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1. INTRODUCTION 

1.1 Haematopoiesis 

The continuous production of cells of blood from the rare pool of haematopoietic stem cells 

(HSCs) which has the capacity to self-renew and further differentiate into an array of cell 

lineages with an intermittent progenitor cells feeding the terminally differentiated cell 

compartments. This process is called; “Haematopoiesis” and the resultant hierarchical 

system is termed as “Haematopoietic System”. Haematopoiesis supports vertebrate 

organisms for the whole life span (Bonnet, 2003; Doulatov et al., 2012; Dzierzak and 

Speck, 2008; Shanmugam et al., 1999; Wang and Wagers, 2011).   

 

In human, bone marrow provides a continuous supply of ~1x1012 cells every day  into the 

haematopoietic system which generates ~1 × 109 red blood cells and ~1 × 108 white blood 

cells every hour (Wang and Wagers, 2011). Moreover, the differentiated cells of 

haematopoiesis are the functional determinants of the immune system.  

 

Haematopoiesis occurs in at least two sequential phases during mammalian development; 

first, the primitive phase, which takes place at different locations in embryo at different 

time points (Fig. 1) and then followed by definitive phase (Wang and Wagers, 2011).  

1.1.1 Embryonic Haematopoiesis (Primitive Phase) 

 

Blood formation in the embryo takes place in various anatomical structures, depending on 

the embryonic stage. The embryonic haematopoietic system in mammals starts to develop 

from the mesoderm by an early common progenitor called the haemangioblast in yolk sac. 

From this haemangioblast, the first primitive nucleated erythrocytes develop on day 7-7.5E 

(E=embryonic day) in the mouse. Myeloid precursor cells appear in the yolk sac one day 

later and lymphoid precursor cells on day 8.5 post conceptionem (PC). The timeline of this 

whole process is depicted in Fig.1 (Wang and Wagers, 2011). Thus, the primitive phase of 

haematopoiesis begins early in yolk sac at E7.5 in mice and in human at 30dpc (days post 

coitus) which continues through allantois and placenta until 4wpc (weeks-post conception) 

in human and E10.5 in mice. The emergence of HSCs at this early time point is suggested 
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because the cells from yolk sac harbor the capacity of reconstituting haematopoiesis. AGM 

region gives rise to multi-potent-HSC at E10.5 and at 4wpc and is maintained until E16 

and 9 wpc in mice and human respectively. These HSCs mark the beginning of definitive 

phase of haematopoiesis. Thymus, liver and placenta starts functioning as sites of 

haematopoiesis by day E11 in mice and 5wpc in human and supports haematopoiesis until 

the time of birth in both systems. In addition, spleen starts to function as site of 

haematopoiesis from day E14 in mice and 6wpc onward in humans. Haematopoiesis in 

fetal liver and spleen in human starts to wane around 12 wpc and bone marrow begins 

haematopoiesis at this time; in mice this happens at day E18.  From the time of birth, bone 

marrow serves as the major site of haematopoiesis in human but in mice, it persists in spleen 

for several weeks postnatal and all other extra-medullary haematopoiesis is seized except 

in the event of any pathology (Bonnet, 2003; Doulatov et al., 2012; Dzierzak and Speck, 

2008; Spangrude et al., 1991; Wang and Wagers, 2011 ; Weissman et al., 2001). 

1.1.2. Adult Haematopoiesis (Definitive phase) 

 

In adult, the definitive hierarchical system develops and gives rise to a multi-lineage 

haematopoietic system; HSCs being the founder cells of haematopoietic system (Bonnet, 

2003; Doulatov et al., 2012 ; Spangrude et al., 1991; Wang and Wagers).  Adult HSCs 

harbor the capacity of self- renewal depending on extrinsic signals to produce daughter 

cells with a progenitor capacity to undergo differentiation and proliferation to generate a 

particular lineage (Reya et al., 2001; Wang and Wagers, 2011). Based on their self-renewal 

capacity, HSCs are further classified into long-term haematopoietic stem cell (LT-HSCs) 

and short-term haematopoietic stem cell (ST-HSCs). LT-HSCs can reconstitute the 

organism with a complete complement of blood cells beyond 12 weeks for lifetime, while 

ST-HSCs reconstitute the organism with all lineages but can transiently reconstitute for 

less than 8 week (Doulatov et al., 2012; Wang and Wagers, 2011) (Fig. 2). LT-HSC are 

rare cells, they occur at a frequency of 1:5,000 in mouse bone marrow (BM) cells and ST-

HSC occur at a frequency of 1:1,000 (Passegué et al., 2003) but in human BM, (LT-HSCs) 

are more rare as only 1 out of 106 cells  gives to successful transplantation  in mouse 

xenograft models (Doulatov et al., 2012). 
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Figure 1.Timeline of haematopoietic system development in mice and humans.  
[Note: HSC-haematopoietic stem cells; AGM-aorta-gonad-mesonephros; WPC-weeks post coitus; dpa-days 

post coitus; E- Embryonic day].  

 

[Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, Wang 

LD, Wagers AJ. Dynamic niches in the origination and differentiation of haematopoietic stem 

cells, Copyright (2011) Oct; 12(10): 643-655.] (Wang and Wagers, 2011).   

 

1.2 Haematopoietic Hierarchy 

 

LT-HSCs harbor the capacity to self-renew and give rise to cells with limited self-renewing 

capacity, which in turn differentiate into multipotent progenitors (MPPs) with undetectable 

self-renewing capacity, but are lineage restricted and generate oligo-potent progenitors 

(Doulatov et al.,2012 ; Reya et al., 2001; Spangrude et al., 1991; Wang and Wagers, 2011 

; Weissman et al., 2001). The MPPs further proliferate and differentiate into common 

myeloid progenitors (CMPs), lymphoid- primed multipotent progenitors (LMPPs) (in 

mouse) and multi-lymphoid progenitors (MLPs), common lymphoid progenitors (CLPs) in 

human. In mouse and human, CMPs differentiate into myeloid erythroid progenitors 

(MEPs) and granulocyte-monocyte progenitors (GMPs) which in turn give rise to 

erythrocyte, megakaryocytes, platelets and granulocyte, monocytes, macrophages 

respectively. In mouse, LMPPs differentiate into common lymphoid progenitors (CLPs) 

and GMPs. CLPs finally differentiate with intermittent earliest –thymic progenitors (ETPs) 

terminally giving T-cells, NK- cells, pro-B cells, B-cells and dendritic cells. Similarly, in 

humans MLPs produce lineage-restricted progenies of ETPs and B/NK cells, which 
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differentiate into T cells, B cells and NK cells, respectively. MLPs also produce dendritic 

cells and monocytes. In humans, it is suspected that MLPs could also differentiate into 

GMPs and they can produce dendritic cells (Doulatov et al., 2012). This classical textbook 

model is, however, unable to explain some findings in the haematopoietic process 

(Kawamoto et al., 2010). The same group therefore proposed an alternative “myeloid-based 

model”, in which myeloid potential is retained in all erythroid branches (Kawamoto et al., 

2010). Since the “classical model” is now standing for more than 30 years; in the meantime 

a lot of additional knowledge about different progenitors has become evident. Dick and 

colleagues have summarized all observations on this long-standing model of lineage 

determinations in human and mouse, which is depicted in Figure 2 (Doulatov et al., 2012). 
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Figure 2. Adult haematopoietic system: Haematopoietic hierarchy in adult mouse and human and 

expressed surface markers used in identification and isolation of various lineages.  

 
[Note: CDs- cluster of differentiation markers; HSC- haematopoietic stem cells; LT-HSC- long term HSC; 

ST-HSC-short term-HSC; IT-HSC-intermediate term-HSC; MPP-multipotent progenitors; LMPP- lymphoid 

biased MPPS; ETP-earliest thymic progenitors; CLP- common lymphoid progenitors; GMP-granulocyte 

myeloid progenitor; MEP-myeloid erythroid progenitor; proB-pro B cells; NK-natural killer cells; B/NK- B 

cells/NK  cell biased; Lin- lineage; Sca-1-Stem cell antigen 1, also known as Ly6A-lymphocyte antigen 6 

complex locus A; c-kit-KIT oncogene receptor kinase variant , also known as CD117 and steel factor]. 

 
 [Reprinted from  Cell Stem Cell 2012 Feb 3; 10(2), Doulatov S, Notta F, Laurenti E, Dick JE. Hematopoiesis: 

a human perspective, 120-136, copyright (2012), with permission from Elsevier] (Doulatov et al., 2012). 
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The use of fluorescence activated cell sorting (FACS) technique has remarkably facilitated 

the identification and isolation of cells from each haematopoietic compartment depending 

upon the surface proteins, termed as cluster of differentiation (CD).  These CDs are used 

as markers of lineage identification in the study of haematopoiesis as they are specific to 

each compartment (Bonnet, 2003; Doulatov et al., 2012; Spangrude et al., 1991). HSCs of 

mouse are found in bone marrow with no lineage surface marker (linneg) but they are 

positive for Sca1 and c-kit (LSK) (Spangrude et al., 1991). In human, HSC populations do 

not have lineage markers (linneg), but are high for CD34 and are negative for CD38 

expression (Doulatov et al., 2012; Spangrude et al., 1991). An array of markers are 

identified in mouse and humans to determine lineage commitment, pictorially depicted in 

figure 2 and reviewed by Doulatov et al. (Doulatov et al., 2012).  Lineage markers which 

are expressed in terminally committed and differentiated cells are as follows: B220 for B-

cells, CD4/CD8 for T-cells, GR-1 for granulocytes, MAC-1 for macrophages and NK1.1 

for Natural Killer cells (Ceredig et al., 2009). 

It is becoming increasingly evident that some of the lymphoid lineage precursors are found 

to hold the plasticity to differentiate into myeloid lineage  as well, thus new models of 

haematopoietic hierarchies explaining this plasticity are emerging  (Ceredig et al., 2009).   

