were cooled down rapidly on ice and subsequently, centri-

fugation was carried out at 13200 rpm for 2 minutes. The proteins were separated 

according to their molecular weight by SDS-polyacrylamide gel electrophoresis 

according to Laemmli. For this a 12 % separation gel was overlayered with a 5 % 

collection gel. In order to determine the molecular weight, 10 µl of Spectra Multico-

lor Ladder were applied. Electrophoresis was carried out at 90 V in Tris glycine 

buffer (1X) for approximately 90 minutes. Using the semi-dry method, the proteins 

were subsequently transferred to a nitrocellulose membrane at 250 mA for 1.5 

hours. Subsequently, to prevent the non-specific binding of primary/secondary an-

tibodies to the membrane, blocking was carried out in 5 % skim milk in 1X TBS 

while shaking for 1 hour at room temperature. After washing in TBST three times 

for 10 minutes each time, the membrane was stained with the primary mouse anti-

VENTX antibody in a dilution of 1:200 in 2.5 % skim milk while shaking. On the 

following day the primary antibody was washed off by washing 3 times in TBST, 

and the membrane was incubated with a secondary antibody (1:2000) for 60 mi-

nutes. Subsequently, the membrane was washed again with TBST for 3 x 15 mi-

nutes. Detection was carried out using the ECL Western Blotting Detection Kit, 
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Hypercassette and a Hyperfilm in a darkroom with exposure times of up to half an 

hour. In order to carry out a positive control with the housekeeping gene ß-actin, 

the membrane was incubated in stripping solution at 56°C while shaking gently for 

30 minutes. After washing four times in TBST for 10 minutes each time, blocking 

was carried out again in 5 % blocking solution overnight. On the next day after 

washing the blocking solution, the membrane was stained with a monoclonal anti-

ß-actin antibody (1:6000). After washing, the membrane was incubated with the 

secondary antibody (1:2000) for 1 hour and, subsequently, detection was carried 

out according to the protocol described above. 

 

2.2.5. Retroviral constructs 

In this work the PG13 mouse embryonic fibroblast packaging cell line was used for 

retroviral gene transfer. This gibbon ape leukemia virus-pseudotyped cell line was 

already prepared in our group as described previously: “The VENTX cDNA was 

provided by Paul Moretti (Institute of Medical and Veterinary Science, Adelaide, 

Australia). The VENTX cDNA was subcloned into the pMSCV-IRES-GFP (pMIG) 

vector. As a control, the MSCV vector carrying only the IRES-green fluorescent 

protein cassette (GFP virus) was used. High-titer, helper-free recombinant retrovi-

rus was generated by transfecting the amphotropic Phoenix cell line and subse-

quently transducing the stable virus producing PG13 cell line” [155]. High-titer sin-

gle-cell PG13 clones were isolated for each virus and used for either transduction 

of K562 cells (see section 2.2.6.) or CD34+ umbilical cord blood cells (see section 

2.2.7). 

 

2.2.6. Transduction of K562 cells 

In order to obtain the highest possible transduction efficiency of CD34+ CB cells, 

K562 cells were transduced retrovirally to test various conditions using the packag-

ing cell lines PG13 VENTX and PG13 MIG. Tested parameters were: the number 

of spin infections, different quantities of VCM, or irradiated in comparison to non-

irradiated packaging cell lines. 
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One day before spin infection K562 cells were counted and 5 x 104 cells were 

plated into each well of a 6-well plate. 24 hours later the VCM of the packaging 

cells was taken and added to the K562 cells using a 0.45 µl syringe filter. After the 

addition of 2 µl protamine sulphate (5 mg/ml) or 1 µl of polybrene (8 mg/ml) per ml 

VCM  and subsequent centrifugation at 32°C and 1500 rpm for 90 minutes, the 

supernatant containing VCM was discarded and the cells were resuspended in 

500 µl of PBS. In order to differentiate between living and dead cells, cells were 

stained with 25 µl of 7-ADD. K562 cells were incubated in the dark at 4°C for 15 

minutes. After washing with PBS, the cells were resuspended in 250 µl of PBS and 

the proportion of transduced K562 cells was determined using a FACS Calibur and 

detecting GFP as a selectable marker. 

 

2.2.7. Transduction of cord blood cells 

Human CD34+/GFP+ umbilical cord blood cells were counted after thawing and 

cultivated under the conditions specified in section 2.2.1. for 48 hours. 24 hours 

before the first spin infection the approx. 80 % confluent culture plates of PG13 

VENTX and PG13 MIG cells were irradiated using a 137Cs source of irradiation 

with a total dose of 40 Gy, to prevent overgrowth of the culture. 

On the day of the first spin infection, about 5 ml VCM of the packaging cells PG13 

VENTX and MIG were pipetted off and added to the umbilical cord blood cells us-

ing a 0.45 µl syringe filter. After adding 1 µl of polybrene (8 mg/ml) per ml VCM 

and 10 µl/ml cytokine cocktail (100 X) the cells were centrifuged at 32°C and 1500 

rpm for 90 minutes (Fig. 15). 

A second and third spin infection was performed after 6 and 12 hours according, 

respectively. After each spin infection the CB cells were replated in a Petri dish 

under the conditions specified above. 
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Fig. 15: Experimental design of transducing cord blood cells and following experiments.  

LTR (long terminal repeats), IRES (internal ribosomal entry site), GFP (green fluorescent protein), CB (cord 
blood), FACS (fluorescence activating cell sorting), CFC (colony forming cell), qRT-PCR (quantitative real time 
polymerase chain reaction), MIG (MSCV-IRES-GFP), MSCV (mouse stem cell virus) 

 

2.2.8. Immunophenotyping of transduced cord blood cells 

In order to isolate successfully transduced CD34+/GFP+ CB cells, FACS sorting 

was carried out 72 hours after the final spin infection. For this the cells were first 

counted manually using a Neubauer counting chamber, then they were washed in 

3 ml of PBS and transferred to FACS tubes. After centrifugation, the cell pellet was 

resuspended in PBS (dilution 1x106 cells/100 µl PBS). 100.000 cells were kept in a 

third tube as an isotype control. The cell samples to be sorted (with the exception 

of the isotype control) were incubated with anti-human CD34+ APC antibody (anti-

body: buffer ratio 1:10) for 20 minutes at 4°C. The appropriate APC-conjugated 

isotype control of the same immunoglobulin class as the anti-human CD34+ anti-

body (in this case: mouse IgG1, κ APC) was stained and incubated according to 

the samples described above. 

After the antibody incubation period, the FACS tubes were centrifuged at 1100 rpm 

for 10 minutes, the supernatant was discarded, and the pellet was resuspended in 
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FACS buffer (1x106 cells / 200 µl FACS buffer). To stain the dead cells in the sam-

ples to be sorted, Sytox blue (1 mM, 0.05 µl per 100 µl FACS buffer) was added. 

The stained samples were analysed and sorted using a FACS Aria III. The isotype 

control was used first to rule out non-specific binding and to determine the amount 

of any background fluorescence or non-specific fluorescence. The negative gate 

was set on the basis of the population of the isotype control in such a way that 

99.98 % of the cells were inside the gate. At least 10.000 events were measured 

for each sample to ensure that the population could be identified optimally. Once 

gate delineation of the fluorescence control had been set, the CD34-stained sam-

ples were analysed and sorted. 

 

2.2.9. Colony forming cell assay  

In order to test the clonogenic potential and the differentiation of the CD34+ umbili-

cal cord cells transduced with VENTX or with the empty control vector, colony-

forming assays were carried out in methylcellulose. 

Aliquots of 3 ml methylcellulose were thawed overnight at 2-8°C. 1000 

CD34+/GFP+ cells per dish were resuspended in 300 µl of SFM (diluted 10-fold) 

and subsequently pipetted into 3 ml of methylcellulose. To ensure uniform distribu-

tion of the cells in the viscous methylcellulose, the cell mixture was vortexed vigo-

rously. After all air bubbles had disappeared, 1.1 ml of the cell mixture was trans-

ferred to 35 mm cell culture plates using a 3 ml syringe and a blunt end needle. 

For each sample, two 35 mm cell culture plates were prepared and incubated in a 

100 mm cell culture plate for 14 days at 37°C and 5% CO2 together with an unco-

vered cell culture plate filled with 3-4 ml of sterile water. The water was necessary 

to maintain humidity. 

After 14 days numbers and morphology of the individual erythroid (CFU-E, BFU-

E), granulocytic/macrophagocytic (CFU-G, CFU-GM, CFU-M) and the multipotent 

granulocytic erythroid/macrophagocytic/megakaryocytic (CFU-GEMM) colonies 

were determined microscopically using counting grids. 
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2.2.10. Cytospin preparation 

For the cytomorphological analysis of CD34+/GFP+ transduced CB cells, the cells 

were resuspended in 300 µl PBS after sorting. Subsequently, the cell suspension 

was transferred to the sample funnels of a Cytospin 4 centrifuge and a thin layer 

was deposited on the glass slide by centrifugation at 450 rpm for 10 minutes.  

The dried samples were stained with the Hemacolor staining kit which produces a 

stain according to Pappenheim. Staining procedure was carried out in 4 steps. 

First the slides were placed in fixing solution for one minute subsequently they 

were stained with red staining reagent for 60 seconds. Staining with blue staining 

reagent was then carried out for 60 seconds. Finally, the slides were washed with 

tap water. 

 

2.2.11. RNA extraction 

After centrifugation at 1100 rpm the cells were lysed in 1 ml of Trizol and incubated 

at room temperature for 5-10 minutes to allow nucleoprotein complexes to disso-

ciate completely. After adding 200 µl of chloroform/ml Trizol and vortexing for 10 

seconds, further incubation was carried out for 2-3 minutes. Subsequently, centri-

fugation was carried out at 12000 rpm for 15 minutes at 4°C. Phase separation of 

the upper phase containing RNA from the lower phase containing phenol was car-

ried out by careful removal and transfer of the upper phase to a new 1.5 ml Ep-

pendorf tube. For the precipitation of RNA 500 µl of isopropanol/ml Trizol were 

added and the tube inverted for several times. 10-minute incubation at room tem-

perature and repeated centrifugation at 12000 rpm and 4°C followed. The super-

natant was discarded and the RNA pellet was washed with 1 ml of 75 % etha-

nol/ml Trizol and vortexed. After centrifugation at 7500 rpm and 4°C for 10 minutes 

at room temperature the supernatant ethanol was removed. Residual ethanol was 

removed by drying the pellet for 5-10 minutes at room temperature. The RNA pel-

let was dissolved in 20-50 µl of DEPC-treated water depending on the size of the 

pellet. The dissolved RNA was stored at -80°C. 
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2.2.12. Measurement of RNA and DNA concentration 

Concentrations of RNA and DNA samples were measured in ng/µl using a Nano-

drop 1000 spectrophotometer at a wavelength of 260 nm, which represents the 

absorption peak of nucleic acids. In order to assess the purity of the samples, the 

ratio of 260/280 nm signal intensity was calculated by simultaneous measurement 

of the absorption peak of proteins at 280 nm. The RNA sample was regarded as 

pure with a ratio of 1.7 to 2.0. Significantly lower ratios indicated the presence of 

proteins or other contaminations. 

 

2.2.13. RT-PCR 

Using the enzyme reverse transcriptase, the isolated RNA of PG13 cells and AML 

cell lines was transcribed into complementary cDNA with the Thermoscript RT-

PCR system according to the manufacturer's instructions. Oligo-dT nucleotides for 

standard PCR or random hexamers for qRT-PCR were used as primers. As a rule 

1 µg of RNA was used after photospectrometric measurement to permit semiquan-

titative statements. 

 

2.2.14. PCR 

After RT-PCR of PG13 cells and AML cell lines the polymerase chain reaction was 

used to amplify specific DNA fragments. Each PCR cycle consisted of three steps. 

In the first step, the denaturing step, the DNA was heated to 94°C-96°C to break 

the hydrogen bonds. During primer hybridization the sample was cooled to 55°C-

65°C, the exact temperature depending on the GC-content and length of the prim-

ers. Elongation ended with the synthesis of the new DNA strain by Taq-

polymerase. Ideally, each newly synthesized DNA strain is used as the starting 

material in the next cycle, so that theoretically each completed cycle would result 

in the doubling of the DNA amount. PCR was carried out with the Taq DNA poly-

merase kit. For problematic DNA templates the PCR x Enhancer System was used 

additionally according to the manufacturer's instructions. 

Following reagents were used: 
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Tab. 3: Reaction components for standard PCR (polymerase chain reaction) 

 Volume (µl) 

DEPC treated water 18.0-19.0 

10 X Buffer 2.5 

MgCl2 50 mM 0.75 

dNTP Mix 10mM 0.5 

Forward Primer 0.5 

Reverse Primer 0.5 

Taq Polymerase 5 U/ µl 0.25 

Template DNA 1.0-2.0 

 

In this work the polymerase chain reaction was carried out to detect possible muta-

tions in the CDS of the VENTX gene in various immortalized human AML cell 

lines. The following primer sequences and PCR conditions were selected for the 

detection of expression of VENTX in these cell lines. 

 

Tab. 4: Primer sequences 

Primer Primersequence 5‘-3‘ 

Ventx forward GCCATGCGCCTCTCCTCCT 

Ventx reverse CCGCGAGTGTGGGAGTCAGA 

ß-Actin forward (loading control)  GGACTTCGAGCAAGAGATGG 

ß-Actin forward (loading control) AGCACTGTGTTGGCGTACAG 

 

Tab. 5: PCR conditions (polymerase chain reaction) 

 PCR conditions for 
VENTX 

PCR conditions for ß-
Actin 

Initial denaturing 94°C     5 min 94°C     2 min 

Denaturing 94°C   30 sec 94°C   30 sec 

Annealing 58°C   30 sec 60°C   30 sec 

Extension 72°C   60 sec 72°C   30 sec 

Termination 72°C   10 min 72°C     2 min 

Cycles 40 30 

 

2.2.15. Agarose gel electrophoresis 

Gel electrophoresis was carried out for the detection of PCR products and analyti-

cal purposes. A 1 % gel was used by default. Agarose was dissolved in 1X TAE 

buffer by boiling in the microwave. The DNA was visualized by adding 1 µl of gel 

red (10000X) per 10 ml TAE buffer (1X). 0.05 µg of a 100 bp or 1 kbp ladder was 
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used as a marker. Subsequently this mixture was transferred to the electrophore-

sis chamber with a comb. After the gel had hardened and the comb had been re-

moved, TAE buffer was added to the chamber until the complete gel was covered. 

Subsequently, 25 µl of PCR product mixed with 5 µl of loading dye (6X) were pi-

petted into the appropiate wells of the agarose gel. Separation of the individual 

DNA bands was effected at 60-110 V. 

 

2.2.16. Extraction of PCR products from agarose gel 

After gel electrophoresis the corresponding PCR products in the agarose gel were 

visualized using a UV transilluminator at a wavelength of 365 nm and cut out from 

the gel using a scalpel. The DNA was isolated with an Illustra GFX PCR DNA and 

Gel Band Purification Kit according to the manufacturer's instructions. 

 

2.2.17. Sequencing 

PCR products were sequenced by GATC Biotech (Constance, Germany). The 

Sanger dideoxy method was used for sequencing. The obtained sequence was 

compared with the PubMed reference sequence by the help of the online tool    

MultAlin [151] [136]. 

 

2.2.18. RT- PCR and preamplification of cord blood cells 

The extracted RNA of transduced CD34+/GFP+ CB cells was transcribed using the 

TaqMan MicroRNA Reverse Transcription Kit as well as specific miRNA stem-loop 

primers and reagents from the Megaplex primers according to the manufacturer's 

instructions (Applied Biosystems). For the three biological replicates 405 µg-960 

µg of RNA were used, depending on the results of RNA extraction. Identical 

amounts of RNA were used for both the VENTX and the GFP arms of the same 

biological replicate. Figure 16 shows the reverse transcription (RT) step. In this 

step, cDNA is reverse transcribed from total RNA samples. The reverse transcrip-

tion uses specific miRNA primers and reagents from the Megaplex Primers. The 

manufactures instructions were followed (Applied Biosystems). 
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Fig. 16: RT reaction (reverse transcription), adapted from Applied Biosystems [6] 
 

Preamplification was carried out to increase the quantity of the desired cDNA-

transduced CB cells for miRNA gene expression analysis. The purpose of this step 

is to increase the probability of compiling a comprehensive miRNA gene expres-

sion profile, even of low-expressed miRNAs. According to Applied Biosystems 

preamplification does not cause any bias. Figure 17 shows the preamplification 

reaction. In the preamplification step, PCR products are uniformly amplified from 

cDNA templates using the Megaplex PreAmp Primers and the TaqMan PreAmp 

Master Mix. The manufacturer´s instructions were followed (Applied Biosystems). 
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Fig. 17: Preamplification reaction, adapted from Applied Biosystems, PCR (polymerase chain reaction) 
[6] 
 
 
 

2.2.19. Quantitative Real-Time PCR 

Quantitative gene expression was determined by TaqMan qRT-PCR. This method 

is based on a reporter dye being attached to the 5´ end of the DNA sample, and a 

quencher dye at the 3´ end. If the DNA polymerase degrades the probe with its 

exonuclease activity, the quencher dye is released and fluorescence is emitted. 

The point at which the fluorescence exceeds a certain quantity of background fluo-

rescence is designated as the threshold cycle (CT) (Fig. 18). 
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Fig. 18: The 5´ to 3´ nuclease activity of the DNA Polymerase System, adapted from Applied Biosystem 
[6] 

 

The relative quantification of gene expression was performed by comparison with 

endogenous controls and evaluated using the RQ Manager (version 1.2.1) soft-

ware in the 7900 HT Fast Real Time PCR system. Hereby the expression of a tar-

get gene is refered to the gen expression of a housekeeping gene and depicts the 

ΔCT value. 
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qRT-PCR of PG13 cells 

For quantitative expression of VENTX in PG13 cells qRT-PCR was carried out in 

optical 96-well plates with a maximum of 40 cycles and a total volume of 20 µl.  

Mouse GAPDH was used as housekeeping gene. Both primers/probes for human 

VENTX (Hs00797729_s1) and for mouse GAPDH (4352932E) were obtained from 

Applied Biosystems. Following reagents were used in this experiment: 

Tab. 6: Reaction components for quantitative expression of VENTX in PG13 cells 

Reagents Volume (µl) 

Taqman Mastermix  10 

H2O   8 

Primer (VENTX/GAPDH)   1 

cDNA   1 

Total 20 

 

Cycles were carried out as following: 

Tab. 7: Components of each cycle 

Program 

  
 40 cycles  

95° for 10 minutes 
 95° for 15 seconds 
 60° for 60 seconds 

 

miRNA profiling of cord blood cells 

For a comprehensive analysis, TaqMan Human MicroRNA Array Cards A+B (Fig. 

19, 20) were used, covering a total of 754 human miRNAs. “In addition, each card 

contained four control assays – three selected candidate endogenous control as-

says and one negative control assay. Card A focusses on better characterized 

miRNAs, while card B contains more recently discovered miRNAs “ [5]. For sample 

preparation the manufacturer's instructions were followed. The samples prepared 

in this way were pipetted into the ports of the array cards A and B and subse-

quently centrifuged at 331 g for 2 x 1 minute. miRNA expression was normalized 

to endogenous control MammU6 and expression difference between both arms 

was calculated as following: 

1) CT miRNA– CT MammU6 = ΔCT 

2) ΔCT VENTX – ΔCT GFP = ΔΔCT 

3) 2-ΔΔCT = x-times expression difference 
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Fig. 19: TaqMan Array Human MicroRNA Card A, adapted from Applied Biosystems [5] 
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Fig. 20: TaqMan Array Human MicroRNA Card B, adapted from Applied Biosystems [5] 
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2.2.20. Search for miRNA target genes 

miRNA sequences of differentially expressed miRNAs between the VENTX and 

the control arm were obtained from miRBase (version 18) and target prediction 

was performed by the help of TargetScanHuman Custom (version 5.2) [128] [178]. 