 

1.3 Transcription Factors of the Haematopoietic System 

 

Haematopoiesis is regulated by interplay of an array of key transcription factors (Fig. 3 and 

4) and signalling pathways [explored and reviewed in (Ceredig et al., 2009; Doulatov et 

al., 2012; Wang and Wagers, 2011; Zhu and Emerson, 2002)].  Transcription factors of the 

TGF-β and FGF families lead to mesoderm induction at the blastula stage and mesoderm 

ventralization is necessary for embryonic haematopoiesis which is guided by ventralizing 

homeobox genes from the Vent and Mix families (Davidson and Zon, 2000; Huber and 

Zon, 1998).  Both TGF-β and FGF 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 (Jones et al., 1996; Winnier et al., 1995), whereas the ectopic 

expression of BMP-4 after gastrulation leads to increased blood production. Important 
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early markers of Haematopoietic mesoderm which are induced by BMP-4 are: GATA-1, 

GATA-2 and also the transcription factor SCL (Fig.3). 

 

 

Figure 3. Example of interaction of extrinsic growth factor activating HSCs transcription 

programme. BM-mesenchymal cells present Jagged-1 to the membrane bound Notch1, leading to 

cleavage of cytoplasmic domain allowing it to enter nucleus. Similarly, in embryos BMP-4 

transduces the activation signals for HSCs through GATA-2. 

 
[Note: HSC- Haematopoietic stem cell; GATA2-GATA-binding protein 2; Notch1- Notch Homolog 1 

Translocation-Associated; BMPR-Bone morphogenic protein receptor;  BMP-4- Bone morphogeneic 

protein-4;  Jagged-1-homologue of the the Drosophila Jagged protein, a ligand for Notch1;  ALK- Anaplastic 

lymphoma receptor tyrosine kinase;  Smad-family of proteins belonging to gene similar to Drosophila ‘ 

mothers of decapentaplegic’and the C. elegance gene Sma]. 

 
[Reprinted by permission from Macmillan Publishers Ltd: Oncogene. Zhu J, Emerson SG. Hematopoietic 

cytokines, transcription factors and lineage commitment. Oncogene 2002 May 13; 21(21): 3295-

3313., Copyright (2002)] (Zhu and Emerson, 2002).  

 

Geoffrey Brown and colleagues (Ceredig et al., 2009), in their opinion article mapped all 

the transcription factors known till then in the haematopoietic system providing an 

elucidative picture with  respect to hierarchal states and stages of haematopoiesis (Fig. 4) 

(Ceredig et al., 2009). The factors involved in adult HSC maintenance and differentiation 

can be divided into intrinsic and extrinsic signals. PTEN, BMI-1, TEL/ETV-6, p21 and the 

homeobox gene HOXB4 are well studied intrinsic factors. PTEN-is involved in the cell 

cycle of HSCs  as its deficiency leads to a decrease in the stem cell pool (Rossi and 

Weissman, 2006). BMI-1, which belongs to the Polycomb group is essential for HSC self-

maintenance as revealed in loss of function analyses in mice (Iwama et al., 2004), and 

TEL/ETV-6 was first identified regulator of stem cell survival (Hock et al., 2004).  Over-
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expression of the homeobox gene HOXB4 using retroviral expression system increased 

HSC numbers significantly (Antonchuk et al., 2002; Buske et al., 2002). In the HSC cell 

cycle, the transition from G0 to G1 phase is regulated by p21; the cyclin-dependent kinase 

inhibitor. The number of HSC decreases in p21-/- mice which are compensated for by an 

increase in HOXB4-induced stem cell self-renewal (Cheng et al., 2000; Miyake et al., 

2006). 

 

The development of the CMP compartment is marked with co-expression of PU.1 and 

GATA-1 which interact physiologically. Erythrocyte and megakaryocytes differentiation is 

governed by co-expression of GATA-1 and the cofactor FOG (friend of GATA-1), whereas 

eosinophils are marked with expression of GATA-1 and C/EBPß (Querfurth et al., 2000; 

Tsang et al., 1997). 

 

GMP develops into granulocytes; monocytes and their differentiation have been shown to 

be regulated by ETS family transcription factor PU.1 and C/EBPα (DeKoter and Singh, 

2000; Zhang et al., 2000). PU.1 promotes both myeloid and lymphoid differentiation by 

deregulating GATA-1 function through preventing GATA-1 binding to its targets DNA 

sequences (Zhu and Emerson, 2002). 

 

Notch1 signalling pathway is crucial for the start of T lymphocyte development which takes 

place in the thymus. It inhibits the transcription of genes important in B cell development 

(Zhu and Emerson, 2002). E2A and EBF are the transcription factors required in the initial 

phase of B lymphocyte differentiation. Their non-functionality leads to inhibition of B cell 

differentiation (Lin and Grosschedl, 1995; Zhuang et al., 1994). EBF directly regulates 

PAX5, which is an important regulator of lymphopoiesis. Its absence blocks differentiation 

and leads to dedifferentiation of B cells (Nutt et al., 1999). 
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Figure 4. Scheme showing transcription factors (TFs) involved in driving haematopoiesis. TFs 

driving cells into certain fate is shown by Green colour and inhibition of fate is shown in Red Color. 

Over-expression of certain TF driving a committed progenitor into other lineage is marked with 

arrows and also the phosphorylation states are marked.  

 
[Note: AP1-activator protein 1; C/EBPα- CCAAT/enhancer-binding protein-α; EBF1- early B-cell factor 1; 

EDAG – erythroid differentiation- associated gene; EKLF- Erythroid Kruppel-like factor; FOG1- friend of 

GATA1; GATA – GATA-binding protein; PAX5- paired box protein 5.] 

 

[Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Immunology. Ceredig R, Rolink 

AG, Brown G. Models of haematopoiesis: seeing the wood for the trees. Nat. Rev. Immunol. 2009 Apr; 9(4): 

293-300), Copyright (2009)] (Ceredig et al., 2009). 

 

Thus, to maintain the homeostasis of haematopoiesis, it is indispensable for HSCs and 

progenitor cells to keep the harmony among cellular process; self-renewal, proliferation, 

differentiation and programmed cell death (apoptosis).  These processes are in turn 

regulated by an array of key molecular players, such as transcription factors. To transform 

into a leukaemogenic cell, haematopoietic cells need to acquire mutations, which affect 
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more than one of the processes. Therefore, molecular changes such as mutations and 

chromosomal abnormalities that lead to a block in differentiation prevent apoptosis or 

increase proliferation can result in malignant transformation. Depending on the type of 

lineage precursor affected and the speed of progression, malignant haematopoiesis is 

broadly classified into acute myeloid leukaemia (AML), chronic myeloid leukaemia 

(CML), acute lymphoid leukaemia (ALL) and chronic lymphoid leukaemia (CLL). 

Since the focus of this thesis is on AML, this type of leukaemia will be introduced in more 

detail.  

1.4  Acute myeloid Leukaemia 

 

Acute myeloid leukaemia is a heterogeneous disease both genetically and phenotypically, 

which develops as a result of clonal transformation and proliferation of a Haematopoietic 

stem cells or early progenitor cells (Fig.5). There are two commonly used classification 

schemes for AML. The older FAB (French British American) system classifies AML 

mainly according to criteria relating to blast cell morphology. The newer revised WHO 

classification maintains the structure and philosophy of FAB classification, but in addition 

incorporates immunophenotypic, cytogenetic and molecular genetic aspects and provides 

prognostic information [(e.g. for cases of “AML,NOS” (AML-not-otherwise-specified; 

when NPM1 and CEBPA mutation data are available),  myelodysplastic syndrome)] 

(Lindsley and Ebert, 2013; Vardiman, 2012; Walter et al., 2013) (Table 1 and 2).  

The recently identified AML (leukaemia) associated mutations in epigenetic-modifying-

enzymes and their frequencies are listed in table 3 and 4. 
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Figure 5.  Heterogeneity of AML: Pie chart representation of the genetic heterogeneity of AML 

and the frequency of associated genetic aberrations/mutations.  

 
[Note: NPM1- nucleophosmin 1;  CEBPA- CCAAT/Enhancer binding protein alpha; MLL- mixed lineage 

leukemia gene; RUNX1-Runt related transcription factor 1;  FLT3-Fms related tyrosine kinase 3;  RAS-Rat 

sarcoma viral antigene;  NRAS-Neuroblastoma RAS viral oncogene homologue;  WT1-Wilms Tumor 1; t- 

translocations;  inv- inversion;  t(8;21),  inv(16/t(16;16), t(9;11), t(11q23), t(6;9), inv(3)/t(3;3) – all are 

chromosomal translocations]. 

 
[Adopted and modified from Silvia, T. (2011). The role of Cdx genes in normal and malignant hematopoiesis 

(Doctroral disserataion).] Retrieved from https://push-zb.helmholtz muenchen.de/deliver.php?id=365 

(Sylvia, 2011). 

 

 



Introduction 

 

 
12 

Table 1: New WHO Classification: only major disease categories. 

 

Note: RUNX1-Runt related transcription factor 1;  CBFB-MYH11- fusion of Core binding factor 

beta subunit with Myosine heavy chain 11, smooth muscle gene; PML-RARA- fusion of 

Promyelocytic leukemia gene with retinoic acid receptor alpha; MLLT3-MLL – fusion of Myeloid-

lymphoid or mixed lineage leukemia translocated to, 3-with mixed lineage leukemia gene;  DEK-

NUP214- fusion of DEK proto oncogene with nuleoporin 214kDA protein (NUP214);  RPN1-

EV11- fusion of Ribophorin1 with Ecotropic viral integration site 1 locus; RBM15-MKL1 – RNA 

binding motif 15protein  with Megakaryoblastic leukemia 1. 

 
Acute myeloid leukaemia 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 

AML 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 leukaemia with myelodysplasia- related changes  

Therapy-related myeloid neoplasms 

Acute myeloid leukaemia, not otherwise specified (NOS) 

 
AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute myelomonocytic leukaemia 

Acute monoblastic/monocytic leukaemia 

Acute erythroid leukaemia 

Pure erythroid leukaemia 

Erythroleukaemia, erythroid/myeloid 

Acute megakaryoblastic leukaemia 

Acute basophilic leukaemia 

Acute panmyelosis with myelofibrosis 

 
[This research was originally published in Blood. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz 

MJ, Porwit A, et al. The 2008 revision of the World Health Organization (WHO) classification of myeloid 

neoplasms and acute leukemia: rationale and important changes. Blood 2009 Jul 30; 114(5): 937-951. 