Targets with conserved 8-mer and 7-mer sites that match the seed region of each 

miRNA were considered for further analyses. As the TaqMan Human MicroRNA 

Array A+B cards were using the miR/miR* nomenclature (instead of the newer -

5p/-3p), this nomenclature was maintained throughout this study. 

 

2.2.21. Statistical analysis 

Data were evaluated with Microsoft Excel using Student´s t-test. P values of <0.05 

were considered to be statistically significant. 
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3. Results 

3.1. Detection of VENTX expression in PG13 cells  

Quantification of human VENTX was performed in PG13 murine cells to ensure 

expression of VENTX in transduced CB cells and absence of VENTX expression 

in the control arm. As endogenous control the murine housekeeping gene GAPDH 

was used. With a standard number of 40 cycles we detected VENTX expression in 

the VENTX arm (ΔCT=6.97) whereas as expected there was no VENTX expres-

sion detectable in the control arm (Fig. 21). 

 

 

Fig. 21: VENTX was expressed in PG13 cells transduced with VENTX but no expression could be de-
tected in the empty vector control GFP (green fluorescent protein). GAPDH (glyceraldehde 3-
phosphatase dehydrogenase) was used as endogenous control. Standard cycle number of 40. Quan-
titative RT-PCR assay repeatability was determined using triplicates. Bars represent average expres-
sion ±SD (standard deviation), CT (threshold cycle) 
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3.2. Western Blot of PG13 cells 

Protein expression of VENTX protein was confirmed by Western Blot analysis us-

ing cell lysates from PG13 VENTX and PG13 GFP cells. The 28 kDa VENTX pro-

tein was detected by an anti-VENTX mouse antibody, but was not detectable in 

the GFP control. As a positive control an antibody against ß-actin, a common 

housekeeping protein was used (Fig. 22). 

 

 

Fig. 22: Western Blot analysis of VENTX protein in PG13 cells. GFP (green fluorescent protein) 
 
 

3.3.  Efficiency of retroviral gene transfer of the AML cell line K562  

Transduction of the AML cell line K562 was performed by using VCM of PG13 

cells, containing either plasmids with VENTX WT GFP or GFP control. PG13 cells 

were expanded and subsequently viral production was titered on K562. Hereby, 

we were able to establish alternative method of retroviral transduction of human 

CB cells. Tested parameters included the number of spin infections and different 

quantities of VCM. The highest transduction efficiency was achieved with three 

spininfections and using 5 ml VCM in both arms. Following this procedure we ob-

tained 30 % transduction efficiency of K562 cells with VENTX compared to 65.7 % 

with the GFP control. This transduction efficiency was sufficient for performing our 

subsequent experiments. To ensure high quality and quantity of VCM of PG13 

cells throughout all transduction experiments of CB cells each CB experiment was 

preceeded by the transduction of K562 cells as a direct control. The mean trans-

duction efficiency of K562 cells with the GFP control vector was 67.5 % ± 23.7 

compared to VENTX with 39.6 % ± 16.2 (Fig. 23, 24). 

ß-actin 

VENTX 

PG13 VENTX PG13 GFP 
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Fig. 23: Efficiency of retroviral transduction in K562 cells. K562 cells were analyzed 2 days after start 
of transduction. Columns represent average transduction efficiency ±SD (standard deviation), GFP 
(green fluorescent protein) 
 

 

 

 

 

Fig. 24: Representative dot plots showing the transduction efficiency in K562 cells for the GFP control 
compared to the VENTX retroviral vector. 7-ADD (7-aminoactinomycin), GFP (green fluorescent pro-
tein) 
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3.4. Efficiency of retroviral gene transfer in cord blood cells 

In an attempt to characterize potential miRNA gene targets of VENTX in hemato-

poiesis we retrovirally transduced human CB cells with either VENTX or the empty 

GFP control vector. Based on our results using K562 cells we performed three 

subsequent spin infections and used 5 ml VCM in our transduction protocolfor pri-

mary cord blood cells. Thereby we achieved a mean transduction efficiency cells 

of 28.5 % ± 7.3 for the GFP control arm and 12.7 % ± 4.6 for VENTX respectively. 

Transduction of CB cells was carried out in three independent experiments (Fig. 

25, 26). 

 

 

 

Fig. 25: Efficiency of retroviral transduction of cord blood cells. Columns represent average transduc-
tion efficiency ±SD (standard deviation), GFP (green fluorescent protein) 
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Fig. 26: Representative FACS analysis of the transduction efficiency in cord blood cells. Cord blood 
cells were analysed 3 days after the last spin infection. Isotype controls were used to measure and 
exclude non-specific background signals. CB (cord blood), FACS (fluorescence activating cell sort-
ing), GFP (green fluorescent protein) 
 
 
 

3.5. VENTX promotes human myeloid colony formation and inhibits erythroid 

development in vitro 

In an attempt to test whether and how the constitutive expression of VENTX is per-

turbing the normal differentiation of clonogenic progenitors, we placed highly puri-

fied GFP positive CB cells in methylcellulose and checked colony formation after 

14 days. Colonies observed after this period of cultivation comprised primitive 

CFU-GEMM (Granulocyte, Erythrocyte, Macrophage and Monocyte Colony Form-

ing Unit) colonies as well as the lineage committed progenitors CFU-E (Colony 

Forming Unit Erythrocyte), BFU-E (Burst Forming Unit Erythrocyte),CFU-G (Colo-

ny Forming Unit Granulocyte), CFU-M (Colony Forming Unit Macrophage) and 

CFU-GM (Colony Forming Granulocyte/Macrophage).  
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Fig. 27: Mean number of colonies detected after 14 days of culture: CD34
+
/VENTX/GFP

+ 
cord blood 

cells compared to CD34
+
/ GFP

+ 
cord blood cells. Colums represent average cell numbers ±SD (stan-

dard deviation), GFP (green fluorescent protein), CFC (colony forming cell), CFU-E (Colony Forming 
Unit Erythrocyte), BFU-E (Burst Forming Unit Erythrocyte), CFU-GM (Colony Forming Granulo-
cyte/Macrophage), CFU-GEMM (Granulocyte, Erythrocyte, Macrophage and Monocyte Colony Forming 
Unit), CFU-G (Colony Forming Unit Granulocyte), CFU-M (Colony Forming Unit Macrophage) 
 

Although results were not statistically significant we observed a trend towards a 

reduced generation of erythroid colonies when CB cells were transduced with 

VENTX as compared to the GFP control (Fig. 27, 28). These findings were consis-

tent with previous results obtained within our group and showed that the transduc-

tion protocol we are using within this work resulted in the same functional changes 

of the cord blood cells. In addition we also found a 1.5 fold increase in myeloid co-

lony formation in the VENTX arm as compared to the control. The number of BFU-

E´s produced in the VENTX transduced cord blood cells was 2.5 fold lower com-

pared to the GFP fraction. Furthermore, we observed a 1.5 fold decrease in CFU-

E colonies in the VENTX arm. The total number of CFCs was 1.3 fold lower in 

VENTX transduced CB cells as compared to the empty vector control.  
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A

B

 

Fig. 28: (A) Macroscopic view of CFC plates showing the difference in growth of erythroid colonies in 
the GFP fraction (labeled with MIG) compared to VENTX transduced cord blood cells. (B) Microscopic 
view (40x) from one BFU-E colony.  
CFC (colony forming cell), GFP (green fluorescence protein), CB (cord blood)  

3.6. Cytospin 

Morphology was evaluated using cytospin preparations of sorted 

CD34+/VENTX/GFP+ and CD34+/GFP+ cells. Compared to the GFP control, 

VENTX transduced CB cells showed more macrophages with a foamy appearance 

after in vitro culture as compared to the GFP control (Fig. 29).  

 

 
 
Fig. 29: Pictures of cell morphology after CFC (colony forming cell) assays. Cytospins of transduced 
CD34

+
 cord blood cells confirmed the myeloid phenotype of the VENTX transduced cells compared 

with GFP control. Pictures were taken with 40x magnification. GFP (green fluorescent protein) 

VENTX GFP 
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3.7.  RNA extraction of transduced cord blood cells 

For microRNA profiling RNA extraction was performed from highly purified trans-

duced CD34+/VENTX/GFP+ and CD34+/GFP+ cord blood cells. Table 8 and 9 show 

the cell numbers and isolated RNA in ng/µl and the according 260/280 nm ratios 

both of the VENTX arm and the GFP control (Tab. 8, 9). 

 

Tab. 8: Cell numbers after transduction and RNA concentrations after extraction from 
CD34

+
/VENTX/GFP

+ 
transduced cord blood cells. GFP (green fluorescent protein) 

 

VENTX Cell Number  [RNA ] ng/µl 260/280 ratio 

1. experiment 316487   383 1.87 

2. experiment 157740   176 1.69 

3. experiment 660213 1314 1.79 

 

Tab. 9: Cell numbers after transduction and RNA concentrations after extraction from CD34
+
/GFP

+ 

transduced cord blood cells. GFP (green fluorescent protein) 

GFP Cell Number  [RNA ] ng/µl 260/280 ratio 

1. experiment 308246   414 1.85 

2. experiment 441279   135 1.69 

3. experiment 520373   320 1.83 
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3.8. MicroRNA profiling of transduced cord blood cells 

The microRNA gene expression profiling with TaqMan Human Array Cards was 

performed from three independent experiments. A total of 2262 unique assays 

specific to human miRNAs (meaning 754 assays per each experiment) either for 

GFP and VENTX transduced CB cells, including endogenous controls and nega-

tive controls were obtained. There was a significantly different expression of five 

miRNAs when profiles from GFP and VENTX transduced cord blood cells were 

compared. Fig. 30 gives an overview of these miRNAs. For all five miRNAs we 

found 1720 potential gene targets. 

 

 

Fig. 30: Five miRNAs showed significant differences in the expression patterns between GFP vector 
control and the VENTX arm. MammU6 (endogenous control). Note that ΔCT values are inversely corre-
lated to expression levels. Bars represent average expression ±SD (standard deviation). GFP (green 
fluorescent protein), CT (threshold cycle). 
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miR-130b* 

Figure 31 shows results detected for miR-130b*. miR-130b* is localized on chro-

mosome 22q 11.21 with a genomic size of 82 nucleotides. It is important to note 

that this localization is referred to the whole stemloop (pre-miRNA) and this anno-

tation also applies for miRNAs listed below. The average ΔCT value in the GFP 

fraction was 14.17 ± 0.33 versus an average ΔCT in the VENTX fraction of 13.03 

± 0.41(p=0.02). According to this, the expression of miR-130b* was 2.2 fold higher 

in the VENTX fraction as compared to the vector control. 

 

 

Fig. 31: Diagramm showing the different expression of miR-130b* between GFP and VENTX trans-
duced cord blood cells, p=0.02. MammU6 (endogenous control). Note that ΔCT values are inversely 
correlated to expression levels. Bars represent average expression ±SD (standard deviation). GFP 
(green fluorescent protein), CT (threshold cycle). 
 
 
 

By the help of TargetScanCustom Human (section 2.2.20.) we found 349 potential 

gene for miR-130b*. The first 25 potential gene targets are listed in Tab. 10. MiR-

NAs act as single stranded RNA in the regulation of gene expression. The domi-

nant strand is called the mature miRNA strand, whereas the other one is known as 

the passenger strand or miRNA*, which is either degraded or also acts as a regu-
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lator of transcription.Taqman Human Array Cards also contained the mature 

strand miR-130b. In this case expression of miR-130b was 3.6 fold lower in the 

VENTX fraction compared to the GFP fraction. However this result was not statis-

tically significant. The average ΔCT value in the GFP fraction was 9.41 ± 1.23 ver-

sus an average ΔCT in the VENTX fraction of 11.25 ± 2.75 (p=0.35). 

 

Tab. 10:  The top twenty five putative targets of miR-130b* identified with TargetScanHuman Custom 
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miR-506 

Figure 32 shows the results detected for miR-506. Its genomic localization is on 

chromosome Xq 27.3 with a genomic size of 124 nucleotides. The average ΔCT 

value in the GFP fraction was 12.8 ± 0.26 versus an average ΔCT in the VENTX 

fraction of 14.00 ± 0.57. This was statistically significant (p=0.03). Gene expres-

sion of miR-506 of the VENTX fraction was 2.3 fold lower compared to the GFP 

control. Taqman Human Array Cards did not contain the passenger strand miR-

506*. 

 
 

 
Fig. 32: Diagramm showing different miR-506 expression between GFP and VENTX transduced cord 
blood cells, p=0.03. MammU6 (endogenous control). Note that ΔCT values are inversely correlated to 
expression levels. Bars represent average expression ±SD (standard deviation). GFP (green fluores-
cent protein), CT (threshold cycle). 
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We observed 464 potential targets for miR-506 using the TargetScanHuman Cus-

tom program. The first 25 stated potential gene targets are listed in Tab. 11. 

 
 
 
Tab. 11: The top twenty five putative targets of miR-506 identified with TargetScanHuman Custom 
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miR-642 

Figure 33 shows the detected results of the expression of miR-642. The genomic 

localization of miR-642 is on chromosome 19q 13.32 with a genomic size of 97 

nucleotides. The average ΔCT value in the GFP fraction was 12.4 ± 1.15 versus 

an average ΔCT in the VENTX fraction of 14.65 ± 0.25 (p=0.03). This miRNA was 

4.8 fold lower expressed in the VENTX compared to the GFP control arm. TaqMan 

Human Array Cards did not contain the passenger strand miR-642. 

 

 

Fig. 33: Diagramm showing different miR-642 expression between GFP and VENTX transduced cord 
blood cells, p=0.03. MammU6 (endogenous control). Note that ΔCT values are inversely correlated to 
expression levels. Bars represent average expression ±SD (standard deviation). GFP (green fluores-
cent protein), CT (threshold cycle). 
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Using the TargetScanHuman program we obtained 170 potential gene targets. 

The first 25 potential gene targets are listed in table 12. 

 
 
 
  
Tab. 12: The top twenty five putative targets of miR-642 identified with TargetScanHuman Custom 
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miR-432* 

Figure 34 shows the results detected in the expression of miR-432*. The miR-432* 

gene is localized on chromosome 14q 32.2 with a genomic size of 94 nucleotides. 

The average ΔCT value in the GFP fraction was 18.84 ± 1.23 versus an average 

ΔCT in the VENTX fraction of 14.49 ± 0.27 (p<0.01), with the highest gene expres-

sion difference between both arms. This resulted in a 20.5 fold higher gene ex-

pression in the VENTX arm. TaqMan Human Array Cards did not contain the ma-

ture miRNA strand miR-432. 

 

  

Fig. 34: Diagramm showing different hsa-miR-432* expression between GFP and VENTX transduced 
cord blood cells, p<0.01. MammU6 (endogenous control). Note that ΔCT values are inversely corre-
lated to expression levels. Bars represent average expression ±SD (standard deviation). GFP (green 
fluorescent protein), CT (threshold cycle). 
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126 potential gene targets were found by TargetScanHuman Custom. The first 25 

stated potential gene targets are listed in Tab. 13. 

 
 
 
Tab. 13: The top twenty five putative targets of miR-432* identified with TargetScanHuman Custom 
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miR-616* 

Figure 35 shows the results detected for miR-616*. miR-616* is localized on chro-

mosome 12q 13.3 with a genomic size of 97 nucleotides. The average ΔCT value 

in the GFP fraction was 16.5 ± 0.28 versus an average ΔCT in the VENTX fraction 

of 17.95 ± 0.31 (p=0.04). According to this, the expression of miR-616* was 2.7 

fold lower in the VENTX fraction compared to the empty vector control. Taqman 

Human Array Cards also contained the mature strand miR-616. The average ΔCT 

value in the GFP fraction was 14.34 ± 1.54 versus an average ΔCT in the VENTX 

fraction of 14.33 ± 0.90. However this result was not statistically significant (p= 

1.00). This explains why the expression results for the mature strand miR-616 

were nearly exact the same between both test arms. 

 

 

Fig. 35: Diagramm showing different miR-616* expression between GFP and VENTX transduced cord 
blood cells, p=0.04. MammU6 (endogenous control). Note that ΔCT values are inversely correlated to 
expression levels. Bars represent average expression ±SD (standard deviation). GFP (green fluores-
cent protein), CT (threshold cycle). 
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The miR-616* showed the highest number of 611 potential gene targets.The top 

twenty five putative targets of miR-616* identified with TargetScanHuman Custom 

are shown in Tab. 14. 

 
 
 
Tab. 14: The top twenty five putative targets of miR-616* identified with TargetScanHuman Custom 
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3.9. Sequencing of AML cell lines 

Recent data obtained in our group indicate that VENTX is highly expressed in 

normal myeloid cells and in AML cases with t(8;21) or normal karyotype. Consis-

tent with these findings above it was observed, that VENTX showed a significantly 

higher expression in malignant myeloid cells as compared to lymphoid cells with 

the highest expression in K562, NB4 and EOL1 cell lines. In an attempt to address 

the question why VENTX is highly expressed in malignant AML cell lines we 

screened the five AML cell lines K562, NB4, MV4-11, EOL1 and OCI-AML3, origi-

nally derived from patients with myeloid leukemia for possible mutations in their 

protein coding sequence (CDS) of VENTX. Tab. 15 shows characteristics of the 

used  AML cell lines. 

 

Tab. 15:  Acute myeloid leukemia cell lines, ATCC (American Type Culture Collection) 

Cell line Cell type Chromosomal aberration Origin 

K562 Erythroleukemia human hypotriploid karyotype without 
sharp mode - 61-68<3n>XX, -X, -3, +7, -
13, -18, +3mar, del(9)(p11/13), 
der(14)t(14;?)(p11;?), 
der(17)t(17;?)(p11/13;?), 
der(?18)t(15;?18)(q21;?q12), del(X)(p22) 

ATCC 

NB4 Promyelocytic 
leukemia 

human hypertriploid karyotype with 3% 
polyploidy - 78(71-81)<3n>XX, -X, +2, 
+6, +7, +7, +11, +12, +13, +14, +17, -19, 
+20, +4mar, der(8)t(8;?)(q24;?), 
der(11)t(11;?)(?->::11p15-
>11q22.1::11q13->22.1:), 
der(12)t(12;?)(p11;?), 14p+, 
t(15;17)(q22;q11-12.1), 
der(19)t(10;19)(q21.1;p13.3)x2 

ATCC 

MV4-11 Myelomonocytic 
leukemia 

human hyperdiploid karyotype - 48(46-
48)<2n>XY, +8, +18, +19, -21, 
t(4;11)(q21;q23) 

ATCC 

OCI-AML3 Acute myeloid 
leukemia 

human hyperdiploid karyotype - 48(45-
50)<2n>X/XY, +1, +5, +8, 
der(1)t(1;18)(p11;q11), i(5p), 
del(13)(q13q21), dup(17)(q21q25) - side-
line with r(Y)x1-2 - hemizygous for RB1 

ATCC 

EOL-1 Eosinophilic 
leukemia 

human hyperdiploid karyotype with 7.5% 
polyploidy - 50(48-51)<2n>,XY, +4, +6, 
+8, +19, del(4)(q12)x2, del(9)(q22) - 
del(4) effects cryptic FIP1L1-PDGFRA 
fusion 

ATCC 
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We chose primers which encompassed the whole VENTX CDS. The VENTX CDS 

is 777 nucleotides long and consists of 3 exons. Using the PCR x Enhancer Sys-

tem we were able to detect VENTX expression in the following AML cell lines NB-

4, MV4-11 and EOL-1. Interestingly, we could not detect VENTX expression in 

K562 and OCI-AML3 cell lines (Fig. 36). We used ß-actin as a loading control.  

 

 

 

 

 

 

Fig. 36: VENTX expression in five acute myeloid leukemia cell lines. No VENTX expression was de-
tected in K562 and OCI-AML3.   