Copyright © The American Society of Hematology.](Vardiman et al., 2009). 
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Table 2: 2008 WHO classifications of MDS  

 
Disease 

 

Common 

abbreviation 

Peripheral blood finding Bone marrow finding 

Refractory cytopenia 

with unilineage 

dysplasia 

RCUD 

Uni- or bicytopenia, blasts <1% 

Unilineage dysplasia (≥10% of 

cells in one myeloid lineage), 

blasts <5%, ring sideroblasts 

comprising <15% of erythroid 

precursors 

 

Refractory neutopenia RA 

 Unilineage dysplasia RT 

Refractory anemia RA RARS 

Refractory anemia with 

ring sideroblasts 
RARS 

Anemia, blasts absent 

Ring sideroblasts constitute 

≥15% of erythroid precursors, 

dysplasia limited to erythroid 

lineage, blasts <5% 

Refractory cytopenia 

with multilineage 

dysplasia 

RCMD 
Cytopenia(s),a blasts <1%, no Auer 

rods, monocytes<1 × 109 liter−1 

Dysplasia in ≥10% of cells in 

more than one myeloid lineage, 

blasts <5%, no Auer rods 

Refractory anemia with 

excess blasts–1 
RAEB-1 

Cytopenia(s), blasts <5%, no Auer 

rods, monocytes<1 × 109 liter−1 

Dysplasia in ≥1 lineage, blasts 

5–9%, no Auer rods 

Refractory anemia with 

excess blasts–2 
RAEB-2 

Cytopenia(s), blasts 5–19%, 

presence or absence of Auer rods, 

monocytes <1 × 109 liter−1 

Dysplasia in ≥1 lineage, blasts 

10–19%, presence or absence of 

Auer rods 

Myelodysplastic 

syndrome, 

unclassifiable 

MDS-U Cytopenias, blasts ≤1% 

Unequivocal morphologic 

dysplasia in <10% cells of at 

least one lineage when 

accompanied by a clonal 

cytogenetic abnormality,  

blasts <5% 

MDS with isolated 

del(5q) 
- 

Anemia, platelet count normal or 

increased, blasts <1% 

Normal or increased 

megakaryocytes with 

hypolobated nuclei, blasts <5%, 

isolated del(5q) cytogenetic 

abnormality, no Auer rods 

Chronic 

myelomonocytic 

leukaemia 

CMML 
Persistent monocytosis (monocytes 

>1 × 109 liter−1) 

Dysplasia in one or more 

myeloid lineages; if 

dysplasia absent, diagnosis can 

be made if (a) acquired clonal 

cytogenetic or molecular genetic 

lesion is present and (b) 

monocytosis persists for more 

than three months and other 

causes are excluded; no 

Philadelphia chromosome or 

BCR-ABL1 fusion gene; no 

rearrangement of PDGFRA or 

PDGFRB; blasts <20% 

Myelodysplastic/ 

myeloproliferative          

neoplasm, 

unclassifiable 

MDS/MPN 

(a) Clinical, laboratory, morphological features of MDS and <20% bone 

marrow blasts; (b) prominent myeloproliferative features, including 

either platelets >450 × 109 liter−1 with associated megakaryocytic 

proliferation or white blood cells ≥13 × 109 without splenomegaly; and 

(c) no prior MDS or MPN, no BCR-ABL1 fusion gene, no 

rearrangement of PDGFRA or PDGFRB, no isolated del(5q) or 3q 

abnormalities, no recent exposure to cytotoxic therapy or 

Haematopoietic growth factors. Alternatively: de novo disease with 

mixed MDS/MPN features that cannot be assigned to another category 

of MDS,MPN, or MDS/MPN 

RARS associated with  

marked thrombocytosis 

 
RARS-T 

 

Note: a Cytopenias are defined as follows: hemoglobin, <10gdl−1; absolute neutrophil count, <1.8 × 109 liter−1; 

platelets, <100 × 109 liter−1. 
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Table 2: 2008 WHO classification of MDS  

[This research was originally published in Annual Reviews of Pathology. Lindsley RC, Ebert BL. Molecular 

pathophysiology of myelodysplastic syndromes. Annu Rev Pathol 2013 Jan 24; 8: 21-47. Copyright © 2013. 

Annual Reviews of Pathology: Mechanisms of Disease.](Lindsley and Ebert, 2013). 
[This research was also originally published partly in Blood. Vardiman JW, Thiele J, Arber DA, Brunning 

RD, Borowitz MJ, Porwit A, et al. The 2008 revision of the World Health Organization (WHO) classification 

of myeloid neoplasms and acute leukemia: rationale and important changes. Blood 2009 Jul 30; 114(5): 937-

951. Copyright © The American Society of Hematology] (Vardiman, 2012). 

 

 

Cytogenetically, AML can be divided into two main subgroups. The first group, which 

accounts for almost 47% of all AML cases, includes AML without chromosome aberrations 

and are called cytogenetically normal AML. Molecular mutations are frequently found in 

this category affecting the genes playing a role in proliferation pathway such as the receptor 

tyrosine kinase FLT3, Kit and Fms or the nucleophosmin protein (NPM1). NPM1 

mutations have been reported in 50% to 60% of adult AML-CN and mutated proteins 

localize aberrantly in the cytoplasm (Kimber et al., 2008). FLT3 is mutated by internal 

tandem duplications (ITD) or mutations in the tyrosine kinase domain (TKD), both 

resulting in a constitutive activity of the kinase. In CN patients, FLT3 mutation is 

frequently found in 50-60% of NPM mutated patients.  

Over the last 5 years, it has become increasingly evident that epigenetic regulators of 

haematopoiesis are frequently mutated in all classes of haematologic malignancies (Table 

3) (Goodell and Godley, 2013) and also relative to normal haematopoietic progenitors and 

de novo AML; MDS and secondary AML (sAML) are found to be associated with large 

alterations in DNA methylations (Figueroa et al., 2009; Lindsley and Ebert, 2013). 
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Table 3: Epigenetics regulators mutated and associated malignancies 

Note:*AITL-Angio Immunoblastic T-cell lymphoma; B-ALL-B cell Acute Lymphoid Leukaemia; 

DLBCL-Diffuse Lymphoblastic B-cell Lymphoma; ETP-ALL- Early-T-Precursor Acute 

Lymphoid Leukaemia; FL- Follicular Lymphoma; HL-Hodgkin’s Lymphoma; MDS- 

Myelodysplastic Syndrome; MF- Myelo Fibrosis; MM-Multiple Myeloma; PBML- Primary 

Mediastinal Lymphoma; PTCL- Peripheral T-cell Lymphoma not otherwise specified; T-ALL- T-

cell Acute Lymphoblastic Leukaemia (only regulators mutated at high frequency are listed). 
 

 Molecules  Associated Diseases * 

Polycomb-

repressive 

complex 

EZH2, FL, DLBCL, T-ALL, PBML, MDS, MPN, MF, 

AML 

SUZ12, T-ALL 

EED, T-ALL 

ASXL1 MDS, AML, CML 

Trithorax 

complex  

MLL1 B-ALL, T-ALL 

MLL2 FL, DLBCL 

MLL rearrangements ALL, AML 

Histone 

demethylase 

UTX MM 

JMJD2C PMBL, HL 

KDM2B DLBCL 

Histone 

acetylation 

CREBBP DLBCL, FL 

EP300 DLBCL 

Histone 

methylation 

MMSET MM 

Chromatin 

remodeling 

ARID1A Pediatric B-CLL, CLL 

CHD2 B-CLL 

DNA 

modification 

DNMT3A AML, MDS, ETP-ALL, AITL, PTCL, MF, CMML, 

MPN 

TET2 AML, MDS, MPN, MF, DLBCL, FL, AITL, PTL 

Other IDH1/2 MDS, AML, ETP-ALL 

HIST1HC DLBCL 

 

[This research was also originally published partly in Blood. Goodell MA, Godley LA. Perspectives and 

future directions for epigenetics in hematology. Blood 2013 Jun 27; 121(26): 5131-5137. Copyright © The 

American Society of Hematology](Goodell and Godley, 2013). 

 

TET2, DNMT3a and IDH1/2, the epigenetics-modifying genes have been extensively 

screened for mutation in leukaemia and an associative co-relations with mutations in other 

genes and prognostic significance are deduced (Goodell and Godley, 2013; Wakita et al., 

2013; Weissmann et al., 2012; Yamazaki et al., 2012).   
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TET2 [ten-eleven translocation (TET) oncogene family member 2] is a methyl transferase.   

Mutations in TET2 were found initially in myeloproliferative neoplasm (MPN) and later 

were studied in systemic mastocytosis, CMML, MDS, MDS/MPN and AML. TET consists 

of three family members, TET1, TET2, TET3, but TET2 is found to be the only member 

frequently mutated in myeloid leukaemia. TET2 is mutated in 23-30% AML patients with 

normal karyotype and 22-24% AML with myelodysplasia changes and 29% in patients 

older than 60 years. It is mutated in 19-16% patients of MDS and 42-50% in patients of 

CMML. (Reviewed in (Lindsley and Ebert, 2013; Yamazaki et al., 2012). In one of the 

studies carrying out mutation screening at diagnosis and relapse of AML patients (n=34), 

out of 45 gene mutations 11 were lost at relapse and 5 newly acquired gene mutations were 

detected and all were class I mutations of FLT3 and RAS. The lost mutations at relapse 

were FLT3-ITD (27.3%), FLT3-TKD (100%) and NPM1 (23.1%) and CABP-α (40%); 

interestingly the status of epigenetics-modifying gene (DNMT3a, TET2, IDH1/2) was not 

changed at relapse and a higher frequency of FLT3-ITD was found in patients associated 

with mutations of epigenetics modifying genes. This study clearly suggested that 

epigenetics-modifying-genes mutations cause genetic instability and can induce FLT3-ITD 

rendering therapy resistance and relapse (Wakita et al., 2013). 