 

After this, we extracted the VENTX product and sent it to GATC Biotech for se-

quencing. We compared the sequences we obtained from GATC Biotech with the 

PubMed VENTX CDS by means of multiple sequence alignment using the online 

tool MultAlin (version 5.4.1).  

 

Expression of VENTX in the NB4 cell line 

The NB-4 cell line is established from the bone marrow of a 23-year-old woman 

with acute promyelocytic leukemia and t(15;17) translocation. It was not possible 

to detect the whole VENTX CDS in this cell line with the chosen primers owing to 

difficulties with sequencing of the beginning of our sequence. This is a common 

issue and can be attributed to the fact that sequencing around primer binding sites 

is often difficult. We were able to evaluate the NB-4 CDS between nucleotides 58-

777, however. For this coding sequence, no differences were found between our 

sequence and the PubMed reference sequence, apart from a single polymorphism 

(SNP) at position 144 (Fig. 37). According to the USCS Genome Browser, this 

      NB-4       MV4-11      EOL-1     K562     OCI-AML3 
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SNP is named rs2998143 [187]. Its minor allele is adenine and it has an average 

global distribution of 0.391. Guanine, the major allele, has a frequency of 0.609. It 

is a synonymous SNP, meaning that no change in the amino acid occurs. In this 

case, our sequence contains the nucleotide guanine (G) instead of adenine (A) 

(Fig. 37). At the protein level, both sequences code for the amino acid proline. 

 

 

Fig. 37: Coding sequence alignment of acute myeloid leukemia cell line NB-4 VENTX sequence with 
VENTX sequence of PubMed. Note the difference at position 144 between both sequences 
 
 

Expression of VENTX in the MV4-11 cell line 

High VENTX expression was also observed in the MV4-11. This cell line is estab-

lished from the peripheral blood of a 10-year-old male with biphenotypic B-

myelomonocytic leukemia and t(4;11) translocation. The same obstacles as with 

the NB-4 cell line did not allow us to make a comparison between MV4-11 and the 

PubMed VENTX sequence for the whole sequence. In this case, we were able to 

align both sequences between nucleotides 58-777 (Fig. 38). Interestingly, we ob-

served the presence of the same SNP rs2998143 as mentioned above at position 

144.  
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Fig. 38: Coding sequence alignment of acute myeloid leukemia cell line MV4-11 VENTX sequence with 
VENTX sequence of PubMed. Note the difference at position 144 between both sequences 
 
 

Expression of VENTX in the EOL-1 cell line 

We also analyzed the expression of VENTX in the EOL-1 cell line. VENTX was 

almost undetectable on PCR gel (Fig. 36), so that the sequence we received back 

from GATC Biotech did cover less of the CDS compared to the other two cell lines 

described above. This cell line was established from the peripheral blood of a 33-

year-old man with acute myeloid eosinophilic leukemia (AML) following hypereosi-

nophilic syndrome. In this case, we were able to align both sequences between 

nucleotides 54-740. We found two differences in the multiple alignment of our se-

quence compared to the PubMed VENTX sequence. First, at position 144, we saw 

the same SNP rs2998143 as we had observed in the other two cell lines men-

tioned above. The second difference was found at position 420, where our se-

quence contained the nucleotide adenine (A) instead of the guanine (G) in the 

PubMed sequence (Fig. 39). At the protein level, both sequences code for the 

amino acid glutamine. According to the USCS Genome Browser, it is not a SNP 

but a silent mutation. This is probably attributable to the fact that, until now, only 

two bigger cohorts, each containing 60 samples, have been screened. In theory, it 

seems to be possible that, with larger numbers of samples screened, it might also 

be found to be a SNP. 
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Fig. 39: Coding sequence alignment of acute myeloid leukemia cell line EOL-1 VENTX sequence with 
VENTX sequence of PubMed. Note the difference at position 144 and 420 between both sequences 
 
 

Expression of VENTX in the K562 and OCI-AML3 cell line 

No expression of VENTX was observed in the K562 cell line, a cell line established 

from the pleural effusion of a 53-year-old female with chronic myelogenous leuke-

mia in terminal blast crisis, which means that it was not possible to screen this cell 

line for possible CDS alterations. There was also no expression of VENTX de-

tected in the OCI-AML3 cell line (Fig. 36). This cell line was established from the 

peripheral blood of a 57-year-old man with acute myeloid leukemia (AML FAB-

M4). 
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4. Discussion 

Previously, it was shown that the human Vent-like homeobox gene VENTX, a put-

ative homolog of the early developmental Xenopus xvent2 gene, acts as a novel 

regulatory hematopoietic gene. Furthermore, it was demonstrated that VENTX is 

aberrantly expressed in CD34+ leukemic stem cell (LSC) candidates in human 

AML, predominantly in t(8;21)-positive and normal karyotype (NK) AML. Gene ex-

pression profiling, pathway analysis, as well as functional assays showed that en-

forced expression of VENTX in normal CD34+ cells initiates expression of genes 

associated with myeloid development and promotes generation of myeloid cells in 

vivo, paralleled by downregulation of lymphoid genes and suppression of lymphoid 

engraftment. Lentivirally mediated knock-down of VENTX in human AML cell lines 

significantly impaired leukemic cell growth, indicating that VENTX is a key protein 

for human leukemic cell growth [155]. On the other hand it has been possible to 

show that via transactivation of the tumor suppressors p53 and p16ink4a, VENTX 

regulates the cell cycle and acts as an inhibitor of cell proliferation in lymphoid cell 

populations. In this context, VENTX is involved in senescence pathways, which 

play an important role in tumor prevention. In fact, VENTX downregulation in lym-

phocytes is associated with a significant decrease in the concentrations of the 

aforementioned tumor suppressor proteins [192]. This fact is consistent with a re-

cent publication which showed that VENTX expression is downregulated in CLL 

patients. VENTX was also referred to as a possible tumor suppressor in this cellu-

lar context, which, as a LEF/TCF-associated transcription factor, inhibits the ca-

nonical Wnt/ß-catenin signaling pathway when expressed normally [52]. The func-

tional effects of VENTX therefore seem to be context-dependent. As VENTX 

seems to play a role in normal as well as malignant hematopoiesis we wanted to 

continue studies on its functional role and took a closer look at potential molecular 

changes focusing on miRNAs. 

In an attempt to characterize potential molecular changes that are caused by 

VENTX and that might play a role in VENTX-associated leukemias, we performed 

profiling of the miRNA transcriptome from cord blood cells transduced with VENTX 

and used cord blood cells transduced with the empty vector as a control. 
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In this study we successfully established a spin infection protocol of retroviral 

transduction of human CB cells. This resulted in a significant amount of trans-

duced CB cells, which was mandatory for the completion of miRNA profiling. 

In order to show that we were able to reproduce the functional results obtained by 

Rawat et al. we performed CFC assays using our transduction protocol. In line with 

the findings published by Rawat et al. we could demonstrate a decrease in the 

formation of erythroid colonies and an increase in the formation of myeloid from 

cord blood cells that constitutively expressed VENTX as compared to the empty 

vector control [155]. The latter result confirms the findings of the Wu et al. study 

group, which was able to demonstrate that VENTX expression is upregulated dur-

ing monocyte-to-macrophage differentiation and represents an important prerequi-

site for terminal macrophage differentiation. At the molecular level, this was attri-

buted to the fact that VENTX regulates the expression of key proteins, including 

the M-CSF receptor. In this study, VENTX also appeared to play an essential role 

in the pro-inflammatory response of terminally differentiated macrophages. In 

knockdown experiments involving VENTX in macrophages, a significant decrease 

was detected in secreted pro-inflammatory cytokines such as TNF-α, IL-6 and IL-8 

[193].  

We were able to collect enough material to perform low density arrays from three 

independent cord blood experiments. In each of these three separate experiments, 

the expression values of 754 miRNAs were detected, including endogenous and 

negative controls. For five miRNAs, a significant difference in expression was ob-

served between retrovirally VENTX- and GFP-transduced cord blood cells 

(p<0.05). miRNAs which, according to their expression levels, showed statistically 

significant changes in their expression, were miR-130b* (p=0.02), miR-506 

(p=0.03), miR-642 (p=0.03), miR432* (p<0.01) and miR-616* (p=0.04). 

Based on a literature search in PubMed, these five miRNAs were initially studied in 

previous publications to gain a first idea of their possible function. Publications 

were searched irrespectively of which miRNA strand was significantly expressed 

differentially in this study. In this context, it is important to recall that both the ma-

ture miRNA strand and the passenger miRNA* strand arise from a common pre-

miRNA precursor strand at the start of their biogenesis and represent separate 

molecules only after their separation (Fig. 40). Until recently, miRNAs*, regardless 
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in which species, were thought not to have any biological function, and the gener-

ally accepted theory was that these would be degraded after separation of the ma-

ture miRNA strand [85] [46]. Therefore publications on the function of miRNAs* are 

still rare. A paradigm shift can be seen, however. There is now growing evidence 

that at least some miRNAs* definitely function as mature miRNAs and have a bio-

logical function [63]. The molecular background for the expression of one or both 

of the known miRNA strands is still largely unclear. There is some evidence, how-

ever, that, depending on the thermodynamic stability of the 5‟ and 3‟ strand in the 

stem loop structure of the pre-miRNA, the cell uses the strand with lower stability 

as miRNA and breaks down the other more stable strand. It is also known accord-

ing to expression analyses that, depending on the tissue, miRNA and miRNA* can 

also be co-expressed simultaneously and that the ratio of miRNA to miRNA* can 

vary significantly during different developmental processes [161] [81]. In our study 

we found five miRNAs which, according to their expression levels, showed statisti-

cally significant changes in their expression: both the two mature miRNA strands 

miR-506 and miR-642 and the three miRNA* strands miR-130b*, miR-432* and 

miR-616*. 