DNMT3A( DNA(cytosine-5-)-methyltransferase 3 alpha) mutations are associated 

approximately with 22% of de novo AML, 2-8% of MDS and upto 7% of CMML and 

primary myelofibrosis.  Dnmt3a lacking HSCs increase expression of genes associated with 

stem cell multi-potency, consequently leading to decrease in expression of genes required 

for differentiation. These studies suggest that Dnmt3a in murine haematopoiesis balances 

self-renewal and differentiation.  

IDH1/2 (iso-citrate dehydrogenase genes 1/2) mutations in leukaemia are commonly 

associated with normal karyotype and uniformly mono-allelic and in MDS these mutation 

show poor prognosis.  IDH1/2 mutations are founds in 15-25% of AML and in 4-12% of 

MDS patients, as mostly as heterozygous missense mutations (Lindsley and Ebert, 2013). 
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Table 4: Major epigenetic modulators associated with leukaemia and frequency of   

     mutations.   

Note: DNMT3A - DNA (Cytosine-5-)-Methyltransferase 3 Alpha; TET2- Tet- Methylcytosine 

dioxygenase 2, IDH1- Isocitrate dehydrogenase (NADP(+)) 1, cytosolic ; IDH2- Isocitrate 

dehydrogenase (NADP(+)) 2, mitochondrial. 

 

Genes coding  

Epigenetics-modifying-enzyme 

AML 

(%) 

Unselected MDS 

(%) 

CMML 

(%) 

DNMT3A 22 2-8 7 

TET2 23-30 22-24 42-50 

IDH1/2 15-25 4 to 12 1-3 

 

The second cytogenetic group includes AML with an abnormal or complex karyotype, 

which harbors chromosomal translocation. Translocation (trans= across; location= place) 

is the term used to describe a chromosomal rearrangement involving two or more 

chromosomes. A translocation fuses two genes together which could lead to the expression 

of a chimeric protein whose activity, unlike that of the parent proteins is often constitutive 

and frequently found in AML. Translocations can also lead to the juxtaposition of the 

coding region of a gene near the transcriptionally active promoter/enhancer region of 

another gene, hence leading to over-expression of the former gene, which is more 

frequently observed in lymphoid leukaemia (Table 3). In AML, chromosomal 

translocations most frequently targeted transcription factors involved in the regulation of 

normal haematopoietic differentiation, such as AML1 (Runx1), core binding factor (CBF) 

and homeobox genes such as HOXA9, A10 (Abramovich and Humphries, 2005; Alharbi 

et al., 2013; Argiropoulos and Humphries, 2007; Goyama and Mulloy, 2011; Rice and 

Licht, 2007; Speck and Gilliland, 2002). 

Chromosome translocations involving AML1 and CBF result in loss of function of CBF. 

These include t(8;21), which results in the AML1-ETO fusion protein, whereas the 

inversion inv(16) (p13q22) leads to expression of CBFβ-SMMHC, which is associated with 

AML M4eo. The other translocations in this group are t(12;21)(p13;q22), generating fusion 

protein TEL/AML1 (also called ETV6- RUNX1) causing pediatric ALL, and 

t(15;17)(q22;q12) resulting in fusion protein PML-RARα causing acute 

promyeolomonocytic leukaemia (AML M3). The fusion proteins generated by these 

translocations result in dominant-negative inhibitors of CBF. Given that CBF is important 
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for normal haematopoietic development, these translocations triggers abnormal 

haematopoiesis (Dash and Gilliland, 2001; Gilliland, 2001; Gilliland et al., 2004; Gilliland 

and Tallman, 2002).  

The other major group of AML is attributed to translocations involving homeobox proteins 

leading to HOX fusion proteins (Alharbi et al., 2013).   

 

Table 5:  Major translocations in AML and other types of leukaemia.   

Note: t- translocation, inv- inversion, p- short arm of chromosome, q-longer arm of chromosome, 

AML1/ETO –  fusion of acute myeloid leukemia 1 (AML1) with eight twenty one (ETO) on 

chromosome 8;  CBFβ/SMMHC – fusion protein involving Core binding factor beta (CBFβ and 

coiled- smooth muscle myosin heavy chain (SMMHC); TEL/AML1- fusion involving 5’ region of 

ETS related gene, TEL (ETV6) with acute myloid leukaemia gene 1 (AML1) (now known as 

RUNX1), BCR-ABL –fusion  protein as a result of translocation involving gene Breakpoint cluster 

region (BCR) gene with ABL (Abelson) Proto-Oncogene 1, Non-Receptor Tyrosine Kinase 

(ABL1); MLL-AF4 – fusion of Mixed Lineage Leukaemia  (MLL) gene with AF4 /lymphoid 

nuclear protein related to AF4/Fragile X E mental retardation syndrome (AF4) ; PML-RARα – 

fusion of Promyelocytic Leukaemia  (PML) with Retinoic Acid Receptor Alpha (RARα).  *AML1- 

now known as RUNX1. 

 

Genetic aberrations 

(Translocations / 

mutations) 

Fusion protein Disease Frequency 

t(8;21)(q22;q22) AML1/ETO  

AML 20-25% 

 

inv(16)(p13q22) CBFβ/SMMHC 

t(12;21)(p13;q22) TEL/AML1* Pediatric ALL 25% 

t(9;22)(q34;q11) BCR/ABL ALL 30% 

t(4;11)(q21;q23) MLL-AF4 ALL 30% 

t(15;17)(q22;q12) PML / RARα Acute 

promyelomonocytic 

leukaemia 

10% 

 

HOX genes are expressed in mammalian adult tissues, both normal and neoplastic (Care et 

al., 1996), (Barba et al., 1993), (De Vita et al., 1993; Wang et al., 2001), (Watrin and 

Wolgemuth, 1993). In haematopoietic compartment, HOX/ Hox genes are expressed at high 

levels in stem cells, at reduced levels in progenitors, and their expression is shut down in 

the mature compartment (Antonchuk et al., 2002; Giampaolo et al., 1995; Schnabel et al., 

2000; Lawrence et al., 1996). An aberrant expression of HOX/Hox genes leads to 

deregulation of haematopoietic differentiation programme (Alharbi et al., 2013). Over-
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expression of HOXA10 in the progeny of human cord blood or fetal liver cells perturbs 

human lymphomyelopoiesis in vitro and in vivo (Buske et al., 2001) and a number of Hox 

genes such as Hoxa9, Hoxa10, Hoxb6 or Hoxb8, lead to induction of leukaemia (Perkins 

and Cory, 1993; Borrow et al., 1996), (Thorsteinsdottir et al., 1997; Fischbach et al., 2005; 

Bach et.al., 2010). HOX/Hox genes are aberrantly expressed in patients of AML and other 

leukaemia (Rawat et al., 2008; Rice and Licht, 2007).  In BXH2 mice leukaemia using a 

pro-viral activation tagging, a co-related expression of Hoxa7 or Hoxa9 expression with 

MeisI expression was detected, showing that Pbx-1 co-operates with Hox in leukaemia and 

acts as co-activator (Raza-Egilmez et.al., 1998). A co-relative expression of Hox and MeisI 

genes are associated with poor response to therapy.   

Nucleophosmin 1 (NPM1) expression is associated with deregulation of HOX gene 

expression. NPM1 is an important chaperon protein, which shuttles between nucleus and 

cytoplasm. It is important in genomic stability, cell cycle and ribosome biogenesis. NPM1 

mutation is the most common mutation in AML, which accounts for about 45-55% of 

normal karyotype AML and is reported in about 35% in AML. In these AML, a number of 

HOX genes, such as HOXA4, HOXA6, HOXA7, HOXA9, HOXB9, and MEIS1 are 

overexpressed in either context of NPM1 location (nucleus or cytoplasm) but HOXB2, 

HOXB3, HOXB5 are upregulated only in NPMc+ (NPM1 in cytoplasm) (Alharbi et al., 

2013; Mullighan et al., 2007b). 

HOX gene deregulation in AML can be an indirect effect of either an aberrant expression 

or other genetic aberrations of their upstream regulators, such as MLL or CDX2 (Frohling 

et al., 2007; Rawat et al., 2008; Slany, 2009).    

HOX genes are often targets of chromosomal translocation, with NUP98 often functioning 

as fusion partner. In human acute myeloid leukaemia, t(7;11)(p15;p15) translocation results 

in HOXA9-NUP98 fusion protein.  Other members of HOX can also be fused with NUP98, 

including HOXA11 and HOXA13 (Fujino et al., 2002; Suzuki et al., 2002), HOXD11 and 

HOXD13 (Raza-Egilmez et al., 1998; Taketani et al., 2002), and HOXC13 (Tosic et al., 

2009). A chromosomal rearrangement t(7;11) (p15;p15), leads to NUP98-HOXA9 causing 

AML (Borrow et al., 1996; Nakamura et al., 1996). In the NUP98-HOX fusion, the N-

terminal portion of NUP98 containing FG-GLEBS-FG domain fuses with the C-terminal 

portion of HOX retaining PM-H-HD-domains. [MD: MEIS domain, PM: Pbx motif, H: 
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hexapeptide, HD: homeodomain, FG: phenylalanine-glycine, GLEBS: gle2p-binding-like 

motif, RBD: RNA-binding domain] (Alharbi et al., 2013). 

Thus, AML has been associated with two groups of distinct genetic changes which are 

classified as Class-I and Class-II mutations.  Class-I mutations affect kinases such as FLT3, 

KIT, NRAS/KRAS and JAK/STAT, which leads to increased activity of signal 

transduction pathways and enhanced proliferation of HSCs or progenitors. Class-II 

mutations target transcription factors which regulate haematopoiesis and lead to a block in 

the differentiation programme (Alharbi et al., 2013; Gilliland et al., 2004; Gilliland and 

Tallman, 2002). Transcription factors belonging to the family of homeobox genes are 

among the most aberrantly expressed genes in AML (Abramovich and Humphries, 2005; 

Alharbi et al., 2013; Argiropoulos and Humphries, 2007; Bach et al., 2010; Gilliland et al., 

2004; Gilliland and Tallman, 2002; Lawrence et al., 1996; Rawat et al., 2012; Rice and 

Licht, 2007; Scholl et al., 2007). 

1.5 Homeobox genes  

 

The homeobox (HB) was first identified in the 1980s as a sequence motif that was shared 

among Drosophila homeotic genes (the HOM-C complex), where they play a key role in 

embryonic differentiation along the anterior–posterior (ap) axis during development (Stein 

et al., 1996). Consequently, orthologs and homologs of Hox genes were identified in all 

eukaryote species. It is estimated that human genome contains at least 235 functional 

homeobox genes and 65 pseudo-homeobox genes (Tupler et.al., 2001) 

(http://ghr.nlm.nih.gov/geneFamily/homeobox), of which only 39 are members of the HOX 

family and most other homeobox genes are dispersed throughout the genome (Abate-Shen, 

2002).   

Members of the homeobox family are transcription factors and are characterized by the 

presence of a 180 bp long homeobox sequence coding for a helix-turn-helix (HTH) motif, 

called as homeodomain. Homeodomain containing transcription factors bind to DNA with 

this highly conserved 60 amino acid (AA) region (Fig. 6) and regulate the expression of 

their target genes which are commonly  involved in development and differentiation 

(Billeter et al., 1993; Wintjens and Rooman, 1996). Homeodomain provides the DNA 

binding ability (Vershon et al., 1995) as well as DNA binding dependent co-operative 

formation of complexes with other members of homeobox genes forming 

http://ghr.nlm.nih.gov/geneFamily/homeobox
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heterodimers/trimmers (Shanmugam et al., 1999). The N51S (asparagine to serine) 

mutation in the homeodomain abrogates DNA binding of other members of the homeobox 

gene family such as HOXD4 and HOXD9. In its monomeric state, HOXD4 completely 

loses its DNA binding capacity in the presence of the N51S mutation. (Shanmugam et al., 

1999). In addition, the homeodomain had been shown to be crucial  

for heterodimer formation of MEIS1A-PBX1, MEIS1A-HOXD9 and, interestingly, the co-

operative DNA binding by these complexes is affected to a greater extent by the N51S 

mutation in PBX1 and MEIS1 in respective complexes (Shanmugam et al., 1999). The 

DNA binding of MEIS1A is absolutely required for formation of co-operative heterodimers 

with HOXD9. In addition, the homeodomain had been shown to be crucial for heterodimer 

formation of MEIS1A-with PBX1, MEIS1A with HOXD9 and interestingly the co-

operative DNA binding by these complexes is affected by N51S mutation in PBX1 and 

MEIS1 in respective complexes (Shanmugam et al., 1999).  

Figure 6.  Structure of the homeodomain showing engrailed DNA. Three-dimensional structure 

of the homeodomain which consists of 3 α helices. 
[Reprinted by permission from Macmillan Publishers Ltd: Nature Reveiws Cancer. Abate-Shen C. 

Deregulated homeobox gene expression in cancer: cause or consequence? Nat. Rev. Cancer 2002 Oct; 2(10): 

777-785., Copyright 2002](Abate-Shen, 2002). 

 

Homeobox genes are divided into two classes, Class I include clustered HB (HOX) genes 

while the Class II, and divergent HB (i. e. non-HOX) genes are dispersed throughout the 

genome. The HOX genes are organized in clusters on 4  chromosomes in human and mice 

[HOXA (7p15), HOXB (17q21), HOXC (12q13) and HOXD (2q31)] (Alharbi et al., 2013; 

Rice and Licht, 2007) (Fig. 7 ) and the Class-II include small families, such as the MSX, 
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ParaHox (CDX), PAX, DLX and Engrailed (EN) groups, and are intermediate in size (Rice 

and Licht, 2007).  

 

 

Figure 7. Schematic representation of clustered Homeobox (HOX) genes in Drosophila and 

mammals (humans and mice). The homology of mammalian HOX genes with that of Drosophila 

is denoted by color. Blank squares without number represent missing genes in mammals compared 

to those present in Drosophila.  
Note: HOM-C-Homeotic complex; HOX-Homeobox genes.  

 
[Reprinted by permission from Macmillan Publishers Ltd: Leukemia. Alharbi RA, Pettengell R, Pandha HS, 

Morgan R. The role of HOX genes in normal hematopoiesis and acute leukemia. Leukemia 2013 Apr; 27(5): 

1000-1008.Copyright 2013](Alharbi et al., 2013). 

 

1.5.1 Parahox genes. 

 

The ParaHox gene cluster shows homology to HOX genes and was discovered in 1998 in 

Cephalochordate amphioxus (Brooke et al., 1998). They form a different cluster than HOX 

and contain; Gsx (genomic screened homeobox), Xlox (Xenopus laevis homeobox) and 

Cdx (Caudal-type homeobox) genes (Rawat et al., 2012) [Table 6]. 
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Table 6: ParaHox genes  

Note: Gsh1/ GSH1 and 2- GS homeobox 1 and 2; pdx1/PDX1 – Pancreatic and duodenal homeobox 

1; Cdx1-4/CDX1-4- Caudal-related homeobox gene 1-4.   

 

ParaHox 

Gene in 

Murine 

ParaHox 

Gene in 

Human 

Molecular 

weight 

(kDa) 

(Human) 

Molecular 

weight 

(kDa)  

(Mice) 

Chromosomal 

location in 

Human 

Chromosomal   

location 

in mice 

Homology 

(protein) 

Gsh1 GSH1 27.883 27.59 13q.12.2 5;86.79 cM 98.01% 

Gsh2 GSH2 32 32.031 4q12 5;39.55 cM 89.14% 

Pdx1 PDX1 30.77 30.868 13q12.1  5; 86.84 cM 87.99% 

Cdx1 CDX1 28.138 28.305 5q32 18; 34.41 cM 85.28% 

Cdx2 CDX2 33.520 33.345 13q12.2 5; 86.86 cM 93.89% 

Cdx4 CDX4 30.480 30.334 Xq13.2 X,  46.06 cM 82.98% 

 

[Part of this research was also originally published in Blood. Rawat VP, Humphries RK, Buske C. Beyond 

Hox: the role of ParaHox genes in normal and malignant hematopoiesis. Blood 2012 Jul 19; 120(3): 519-

527. Copyright © The American Society of Hematology.] (Rawat et al.,2012). And some information is 

taken from  www.genecards.org, www.ncbi.nlm.nih.gov 

 

1.5.2 Role of caudel-type parahox genes in malignant haematopoiesis. 

1.5.2.1 Cdx Genes 

Cdx1, Cdx2 and Cdx4 are members of the caudal-related homeobox gene family based on 

their homology to the caudal gene of Drosophila melanogaster (James et al., 1994; Rice 

and Licht, 2007; Suh et al., 1994). Cdx members act as upstream regulators of HOX genes. 

Cdx1 and Cdx2 loss of function models were found to be associated with HOX gene 

inactivation. The order of proliferation and differentiation of embryonic haematopoietic 

cells is regulated by ParaHox Cdx family members (McGinnis and Krumlauf, 1992). 

However, CDX genes are not expressed in normal adult human haematopoietic cells 

(McGinnis and Krumlauf, 1992). Similarly, except Cdx4, Cdx1 and Cdx2 are not expressed 

in murine haematopoiesis. In the past decade, several studies have reported that CDX2 is 

expressed in the majority of AML and ALL patients (Scholl et al., 2007; Thoene et al., 

2009). In contrast, CDX4 expression was found only in 25% of AML patients. However, 

our lab did not detect expression of CDX4 in any of the AML patients analyzed (Rawat et 

al., 2012; Thoene et al., 2009).  

 

http://www.genecards.org/
http://www.ncbi.nlm.nih.gov/
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1.5.2.2 Cdx2 

CDX2 (caudal type homeobox transcription factor 2) belongs to the caudal homeobox gene 

family of ParaHox A cluster (Fig.8) and encodes a transcription factor. CDX2 (Gene ID: 

1045) is located on chromosome 13, 13q12.3; Chromosome: 13; NC_000013.10 and in 

mouse (Gene ID: 12591) on chromosome 5, G2-G3; 5 82.0 cM; NC_000071.6.  The gene 

has three exons and two introns (Drummond et al., 1997; Mallo et al., 1998). CDX2 protein 

has an N-terminal transactivation domain, a PBX1 binding domain and a C-terminal 

homeodomain, a DNA binding domain (Fig.9). Although the nucleotide sequence that 

codes for the homeodomain is homologous with other members of homeobox and para-hox 

genes, the homeo-proteins are considerably diverse in amino acid sequence. The sequence 

diversity among homeo-proteins and their adjoining domains are believed to be attributed 

to their distinct DNA binding properties and specificities generating functional specificities 

(Fig.10).  

 

Figure 8.  Human ParaHox A cluster (13q12).  CDX2 is present on ParaHox A cluster on 

chromosome 13q12 position. The other members are GSH1 (GS homeobox 1) and PDX1 

(pancreatic and duodenal homeobox 1). *FLT3 (FMS-like tyrosine kinase 3) does not belong to 

this cluster.  
[Reproduced with permission of AMERICAN SOCIETY FOR CLINICAL INVESTIGATION in the format 

Republish in a thesis/dissertation via Copyright Clearance Center].  Rice KL, Licht JD. HOX deregulation 

in acute myeloid leukemia. J. Clin. Invest. 117:865–868 (2007)] doi:10.1172/JCI31861] (Rice and Licht, 

2007). 

 

Figure 9.  Schematic representation of the domain structure of CDX2. 

 

* 
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Figure 10. Diversity of homeo-proteins and their homeodomain (HD).  Top: The sequence 

diversity of CDX homeodomain with other members of homeoproteins including HOX is shown. 