 

Fig. 40: The selection of mature miRNA strand and the fate of its passenger strand, adapted from [63, 
p. 11387] (A) The mature miRNA sequence is miR-5p, and its passenger sequence is miRNA* (star) which is 

degraded. (B) The mature miRNA sequence is miR-3p, and its passenger sequence is miRNA*. (C) Both the 
miR-5p and the miR-3p are mature miRNA sequences that guide RICS (RNA-induced silencing complex) to 
silence target mRNAs through mRNA cleavage, translational repression or deadenylation.  
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miR-130b* was expressed 2.2 times higher in VENTX-transduced umbilical cord 

blood cells than in the GFP control (p=0.02). In contrast, expression of the mature 

miRNA miR-130b was 3.5 times lower in the VENTX fraction than in the GFP con-

trol, although the difference was not statistically significant (p=0.35). This miRNA-

130b* seems to be differentially expressed in patients with gastric cancer. In a 

study analyzing the miRNA profiles from patients with gastric cancer miRNA-130b* 

was significantly higher expressed in those patients with stomach cancer as com-

pared to the control [196]. More data are available about the mature miRNA, miR-

130b. It was recently reported that miR-130b overexpression in gastric cancer is 

associated with a decrease in the expression levels of the known tumor suppres-

sor, RUNX3 [98]. In one publication, it was also reported that miR-130b promotes 

the growth of cancer stem cells, i.e. those cells that initiate and maintain tumor 

growth and self-renewal, in hepatocellular carcinoma [116]. Interestingly, in combi-

nation with miR-15b, miR-130b even serves as a potential biomarker for the detec-

tion of hepatocellular carcinoma and, according to early results, appears to be su-

perior to serum α-fetoprotein (AFP) in the early stages of the disease. AFP is the 

only tumor marker in widespread clinical use at present in hepatocellular carcino-

ma [110]. Epigenetic silencing of miR-130b is associated with the development of 

chemotherapy resistance in ovarian cancer [195]. Besides its role in solid tumors, 

miR-130b is also involved in malignant hematopoiesis. Yeung et al. showed that 

miR-130b gene expression is upregulated both in the peripheral blood mononuc-

lear cells of adult T-cell leukemia (ATL) patients and in adult T-cell leukemia cell 

lines transformed by human T-cell lymphotropic virus 1 (HTLV-1). In this context, 

miR-130b overexpression gives rise to a decrease in tumor suppressor gene ex-

pression for tumor protein 53-induced nuclear protein 1 (TP53INP1), a key protein 

in the induction of cell cycle arrest and apoptosis [197]. Pathognomonic in classic 

CML is the Philadelphia chromosome t(9;22), which codes for the BCR-ABL fusion 

gene. This fusion gene generates a protein with constitutive tyrosine kinase activity 

and thus leads to malignant transformation of the pluripotent stem cells of the bone 

marrow. In this process, the BCR-ABL fusion gene also upregulates oncogenic 

miRNAs such as miR-130a/b, which downregulates the expression of the negative 

growth regulator, CCN3, conferring a growth advantage to the leukemic cells [175]. 

As a final example, it should be mentioned that miR-130b overexpression reduces 

the sensitivity of multiple myeloma cells to glucocorticosteroid receptors and thus 
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impairs the efficacy of glucocorticosteroids in the treatment of multiple myeloma 

[179]. Overall these previous publications show that miR-130b might confer sur-

vival advantage to tumour cells. In our study, the expression of miR-130b was 3.5 

times lower expressed in VENTX-transduced umbilical cord blood than in the con-

trol arm, although the difference was not statistically significant. More in-depth stu-

dies in known VENTX-overexpressing AML subtypes would be helpful to verify a 

potential role of miR-130b expression in certain AML subtypes.  

In our experiments, miR-506 was another miRNA, which showed a differential ex-

pression: it was 2.3 times lower expressed in VENTX-transduced umbilical cord 

blood cells as compared to the control (p=0.03). Banales et al. could recently show 

that the expression of miR-506 is increased in the biliary epithelium of patients with 

primary biliary cirrhosis. This upregulation was associated with a decrease in the 

Cl-/ HCO3
--anion anion exchanger 2 (AE2), which plays an important role in main-

taining intracellular pH homeostasis and in the secretin-mediated release of bicar-

bonate. The authors conclude from their data that miR-506 might represent a po-

tential therapeutic target in patients with primary biliary cirrhosis [11]. Unlike with 

miR-130b, the role of miR-506 in tumor development is not yet clear. So far, there 

is evidence that miR-506 acts as a tumor suppressor. Zhao et al., for example, 

observed reduced miR-506 gene expression levels in malignantly transformed 

human bronchial epithelial cells (16HBE-T) compared to normal human bronchial 

epithelial cells (16HBE), whereas the mRNA levels of N-RAS, one of the best 

known oncogenes, were increased [202]. N-RAS mutations also occur in a propor-

tion of AML patients (section 1.2.). There are also reports which ascribe oncogenic 

properties to miR-506 in other cellular contexts. Firstly, it has been shown that 

miR-506 overexpression confers resistance to hydroxycamptothecin, a topoisome-

rase I inhibitor chemotherapy agent, in human bowel cancer cells. The peroxisome 

proliferator–activated receptor PPARα plays an important role in this process. The 

latter is an intracellular steroid receptor which is integrated into various biological 

signaling pathways and is negatively regulated by miR-506 [184]. That PPARα is a 

direct target of miR-506 is also confirmed by the results of this study (Tab. 11). 

Within the miRNA-506-514 cluster, miR-506 is also overexpressed in almost all 

subtypes of malignant melanoma and experimental inhibition of this cluster is as-

sociated with a decrease in melanoma growth and apoptosis induction [172]. So 
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far, there are no data on the role of miR-506 in normal or malignant hematopoie-

sis. 

The third miRNA which showed a differential expression profile was miR-642. miR-

642 was 4.8 times lower expressed in VENTX transduced CB cells  than in the 

GFP control (p=0.03). So far, there are no reports related to this miRNA.  

The expression of miR-432* was highly differential between VENTX transduced 

CB cells and CB cells transduced with the empty vector control (p<0.01). Expres-

sion of this miRNA was 20.5 times higher in VENTX-transduced umbilical cord 

blood cells than in the vector control. So far, only little is known about the function 

of this miRNA. miRNA profiling from white blood cells of schizophrenia patients 

compared with healthy subjects was used to try and establish potential blood bio-

markers for schizophrenia. Among these, seven miRNAs with different expression 

levels were detected, including miR-432 with a 1.4 times reduction in gene expres-

sion. It should be stressed, however, that the reliability of individual miRNAs as 

predictors for this disease is insufficient. In fact, only examination of a number of 

differentially expressed miRNAs in lymphocytes provides greater diagnostic speci-

ficity in schizophrenia [97]. McDaneld et al. also reported, following miRNA profil-

ing during various developmental stages of porcine muscle, that miR-432 takes on 

an important role in early fetal muscle development and its expression decreases 

continuously again in later developmental stages [124]. 

The last significantly differentially expressed miRNA was miR-616*, with a 2.7 

times lower expression in VENTX-transduced cells (p=0.04). Expression of the 

mature miRNA, miR-616, was almost exactly the same in the two fractions, with no 

statistically significant difference (p=0.03). Like the miR130b*, miR-616* was also 

significantly overexpressed in patients with gastric cancer compared with healthy 

gastric tissue [196]. Ma et al. showed that miR-616, i.e. the mature miRNA, pro-

motes androgen-independent growth in prostate cancer cells. This is of relevance 

because in its early stages prostate cancer can be treated with hormone therapy 

before it starts to become increasingly hormone-insensitive and then progresses in 

a hormone-independent form. At the molecular level, miR-616 inhibits the expres-

sion of the tumor suppressor TFPI-2. Reexpression of this tumor suppressor in 

prostate cancer cells in which miR-616 is overexpressed leads to growth inhibition 

in these cells and maintains the androgen-independent phenotype of the cells 
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[116]. It has also been reported that miR-616 belongs to a number of miRNAs 

which have a high binding affinity to the mRNA of HLA-G and may regulate this. 

HLA-G is not expressed in many tissues, but plays an important role in materno-

fetal tolerance in pregnancy. HLA-G expression is also found in tumors, autoim-

mune diseases and in hematopoietic cells [26]. 

In the next step, the potential target genes of the five aforementioned miRNAs, 

and in this case only the strands of the miRNAs which were differentially ex-

pressed in a statistically significant manner, were determined using the online tools 

miRBase and TargetScanHuman Custom. Because of the large number of poten-

tial targets, only the first 25 target genes listed for each miRNA (section 3.8.) have 

been considered for further discussion. All 125 possible target genes were ana-

lyzed in respect to their functional role on the basis of the PubMed literature 

search. For illustration purposes, however, only those potential target genes for 

which a role in physiological/malignant hematopoiesis or a connection with VENTX 

can be demonstrated will be discussed below.  

One miR-130b* target gene which must be discussed is the homeobox gene 

HOXA13. It belongs to the clustered or class I homeobox genes which are 

grouped into the HoxA-D clusters (section 1.3.). In particular, the HoxA cluster 

genes play a role in the self-renewal of hematopoietic stem cells and progenitor 

cell lineage specification. It was recently reported that HOXA13 exclusively pro-

motes differentiation into monocytes/macrophages in vitro, whereas cells that have 

been transduced by the other HoxA genes, besides differentiating into mono-

cytes/macrophages, have also been observed to develop into granulocytes [9]. 

Based on the findings of this study, the role played by VENTX in this situation via 

increased expression of miR-130b* is still unclear. Furthermore, the CFC assays in 

this study and published data show that VENTX, via factors which are still unclear, 

definitely promotes granulocyte development [155]. In malignant hematopoiesis 

HOXA13 was identified as a fusion partner of the nucleoporin gene NUP98. 

NUP98 is a known gene in hematopoietic malignancies with 11p15 translocations 

and fuses with a large number of other genes, including other homeobox genes 

(section 1.3.1.). In addition, it has been observed that HOXA13 expression is sig-

nificantly higher in monocytic leukemia cell lines than in other leukemia cell lines 
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[176]. Su et al. also observed isolated HOXA13 overexpression induced by trans-

location of the HoxA cluster in one patient with T-ALL [173]. 