Of note, the N51 position is conserved in all the classes.  Bottom: The flanking regions of the 

homeodomain of other classes are shown; HOX proteins contain a hexapeptide on the N-terminal 

side of its HD, MSX contains extended HD on both sides of its HD, PAX contains an additional 

DNA-binding domain and a paired domain flanking its HD on the N-terminal side. Similarly, SIX 

proteins have an additional domain called “Six domain” and LIM proteins have two additional 

protein interaction motifs at the N-terminal side of their HD. CDX proteins, however, have not yet 

been show to contain any additional flanking DNA-binding domain.  
Note: HOX- Homeobox; MSX –Muscle segment (Drosophila) homedomain homolog gene family; PAX-

Paired box family of transcription factors; SIX- Six homeodomain family; LIM- LIM domain containing 

homeodomain proteins. 

 

 [Reprinted by permission from Macmillan Publishers Ltd: Nature Reveiws Cancer. Abate-Shen C. 

Deregulated homeobox gene expression in cancer: cause or consequence? Nat. Rev. Cancer 2002 Oct; 2(10): 

777-785., Copyright 2002](Abate-Shen, 2002). 

 

1.5.2.2.1  Role of Cdx2 in embryonic haematopoiesis 

The biological functions of Cdx2 during later embryonic development have not been 

understood completely because of the early lethality of Cdx2 null embryos. However, 

dominant negative Xcad3 (the Xenopus Cdx2 homolog) affects development of the 

posterior embryo in a manner that is reflected by loss of expression of a number of HOX 

genes, including Hoxc6, Hoxa7, Hoxb7 and Hoxb9.  By injecting Cdx2 −/− or Cdx2 +/+ ESCs 

into normal lacZ+ blastocysts, Wang et al. could demonstrate an intrinsic requirement for 

Cdx2 during primitive embryonic haematopoiesis in vivo (Wang et al., 2008).  
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1.5.2.2.2  Role of Cdx2 in intestine development. 

Several lines of evidence demonstrated that CDX2 is an important transcription factor for 

the development and maintenance of intestinal epithelia. It triggers differentiation of 

epithelia into villus enterocyte and also plays a role in maintenance of phenotype by 

inducing expression of genes such as guanylyl cyclase C (Park et al., 2000) LI-cadherin 

(Hinoi et al., 2002), Sucrase isomaltase (Suh et al., 1994) and carbonic anhydrase I 

(Drummond et al., 1996), whose functions are exhibited by villus enterocyte.  Several other 

studies demonstrated that CDX2 regulates transcription of genes involved in cell 

proliferation (HB-EGF) (Uesaka et al., 2002), cell-cell adhesion (E-cadherin) (Lorentz et 

al., 1997), cell cycle exit (p21) (Bai et al., 2003) and apoptosis (bcl-2) in intestinal epithelia 

(Mallo et al., 1998).  

 

1.5.2.2.3 Expression of CDX2 in human leukaemia 

CDX2 is normally not expressed in adult murine and human normal haematopoiesis. 

Ectopic expression of CDX2 in a patient with AML M1 was reported with a chromosomal 

translocation t(12;13)(p13;q12), creating a novel fusion of ETV6 and CDX2 (Chase et al., 

1999). CDX2 is aberrantly expressed in more than 80% of human AML patients (Rawat et 

al., 2004) (Scholl et al., 2007; Thoene et al., 2009).  Aberrant expression of Cdx2 was found 

in all types of cytogenetic subgroups.  However, it has been reported that the expression 

level of CDX2 was significantly more than 15-fold higher in patients with CN-AML as 

compared to patients with abnormal karyotype.  Furthermore, the level of CDX2 expression 

correlated with aberrant HOX gene expression in human AML (Rawat et al., 2008). The 

analyses did not show any correlation of the NPM1 mutational status with the frequency 

and level of aberrant CDX2 expression. Aberrant CDX2 expression is detectable in most 

of the human AML cell lines. Ectopic expression of CDX2 is not restricted to AML 

patients; it is also found in majority of adult ALL patients (Thoene et al., 2009).  The 

expression of CDX2 showed high variation between the different ALL sub-groups. The 

number of patients aberrantly expressing CDX2 differed considerably between ALL 

subtypes, with 100% positivity in patients with pro-B ALL, c-ALL and Ph+ ALL versus 

only 40% positivity in B-ALL/ Burkitt lymphoma and around 70% in thymic and pre-T 

ALL (Thoene et al., 2009). The expression level of CDX2 in ALL patients significantly 

correlated with treatment outcome (high expression levels were associated with inferior 
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overall survival) of the analysed patients. Aberrant expression of CDX2 significantly 

correlated with an inferior disease outcome, which was determined by its association with 

minimal residual disease (MRD) (Riedt et al., 2009). In contrast to AML, where aberrant 

CDX2 expression correlated with HOX gene deregulation, there was only a low correlation 

between the expression of HOX genes with the expression of CDX2, in line with reports 

that HOX gene deregulation is less common in ALL than in AML (Armstrong et al., 2002; 

Quentmeier et al., 2004). 

 

1.5.2.2.4  Cdx2 is highly leukaemogenic in experimental models 

It has been shown that ectopic expression of the Parahox gene CDX2 induces aggressive 

transplantable AML in a murine BM transplantation model (Fig. 11) (Rawat et al., 2004). 

Retrovirally enforced expression of Cdx2 in murine haematopoietic progenitors resulted in 

increased expression of leukaemogenic Hox genes (Rawat et al., 2008). Aberrant Cdx2 

expression also led to an altered expression of a number of genes involved in lymphopoiesis 

such as Lef1, Tcf3 or Id3, which are frequently deregulated in lymphoid leukaemia 

(Mullighan et al., 2007a; Rawat et al., 2012; Thoene et al., 2009). The ability to up-regulate 

Hox gene expression and to induce AML in mice was clearly dependent on the N-terminal 

transactivation domain of Cdx2 (Fig.11C) which is known to harbour serine 

phosphorylation sites that affects the transcriptional activity of the gene (Rawat et al., 2008; 

Rings et al., 2001). Interestingly, the ETV6-CDX2 fusion gene also lacks the N-terminal 

transactivation domain of CDX2, which would explain the obvious discrepancy in the 

oncogenic potential of ETV6-CDX2 (Fig. 11A).    
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Figure 11. Cdx2 induces an aggressive tranplantable acute myeloid leukaemia and the 

potency of induction lies in N-terminal transactivation domain. (A) Mice transplanted with BM 

cells expressing Cdx2, ETV6-CDX2, GFP (Rawat et al., 2004) and (B) mice transplanted with BM 

cells expressing Cdx2, MSCV-IRES-GFP and secondary transplants of Cdx2 primary leukaemic 

mice (Scholl et al., 2007) (C) Mice transplanted with BM cells expressing CDX2-W167A 

(inactivating Pbx1domain), ΔN-Cdx2 (Cdx2 with deletion of N-terminal transactivation domain) 

and respective secondary transplants (Rawat et al., 2008). 

Note: BM- bone marrow, ETV6-CDX2- fusion protein as a result of translocation involving  ETV6  and 

CDX2;  GFP- green fluorescent protein; MSCV- murine stem cell virus; IRES-internal ribosomal entry site. 

 

[A. and C, This research was originally published in Blood. Rawat VP, Cusan M, Deshpande A, Hiddemann 

W, Quintanilla-Martinez L, Humphries RK, et al. Ectopic expression of the homeobox gene Cdx2 is the 

transforming event in a mouse model of t(12;13)(p13;q12) acute myeloid leukemia. Proc Natl Acad Sci U S 

A 2004 Jan 20; 101(3): 817-822. and Rawat VP, Thoene S, Naidu VM, Arseni N, Heilmeier B, Metzeler K, 

et al. Overexpression of CDX2 perturbs HOX gene expression in murine progenitors depending on its N-

terminal domain and is closely correlated with deregulated HOX gene expression in human acute myeloid 

leukemia. Blood 2008 Jan 1; 111(1): 309-319.  Copyright © The American Society of Hematology.]  

[B. The journal of clinical investigation by AMERICAN SOCIETY FOR CLINICAL INVESTIGATION 

Reproduced with permission of AMERICAN SOCIETY FOR CLINICAL INVESTIGATION in the format 

Republish in a thesis/dissertation via Copyright Clearance Center.  Scholl C, Bansal D, Dohner K, Eiwen K, 

Huntly BJ, Lee BH, et al. The homeobox gene CDX2 is aberrantly expressed in most cases of acute myeloid 

leukemia and promotes leukemogenesis. J Clin Invest 2007 Apr; 117(4): 1037-1048.] 
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The functional relevance of CDX2 for the proliferation of human leukaemic cells is further 

confirmed by knockdown experiments where reduced expression of CDX2 in leukaemic 

cell lines impaired clonogenic and proliferative growth (Scholl et al., 2007; Thoene et al., 

2009).  

 

Thus, it is evident that N-terminal domain harbours the major leukaemogenic potential as 

ΔN-Cdx2 and ETV6-CDX2 fusion proteins behave in a smilar fashion whereas a mutation 

(W167A) abrogating the PBX1 interacting motif does cause transplantable leukaemia 

(Fig.11C).   
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1.6  Aim of the thesis  
 

Aberrant expression of CDX2 is frequently observed in the majority of acute leukaemia 

and ectopic expression of Cdx2 in the murine bone marrow transplantation model causes 

an aggressive transplantable AML.  Structural and functional analysis of the Cdx2 domain 

has revealed that: 1) the N-terminal transactivation domain of Cdx2 is essential for 

leukaemogenesis, 2) the Pbx1 binding motif is dispensable to induce AML in this model, 

and 3) the Cdx2-homeodomain with its asparagine at 51st position is essential for Cdx2 

induced transformation of haematopoietic progenitor’s in vitro. Several studies have shown 

that the intact DNA binding-homedomain of Hox genes is important for their 

leukaemogenicity.    Therefore, it will be important to test if the intact homeodomain of 

Cdx2 is essential for Cdx2-induced leukaemogenesis in this model. Towards this aim, we 

used a homeodomain mutant with N51S mutation to test its impact on the course or 

phenotype of Cdx2- induced acute myeloid leukaemia. 
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2. MATERIALS 

2.1  Chemicals and reagents 

 
Agarose       Sigma-Aldrich 

Acetic acid       Sigma-Aldrich/Applichem 

Ammonium chloride     PAN 

Blunt end needles (for 3ml)    BD Biosciences 

Bromophenol blue     NEB /Fermentas 

Bovine Serum Albumin    NEB  

ß-mercaptoethaol     Sigma-Aldrich 

Calcium chloride      Sigma-Aldrich/Applichem 

Chloroform       Sigma-Aldrich 

Chloroquine      Sigma-Aldrich 

Dextran sulphate      Sigma-Aldrich 

DNAzol       GIBCO/BRL /Invitrogen 

DNase I       Invitrogen 

DMSO (Dimethyl Sulfoxide)   PAN Biotech 

Ethanol      Sigma-Aldrich / Applichem 

Ethidium Bromide     Sigma-Aldrich  

EDTA      Sigma-Aldrich 

Ethidium bromide      Sigma-Aldrich 

Formaldehyde     Sigma-Aldrich 

Formamide       Sigma-Aldrich 

Formaldehyde     Sigma-Aldrich 

Glycine       Sigma-Aldrich 

Giemsa       Merck 

HEPES      GIBCO, Invitrogen 

Heparin      B.BRAUN Melsungen AG 

Herring sperm DNA     Promega 

Heparinized capillaries (Microvette CB 300) Sarstedt    

Hydrochloric acid      Merck 

Isopropanol       Merck 

May-Grunwald’s Eosin     Merck 

Methocult M 3434      Stem cell Technologies  

Methanol      Merck 

Penicillin + Streptomycin    GIBCO, Invitrogen 

Protamine sulfate      Sigma-Aldrich 

Propidium iodide     Sigma-Aldrich 

Protease inhibitor cocktail I and II   Sigma-Aldrich 

Sodium chloride      Sigma-Aldrich 

SOC medium     Invitrogen 

Skimed milk       Sigma-Aldrich / Roth 

Sodium hydroxide      Sigma-Aldrich 

Sodium dodecyl sulphate     Sigma-Aldrich 

Trizma base       Sigma-Aldrich 

Trizol       GIBCO/BRL, Invitrogen 
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2.1  Chemicals and reagents 

 

Trypan blue      Fluka chemicals 

Trypsin-EDTA     GIBCO,Invitrogen 

corporation 

1Kb plus DNA ladder    New England BioLabs  

100bp DNA ladder      New England BioLabs 

5-Flurouracil      Medac, TEVA-GRY-Pharma  

       GmbH,Kirchzarten, Germany 

2.2  Kits: 

 

ECL Western blotting analysis system   Amersham 

Gel extraction kit      Qiagen / GE Healthcare 

PCR purifying kit     Qiagen 

Megaprime DNA labeling system    AmershamTM    

PCR reagents     Invitrogen 

TaqMan Universal PCR Master Mix  Applied Bisystems  

ThermoScript RT-PCR System   Invitrogen 

(cDNA synthesis) 

 

2.3 Mammalian cell lines: 

All cell lines were obtained from DSMZ. 

 

293T Phonix eco: This is a human embryonic kidney cell line, which was originally 

transformed with adenovirus E1a and carries temperature sensitive T antigen.   This cell 

line produces ecotropic virus as it contains genes for gag-pol and envelop proteins of virus.  

Provided with it’s easily transfectable capacity, it’s an efficient system for ecotropic virus 

production carrying gene of interest which can be used to transduce other mammalian cells. 

 

NIH 3T3 : Mouse embryonic fibroblast cell line 

 

GP+E86 : This is a NIH-3T3 cell line, harboring plasmids with gag, pol and env- genes 

enabling it to package the replication-defective retrovirus vectors. 
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2.4 Cell culture medium and supplements 

 

Ciprobay 400     Bayer 

DMEM (Dulbecco‘s Modified Eagle Medium) PAN Biotech 

Fetal bovine serum      PAN 

Methocult M3434     Stem Cell Technologies 

rm-IL3      Immunotools GmbH,  

rm-IL6      Immunotools GmbH,  

rm-SCF      Immunotools GmbH,  

PBS       PAN Biotech / PAA 

Penicillin + Streptomycin    GIBCO BRL 

Protamine sulfate     Sigma-Aldrich 

RPMI 1640       PAN Biotech 

Trypsin+EDTA     GIBO/Invitrogen 

 

2.5  Primers 

Following primers were synthesized from Metabion International AG, Martinsried, 

Munich, Germany and Invitrogen, Germany. 

Cdx2 

mCdx2wt-EcoRI- Forward-  CCG AAT TCA TGT ACG TGA GCT ACC  

mCdx2HD-XhoI-Reverse-  CCG CTC GAG TAA CTG GGT GAC AGT G 

  

murine β2 microglobulin 

mur β2M  Forward -   TGCTATCCAGAAAACCCCTC  

mur β2M Reverse -   CGGCCATACTGTCATGCTA 

 

MSCV (Or MIG-F and MIG-R) to amplify insert 

MSCV- Forward-   CAG CCC TCA CTC CTT CTC TA 

MSCV- Reverse-   CTT GAC GAG CAT TCC TAG G 

 

Primers for LM-PCR 

 

PstI-Linker 

Forward -   CTCTCCCTTCTCGTCCTCTCCTTCCTGCA 

Reverse -   GGAAGGAGAGGACGCTGTCTGTCGA- 

     -AGGTAAGGAACGGACGAGAGAAGGGAGAG 
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PCR A (Vectorette/ GFP-A) 

Forward -   CGAATCGTAACCGTTCGTACGAGAATCGCT 

Reverse -   ACTTCAAGATCCGCCACAAC 

 

PCR B (Nested Vectorette/ GFP-C) 

Forward -   TACGAGAATCGCTGTCCTCTCCTT 

Reverse -   ACATGGTCCTGCTGGAGTTC 

 

2.6 Plasmids: 

 

MIG /MIY (MSCV-MCS-IRES-eGFP/eYFP)  

 

Mouse stem cell virus derived vector. This is a bi-cistronic vector with an internal 

ribosomal entry site (IRES) and an eGFP or eYFP at 3’end of the IRES.  This vector is 

maintained in the lab, which was originally provided by Prof. R.K. Humphries, Vancouver, 

Canada. 

2.7  Bacteria 

MAX DH5-α E.coli strain was bought from Invitrogen, which has high transformation 

efficiency for naked DNA (Plasmids). 

2.8 Antibodies for Western blotting and intracellular   

 localization 

 
Anti-Human CDX2   [AM392]  BioGenex  

[CDX2-88]      

Goat -anti-mouse IgG1-HRP [sc-2060] Santa Cruz Biotechnology, INC  

(Anti-GAPDH)    [sc-137179] Santa Cruz Biotechnology, INC.  

β-Actin (C4)    [sc-4778] Santa Cruz Biotechnology, INC 

Goat-anti-mouse IgG1- HRP [sc-2005] Santa Cruz Biotechnology, INC 

Donkey-anti-mouse IgG1-Cy3  [715-225-151] Jackson Immuno Research 
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2.9  Antibodies: for FACS 

 

Name   Label    Company     

 

Gr-1     PE/APC    BD Pharmingen, Heidelberg   

CD11b (Mac1)  PE/APC    BD Pharmingen, Heidelberg    

Sca-1    PE     BD Pharmingen, Heidelberg    

Ter119    PE     BD Pharmingen, Heidelberg   

B220    PE/APC    BD Pharmingen, Heidelberg    

CD4     PE     BD Pharmingen, Heidelberg 

CD8    PE    BD Pharmingen, Heidelberg 

CD19    PE     BD Pharmingen, Heidelberg 

CD117 (c-kit)   APC     BD Pharmingen, Heidelberg 

CD3    PE     BD Pharmingen, Heidelberg   

2.10 Mice  

 

Donor mice were >8 <12 -week old (C57BL/6Ly-Peb3b x C3H/HeJ) F1 (PebC3) and the 

recipients were 8 to 12 week old (C57BL6J x C3H/HeJ) F1 (B6C3) mice. Parental mice 

strains were bread and maintained at mice facility, University of Ulm, and in Helmholtz 

Centre Munich, Germany prior to shifting to Ulm. 

2.11 Mice related materials 

 

Mortar and pestle  10cm diameter    Roth 

Sterile syringes  BD Plastipak 1ml syringe  BD Biosciences 

Sterile needles   (0.5 x 25mm) microlance  BD Biosciences 

BD Microfine-  U-100 INSULIN 0.5ml  BD and company 

    (0.3mm-30g- x 8mm) 

 

2.12 DNA modifying enzymes 

EcoRI, XhoI, PmeI, ApaI, T4 DNA ligase, Taq polymerase, all enzymes and corresponding 

buffers were from New England Biolabs. 