As another miR-130b* target gene, insulin-like growth factor (IGF-1) also plays a 

significant role in hematopoiesis. As an endocrine hormone, IGF-1 is an important 

growth factor and its production is stimulated principally in the liver by growth hor-

mone (GH). IGF-1 receptors are to be found on all cells of hematopoietic origin. In 

vitro, IGF-1 stimulates the growth of the erythroid precursor cells BFU-E and CFU-

E. In vivo, it has also been possible to demonstrate in rats that parenteral adminis-

tration of IGF-1 increases erythropoiesis [20] [86]. Interestingly, the results of this 

study showed a markedly smaller number of BFU-E´s and CFU-E´s in VENTX-

transduced cells compared with the vector control in vitro, although the difference 

was not statistically significant, confirming previous results by the results [155]. 

One possible explanation for this would be that VENTX, via increased miR-130b* 

expression, down-regulates IGF-1 and consequently influences erythropoiesis ne-

gatively. This is contradicted, however, by the fact that IGF-1 does not have an 

isolated effect on erythropoiesis, but also promotes granulopoiesis, for example 

[168]. Logically, the overexpression of miR130b* induced by VENTX with consecu-

tive down-regulation of IGF-1 should therefore also suppress granulopoiesis. But, 

in fact, VENTX promotes myeloid differentiation. Besides the role of IGF-1 in phy-

siological hematopoiesis, evidence also exists that this factor has an influence in 

malignant hematopoiesis. For example, IGF-1 has mitogenic effects on malignant 

cell lines such as HL-60 (promyelocytic leukemia cell line), AML-193 (acute myelo-

id cell line) and K562 (erythroleukemia cell line). In addition, a decrease in IGF-1 

receptor levels is observed during the subsequent differentiation of these cell lines, 

which suggests that IGF-1 maintains these cells in an undifferentiated state [168]. 

ANKRD28 (ankyrin repeat domain 28) is the last gene target of miR-130b* that will 

be discussed here. Just like HOXA13, ANKRD28 has also been identified as an 

additional fusion partner of the NUP98 gene. This gene fusion has been identified 

in a patient with myelodysplastic syndrome/acute myelogenous leukemia. Under 

normal circumstances, ANKRD28 is found only in the cell nucleus, whereas in this 

case ANKRD28 was also found in the cytoplasm. This change in location may play 

a part in disease development [77]. Jonge et al. was recently able to show, that 

ANKRD28 is also expressed differentially between AML CD34+ and BM CD34+ 
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cells. High expression levels of ANKRD28 in AML patients with a normal karyotype 

were also associated with a significantly poorer outcome. In this study, ANKRD28 

was found to have an independent prognostic value in relation to prognostic mark-

ers that are already clinically established, such as FLT-3 ITD, NPM1 or CEBPA 

[34]. Interestingly, VENTX expression levels are also particularly high in AML pa-

tients with a normal karyotype, which means that, via increased miR-130b* ex-

pression, ANKRD28 might be regulated differently in this case than in normal 

CD34+ BM cells. 

Three interesting miR-506 gene targets will be discussed in detail below. FZD4 

(frizzled homolog 4), a receptor for Wnt ligands, is part of the Wnt signaling path-

way, which is illustrated in Fig. 41. This well-characterized cell signaling pathway is 

an essential factor for embryonic development and is dysregulated in many tu-

mors. In hematopoiesis, the highly conserved Wnt/ß-catenin signaling pathway 

leads to HSC proliferation and progenitor cell self-renewal, whereas inhibitors of 

this signaling pathway lead to a reduction in vivo [156] [157]. In normal hemato-

poiesis, FZD4 is highly expressed in CD34+ cells and increases the Wnt3a-induced 

stability of ß-catenin in myeloid progenitor cells. It is now widely thought that ex-

cessive Wnt signaling is also of significance in the pathogenesis of a range of he-

matological neoplasms. Published data show that primary AML blasts display in-

creased FZD4 expression compared with normal bone marrow cells. This sug-

gests that the induction of FZD4 leads to increased Wnt signaling in AML and in-

creases the self-renewal of AML cells [183]. It is conceivable that VENTX, via 

down-regulation of miR-506 expression, might cause induction of FZD4 and in-

creased Wnt signaling indirectly. It should be pointed out, however, that VENTX is 

also known to form a transcription complex with LEF1, which inhibits LEF1/TCF-

mediated transcription and thereby reduces Wnt signaling [52]. 

  .     

 



Discussion 
 
86 

 

Fig. 41: The canonical Wnt signaling pathway, adapted from [156, p. 843]  

In the absence of Wnt signaling (left panel), ß-catenin is in a complex with axin, APC and GSK3-ß, and gets 
phosphorylated and targeted for degradation. ß-catenin also exists in a cadherinbound form and regulates 
cell-cell adhesion. In the presence of Wnt signaling (right panel), ß-catenin is uncoupled from the degradation 
complex and translocates to the the nucleus, where it binds Lef/Tcf transcription factors, thus activating target 
genes. 

 

The transcription factor RUNX1 is an important factor in embryonic hematopoiesis 

which also regulates HSC differentiation into mature blood cells (section 1.1.1.). 

RUNX1 is one of the most frequently mutated genes in AML. Possibly the most 

common mutation of this gene is found in the chromosomal translocation t(8;21), 

which is found in 15 % of AML patients and displays an increased incidence in the 

M2 subtype according to the FAB Classification [185] [149]. Genetic changes in 

the RUNX1 gene result in loss of function in this gene and are considered respon-

sible for RUNX1-related leukemias. Leukemia was not able to develop sponta-

neously in studies in RUNX1-deficient mice, however. This observation is attri-

buted to the fact that RUNX1-deficient HSCs are not able to maintain their capacity 

for self-renewal indefinitely and it can be assumed from this that additional genetic 

changes are necessary in the pathogenesis of leukemia. In fact, a gene was re-

cently identified with EVI5 (ecotropic viral integration site 5) that prevents stem cell 

exhaustion in RUNX1-deficient mice and was also overexpressed in 44 % of AML 
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patients with the FAB-M2 subtype [80]. EVI5 was identified as a miR-506 gene 

target in this study. It should be pointed out again in this context that VENTX ex-

pression in AML is extended to the most primitive progenitors and stem cells and 

that VENTX is highly expressed in AML patients with a normal karyotype and the 

FAB-M2 subtype [155]. VENTX overexpression with down-regulation of miR-506 

may therefore be responsible for activation of EVI5.   

With 65 % homeodomain homology, VENTX is a putative homolog of the Xenopus 

xvent2b gene and belongs to the VENT HB gene family. This family is essential for 

the formation of the ventral mesoderm and hematopoietic development in Xenopus 

[133]. Members of this family act as direct and indirect downstream targets for the 

BMP-4 protein which is the key molecule in the development of the ventral meso-

derm and gives rise to hematopoiesis in the embryo following gastrulation (sec-

tions 1.1.1. and 1.3.3.). Interestingly, xvent2b in Xenopus is capable of up-

regulating BMP-4 expression itself via a positive autoregulatory loop (Fig. 10) [69]. 

BMP-4 exerts its regulatory effects via a range of BMP receptors. Accordingly, it is 

known from studies in mice that, after BMP-4 binding, the receptor BMPRII hete-

rodimerizes with a type I receptor such as BMPRIb (bone morphogenetic protein 

receptor, type Ib) and as a result is activated and can initiate a large number of 

possible signaling cascades [31]. BMPRIb was identified as a miR-506 gene target 

in this study. Assuming that the same findings apply to VENTX as to xvent2b, it 

would be interesting to test whether VENTX, through the down-regulation of miR-

506, might be capable of inducing BMP-4 expression and, as a result, its own ex-

pression via a positive regulatory loop.  

Just one potential target gene of miR-642 will be discussed below. This is the gene 

SUZ12 (suppressor of zeste 12 homolog). This gene belongs to the Polycomb-

group family of proteins which were first identified in the fruit fly Drosophila and 

which are of significance as epigenetic gene silencers, including of the Hox genes, 

in embryonic and tissue development. They are also important factors in the self-

renewal of embryonic and adult stem cells and are involved in tumor development. 

The Polycomb-group protein family can be broadly divided into Polycomb repres-

sive complex 1 (PRC1), the best-known member of which is the oncogene BMI1, 

and Polycomb repressive complex 2 (PRC2), composed mainly of the genes EED, 

EZH2 and SUZ12 [171]. Loss-of-function mutations in mouse studies have shown 
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that loss of SUZ12 is associated with increased stem cell activity and may, via the 

regulation of other genes, promote the differentiation of myeloid and lymphoid pro-

genitor cells [119]. On the basis of the data currently available, the role of SUZ12 

in malignant hematopoiesis is unclear. On the one hand, Kroeze et al. reported 

that SUZ12, unlike EZH2, a member of the same family, does not play a particular 

role in myeloid neoplasms [91]. Instead, SUZ12 is found to be dysregulated in sol-

id tumors such as colon carcinoma, breast cancer or carcinoma of the liver. On the 

other hand, it has been shown that SUZ12 is overexpressed in bone marrow cells 

of CML patients in blast crisis and is also involved in the pathogenesis of mantle 

cell lymphoma [150] [122]. The extent to which VENTX, via down-regulation of 

miR-642, is capable of intervening in the aforementioned physiological and patho-

logical processes of SUZ12 is an open question. 

In this study, miR-432* was the fourth miRNA expressed differentially between 

VENTX- and GFP-transduced umbilical cord blood cells. In this context, it seems 

worthwhile to discuss the functional role of two of the first 25 possible target genes 

of this miRNA that have been studied. HOXD10 is a member of the class I homeo-

box gene family and is part of the HoxD cluster which, unlike HoxA-C, is not ex-

pressed in physiological hematopoiesis. Furthermore, there is no evidence at 

present that HOXD10 plays a role in malignant hematopoiesis. On the contrary, it 

is known that HOXD10, by modulating the expression of a range of genes, inhibits 

angiogenesis, while HOXD10 expression decreases in tumor blood vessels [137]. 

This finding is consistent with other publications which suggest that HOXD10 acts 

as a tumor suppressor in breast cancer cells and in stomach cancer [25] [190]. 

There are no publications to date which link VENTX and miR-432* overexpression 

and the resulting regulation of HOXD10 gene expression. The functional role of 

VENTX has previously been described normal and malignant hematopoiesis. The 

transcriptional corepressor gene, BCORL1 (BCL6-co-repressor-like-1), as another 

target gene of miR-432*, has recently been identified as a new potential tumor 

suppressor gene in AML. Functionally, BCORL1 interacts with histone deacetylas-

es and inhibits the expression of E-cadherin [182]. In a clinical trial involving 173 

AML patients, mutations in the BCORL1 gene were identified in six percent of cas-

es [106]. VENTX overexpression in individual subtypes of AML may thus, via 

overexpression of miR432*, contribute to different expression in the BCORL1 

gene.  
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Finally, we should discuss two target genes of miR-616* which, according to the 

results of the experiments in this study, was expressed at lower levels in VENTX-

transduced umbilical cord blood cells than in the vector control. XIAP (X-linked 

inhibitor of apoptosis) represents a potential target gene of this miRNA. It belongs 

to a family of proteins with eight members with anti-apoptotic properties ascribed 

to it. The best-characterized member of this family, XIAP promotes cell survival via 

direct inhibition of apoptotic caspases. It has also been possible to show that XIAP 

overexpression results in the increased transcription of a range of genes of major 

signaling pathways. It has been shown, for example, that XIAP serves as a link 

between BMP receptors and downstream molecules. The inhibition of XIAP bind-

ing to the type I BMP receptor, which was also a target gene of miR-506, thus part-

ly prevents the differentiation of the ventral mesoderm. In this context it is likely, 

that the role of XIAP in the BMP pathway is not linked to its anti-apoptotic function 

[42]. It is interesting to speculate that via down-regulation of miR-506, VENTX in-

creases XIAP expression and consequently promotes its own expression as a re-

sult of increased BMP signaling through a positive autoregulatory loop. Many pa-

tients with AML display XIAP expression and, in a trial in 53 children with de novo 

AML, expression of this gene correlated significantly with an inferior 3-year re-

lapse-free survival rate and inferior response to chemotherapy [174]. These results 

are consistent with data from a trial with 30 adult patients with de novo AML. In this 

trial, 43.3 % of the patients displayed XIAP overexpression and 91.7 % of these 

had a poor response to chemotherapy [74]. VENTX might be involved in these 

cases via regulation of miR-506. PSIP1 (PC4 and SFRS1 interacting protein, for-

merly LEDGF) should also be mentioned as a target gene of miR-506. According 

to publications, this gene fuses with the NUP98 gene in certain cases of AML. This 

has already been mentioned in connection with two target genes of miR-130b*. 

Until 2011, 25 potential NUP98 partners had been identified. The NUP98/PSIP1 

fusion gene codes for the two transcription factors p75 and p52 and, according to 

the data currently available, can be considered a marker for poor prognosis in AML 

[132] [114]. 

In summary it is striking that a large number of potential gene targets for the miR-

NAs discussed above, are involved not only in normal but also in malignant hema-

topoiesis. To which extent VENTX exerts its physiological and pathological role via 

the regulation of these miRNAs remains to be determined. Because the number of 
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potential target genes for each miRNA is considerably higher than the number dis-

cussed here, it can not be excluded that other target genes of these miRNAs play 

a key role for VENTX mediated effects. It should also be pointed out that, with the 

current online tools such as TargetScan, miRanda, PicTar, etc., various algorithms 

are available for miRNA target prediction. The tool used in this study, TargetScan-

Human Custom, includes new miRNAs which are still relatively unknown in the 

target search and is a follow-on from TargetScan. TargetScan was the first tool 

available for human miRNA target prediction with a false-positive target prediction 

rate of 22-31 %. It has been possible to reduce this initially high false-positive rate 

in subsequent versions [104] [103]. Despite this apparently very high false-positive 

rate for human miRNA target prediction, it should be pointed out that the seed 

complementarity method makes TargetScan one of the tools with the lowest false-

positive rates for human miRNA targets [123].  

The functional role of the five miRNAs expressed differentially in this study in he-

matopoiesis should be evaluated in more in-depth investigations. In this study, the 

expression levels of the three miRNAs miR-506, miR-642 and miR-616* were sig-

nificantly lower in the VENTX arm than in the control arm. Retroviral or lentiviral 

overexpression of these miRNAs should be carried out in order to shed further 

light on their function. Vice versa the expression of the miRNAs miR-130b* and 

miR-432* overexpressed in the VENTX arm should be reduced by means of lenti-

virally mediated shRNA knockdown to test their functional relevance. 

Aberrant expression of VENTX levels has to be shown to be extended to the most 

primitive progenitor compartment, which is thought to harbor the candidate leu-

kemic stem cells and makes VENTX a potential leukemogenic factor in this context 

[155]. Why so many human homeobox genes are expressed aberrantly in malig-

nant hematopoiesis has been unclear in most cases until now. One exception is 

the MLL (mixed lineage leukemia) rearranged AML, which accounts for 5 % of 

AML cases. This gene is essential for physiological hematopoiesis and is a known 

upstream regulator of Hox genes [33]. In the majority of cases, however, the cause 

of aberrant Hox gene expression remains unclear. The molecular mechanisms 

leading to aberrant expression of VENTX in some AML subtypes is unclear at 

present. To exclude mutations as a possible reason for aberrant expression of 

VENTX, the coding sequence (CDS) of VENTX was analysed for possible muta-
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tions in human malignant myeloid cell lines in which the VENTX expression levels 

were significantly higher than in CD34+ bone marrow progenitor cells [155]. In the 

first experiments, conducted under various PCR conditions, none of the respective 

VENTX CDSs were detectable in the five AML cell lines examined. One possible 

reason for this may have been the GC content, which is high in the CDS with 66 

%. As a consequence, the PCR x Enhancer System was used, which allows effi-

cient amplification of GC-rich templates. In fact, this made it possible to study three 

of the five AML cell lines for mutations in the VENTX coding sequence. However, it 

was not possible, to detect and sequence CDSs of VENTX in the K562 cell line, 

which was reported to highly express VENTX [155]. The expression of OCI-AML3 

cell line was not detectable in this study either. In NB-4, MV4-11 and EOL-1, it was 

possible to sequence and analyze a large proportion of the CDSs of VENTX suc-

cessfully. The initial sequences of all three cell lines exhibited a large number of 

undetermined bases which made it impossible to produce an alignment between 

the VENTX PubMed sequence and the sequences obtained in the respective cell 

lines in the initial regions of their CDSs (Fig. 37, 38, 39). These sequencing prob-

lems at and just after the primer binding site are normal and not attributable to me-

thodological errors. In order to be able to cover the complete CDS of VENTX, the 

primer would consequently have to be located further outside the CDS, as it was 

done in this study. It should be noted, however, that functionally important protein 

domains are rarely located at the very beginning or end of a given gen. As a result 

of the poor PCR amplification, it was not possible to detect the end of the VENTX 

CDS in the EOL-1 cell line either (Fig. 39). Interestingly, all three cell lines dis-

played a single nucleotide polymorphism at the same point in their CDS 

(rs2998143). According to the data from the USCS Genome Browser, this SNP 

occurs with a frequency of 61 % in the populations screened so far. A silent muta-

tion was observed in the EOL-1 cell line. Importantly VENTX has only been ex-

amined for SNPs in two larger populations of 60 individuals each. It is therefore 

theoretically possible, that this might also be an SNP when tested in a larger num-

ber of subjects. According to the results of this study, there is therefore no evi-

dence of relevant mutations in the VENTX CDS in the screened AML cell lines with 

the limitations imposed by the aforementioned points. Another reason for aberrant 

VENTX expression could originate from promoter methylation, gene amplification 
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or overexpression of upstream regulators of VENTX such as BMP-4. This would 

be important to test, but was beyond of this study.  
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5. Summary 

In recent years, it has been possible to identify VENTX, a member of the homeo-

box gene family, as a new regulator gene in normal and malignant hematopoiesis. 

Intensive research is currently focusing on the precise molecular mechanisms via 

which VENTX influences hematopoiesis. In an attempt to characterize potential 

molecular changes that are caused by VENTX and that might play a role in 

VENTX-associated leukemias, we performed profiling of the miRNA transcriptome 

from cord blood cells retrovirally transduced with VENTX and used cord blood cells 

transduced with the empty vector as a control. In this study, we established an al-

ternative protocol of retroviral transduction of human cord blood cells. In vitro as-

says were performed as a control and to demonstrate that we were able to use this 

method to reproduce our previous results. Thus, we confirmed again that VENTX 

stimulates myelopoiesis, while erythropoiesis is inhibited. By retroviral transduction 

of human cord blood cells, gene expression profiles of 754 microRNAs in VENTX-

associated hematopoiesis were tested and analyzed for the first time. MicroRNAs 

which, according to their expression levels, showed statistically significant changes 

in their expression, were miR-506, miR-642, miR-130b*, miR-432* and miR-616*. 

So far nothing is known about the function of these microRNAs in normal and ma-

lignant hematopoiesis. We identified a number of potential gene targets of these 

miRNAs that, are known to be involved in normal and malignant hematopoiesis. 

The extent to which VENTX is involved in both physiological and pathological 

processes via the regulation of these miRNAs remains to be determined on the 

basis of more in-depth studies. If these miRNAs will prove to be important for the 

biology of VENTX-associated leukemias, one potential approach to antagonize the 

oncogenic effect of VENTX would be the application of “anti-miRNA-associated 

oligonucleotides”.  

In the second part of this thesis project the VENTX protein-coding sequence was 

sequenced in a number of acute myeloid leukemia cell lines to identify potential 

mutations, which might explain aberrant expression of VENTX in malignant hema-

topoiesis. Despite the fact that we were unable to analyze the complete coding 

sequence of tested cell lines, the findings of this study provide no indication of re-

levant mutations that might explain the aberrant expression of VENTX in human 
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acute myeloid leukemia. These sequencing efforts are naturally only an initial step 

and experiments should be extended to acute myeloid leukemia patient samples to 

finally exclude VENTX mutations in this disease. It would also be important to 

study whether promoter methylation, gene amplification or overexpression of up-

stream regulators of VENTX contribute to its aberrant expression in acute myeloid 

leukemia. 
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