Klenow enzyme (2u/µl)-  (11008404001) –  Roche diagnostic GmbH, Germany. 
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2.13 Buffers and solutions 

 

Cytokine cocktail (100x)  mSCF    10 mg/ml  

  mIL6   1 mg/ ml  

  mIL3   600 ng /ml  

  Dissolved in DMEM, stored at -20oC 

 

rmIL3      10ng/ml dissolved in DMEM 

 

Freezing medium     90% FBS + 10% DMSO 

 

HBS (HEPES buffered saline, 0.5X) HEPES   50mM  

      NaCl    280mM  

      Na2HPO4  0.75mM  

      NaH2PO4  0.75 mM  

      pH adjusted to 7.2 or 7.0  

      Stored at 4oC 

 

FACS buffer (1x)    Propidium iodide  5µg/ml  

      (Or Sytox blue-0.05µl 1mM    

                 stock /100µl of sample)  

      1% FBS in PBS,  

      Stored in dark at 4oC 

 

Sorting buffer    1% FBS in PBS   

      Sytox blue (0.05µl of 1mM stock   

      /100µl of sample) 

 

Low Salt buffer    HEPES  10mmol/l 

      KCL    10mmol/l 

      MgCl2   1.5mmol/L 

      Nonidet-P-40  0.5% 

      DTT   1nmol/L 

      PMSF   0.5mmol/L 

      pH 7.9 

 

High Salt Buffer    HEPES,  20mmol/L 

      MgCl2   1.5mmol/L 

      NaCl   420mmol/L 

      EDTA   0.2mmol/L 

      DTT   1mmol/L 

      PMSF   0.5mmol/L 

      pH 7.9 

 

Glycerol Buffer    HEPES; pH 7.9 20mmol/L 

      KCL   100mmol/L 

      Glycerol  20% 

      EDTA   0.2mmol/L 

 

Binding bffer (4x)    HEPES pH 7.9  40mM 
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      EDTA    4mM 

      KCl    800mM 

      Ficoll    16% 

      DTT    4mM 

      Protease inhibitors  40µl/ml 

      (of 25x) 

      [Poly d(I:C)(at 1mg /ml)] 

      in 10ml TE + 200µl of 5M NaCl 

 

Binding buffer (10x)   HEPES/ KOH pH7.  200mM 

      Nacl    750mM 

      DTT    10mM 

      MgCl2    20mM 

      Glycerol   10% 

      BSA    0.1mg/ml 

      Salmon sperm-  10µg/ml 

      -DNA 

      PolydIdC   1µg/µl 

 

 

Loading buffer for native PAGE (5x) Glycerol  -20% 

      Xylenecyanol  0.005% 

      Bromophenolblue 

      NP40   -0.1% 

      EDTA   -8mM 

      Tris pH 7.3  -20mM 

      in    dH2O  

 

AM50 buffer (10X)    Tris pH 8.0  1M 

      EDTA pH 8.0  0.5M 

      MgCl2   1M 

      KCl   3M 

 

Dialysis buffer    Glycerol  10% 

      AM50   1X 

      DTT   1mM 

 

Hybridization solution   Fat free milk powder  4 gm  

(for Southern blot)    Dextran sulphate  40 gm  

      20x SSC   120 ml  

      Formamide   40ml  

      20% SDS   20 ml  

      EDTA 1.6 ml   500 mM  

      500 ml aqua dist. 

 
 

 

 

 

5x loading buffer for SDS PAGE  1M Tris/Hcl pH 6.8  31.35 ml  
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      SDS     10g  

      Glycerol    25 ml  

      Bromophenol blue   250 mg  

      β-mercaptoethanol   5 ml  

      Distilled water   100 ml  
 

Native PAGE 6% (40ml)   H2O    30 ml 

      5x TBE   10 ml 

      30%PAA   10 ml 

      10% APS   400 µl 

      TEMED   50 µl 
 

Neutral buffered formalin 4%  Na2HPO4 (water free)  55 mM  

      NaH2PO4 x 2H2O   12mM  

      Distilled water   900 ml  

      Formaldehyde 40%  100 ml  

      Stored in dark at RT 
 

20x SSC     NaCl     525.0 g  

      Sodium citrate   264.6 g  

      Distilled water.  3Litre  

      pH adjusted to 7.0 

 

Tris-Acetate-EDTA  (TAE) (50x)  Tris    2 M 

      EDTA-Na2.2H2O  50 mM 

      Acetic acid   1 M 

      pH adjusted to 8.5 
 

Tris-Borate-EDTA buffer  (TBE)  Tris    890mM 

(10X)      Boric acid   890mM 

      EDTA     20mM 

      (pH at 25oC:8.0) 
 

Tris-EDTA buffer (TE)-100x  Tris    1M 

      EDTA-Na2.2H2O  100mM 

      pH adjusted to 8.0 
 

Denaturation solution    NaCl    1.5M 

      NaOH.    0.5N 
 

Pre-hybridization solution   Distilled water   17ml,  

      Skimmed milk   0.2g  

      Dextran sulphate   2.0g  

      20X SSC    6ml,  

      Formamide    2ml  

      20% SDS    1ml  

      EDTA (500mM)   80μl 

 

Telleyesnickzky’s solution    70% ethanol    450ml  

      Glacial acetic acid   25ml     

      Formaldehyde   25ml 
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RBC lysis buffer (10x)   NH4Cl    1.5M 

      NaHCO3   100mM 

      EDTA    10mM 

      Distilled water   900ml 

      1N HCl / and 1N NaOH pH 7.4 

      Distilled water to final  1 liter 

 

Buffers/ reagents used for intracellular  

localization of proteins: 

 

PBS (without Ca2+ and Mg2+)  Delbucco’s   H15-001 

Donkey serum    Sigma Aldrich   D9663   

BD Cyto fixation buffer   BD Biosciences   554655  

Anti-fade DAPI    Invitrogen    P36931   

 

Buffer A:      0.1% Triton X-100 in PBS 

      (PBS- without Ca2+ and Mg2+) 

 

Buffer B:     0.2% Triton X-100 in PBS 

      (PBS- without Ca2+ and Mg2+) 
   

2.14 Instruments  

 

DNA cross linker     Bio-Rad 

Fluorescence activated cell sorter   Becton Dickinson 

(LSR Fortessa)  

FACS caliber    Becton Dickinson 

FACS –Aria II (cell sorter)   Becton Dickinson 

Cytospin      Thermo Scientific Shandon 

Microscopes     Carl Zeiss 

Centrifuges     Eppendorf 

Incubators- Galaxy 170S   New Brunswick  

Binder incubator    BINDER 

Refrigerators (-20oC)   Thermo Scientific 

Refrigerators (-80oC)   Thermo Scientific 

Liquid Nitrogen tanks   Thermo Scientific   

Nano Drop 1000    Thermo Fischer Scientific 

Spectrophotometer    Eppendorf  
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2.15 Consumables 

 

0.2 ml tubes       Biozyme and Eppendorf 

0.5 ml tubes       Biozyme and Eppendorf 

1.5 ml tubes       Biozyme and Eppendorf 

6-well suspension/ adherent plates    Sarstedt  

10cm suspension culture dish    BD Falcon 

10cm adherent culture dish     Corning 

15cm dish       Corning 

35 x 10mm  Cell culture dish    Greiner Bio-One 

10 CELL STAR       GmbH  

96 well round bottom / flat bottom plates   Sarstedt 

Blunt end needles      Stem cell technologies 

Cell scraper       Sarstedt 

Cell strainer (40µ)      Becton Dickinson 

Cryo tubes       Nunc 

FACS tubes       Falcon / Becton Dickinson 

Filtercards for cytospins     Thermo Shandon 

Filters 45 and 22 µ (Syringe adopted)   Millipore 

Microspin-S-300 HR columns    Amersham Biosciences 

Microvettes       Sarstedt 

Protran nitrocellulose transfer membrane   Schleicher and Schuell 

Hybond N membrane     Amersham Biosciences 

Sterile cover sheets      Hartmann 

Syringe (10ml, 20ml)     B. BRAUN 
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2.16 Molecular Biology Methods 

 

2.16.1  RNA Extraction 

1 ml Trizol reagent was used to resuspend cell pellets (up to 5-10 x 106 cells) followed by 

an incubation for 5 min at RT. Subsequently, the suspension was passed through 1ml 

syringe for 3 times. To this homogenised suspension, 200µl chloroform was added; the mix 

was vortexed for 10s and then incubated at RT for 10 min. This mixture was subjected to 

centrifugation at 12000g and 4°C for 15 min.  This resulted in three phases: the upper 

aqueous phase contained RNA which was carefully collected without the contamination of 

lower protein and phenol phases. This aqueous phase was transferred to a new tube and 

mixed with an equal volume of isopropanol by inverting the tube slowly several times. This 

mixture was incubated for 10 min at RT and centrifuged for 10 min at 12000g at 4°C. The 

supernatant was carefully discarded and the pellet was washed twice with 1ml of 75% 

ethanol. In between washes, the sample was centrifuged at the speed, time and temperature 

mentioned above. Ethanol was discarded carefully and the pellet was dried at RT until 

ethanol had evaporated. The resulting RNA pellet was dissolved in DEPC-treated H2O and 

left at RT for 5 min, followed by heating at 55°C for 5 min to dissolve the pellet. 

Subsequently, it was cooled to RT for 5 min and then kept on ice for 10 min and stored at 

-80°C. 

 

2.16.2  DNA Extraction 

Cells (5x105 to 5x106 cells) resuspended in PBS were pelleted in 1.5 ml tube. 1 ml DNAzol 

was used to lyse cells by pipetting with 1 ml cut-tip followed by mixing with 500 µl of 

100% ethanol. This mixture was shaken vigorously with hand and pulse centrifuged at 

8000rpm. The resultant loosely bound pellet was washed twice with 1ml of 75 % ethanol 

and dried at RT followed by resuspension in DNase-free H2O. An appropriate volume of 

water was used depending on the size of the pellet and incubated at 55°C for 10 min. 

followed by cooling to RT and stored at 4°C. 
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2.16.3  Quantification of RNA and DNA 

RNA and DNA were quantified spectrophotometrically using the NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific). Measurements were done according to the 

guidelines of the manufacturer. DNA was measured at 260 nm and protein at 280 nm 

wavelength. The ratio of absorbance at A260 to A280 nm wavelength was used to determine 

purity of the sample. This was normally around 1.8, when measured against water and 2.1 

when measured against Tris buffer. 

 

2.16.4  Polymerase chain reaction (PCR)   

 

2.16.4.1  RT-PCR (reverse transcription-PCR) 

Complementary cDNA was synthesised from RNA using reverse transcriptase. Random 

hexamers were used to prime the synthesis of cDNA from total RNA. 1 to 2 µg RNA was 

treated with DNAseI (Invitrogen) according to the manufacturer protocol in a reaction 

volume of 10 µl for 15 min at RT. Subsequently, the enzyme was heat-inactivated at 65°C 

for 20 min followed by the addition of 10 µl of H2O. Further, this was subjected to the 

reverse transcription reaction with and without addition of the enzyme.    

In a 20 µl reaction, 10 µl of RNA was incubated with 1 µl dNTPs (10 mM) and random 

hexamers 1 µl (50 ng/ µl) at 65°C for 5 min and directly placed on ice for 5 min followed 

by an addition of pre-mixed cDNA reaction mixture containing 4 µl cDNA synthesis buffer 

(5x), 1 µl DTT (0.1M), RNase out 1 µl (40 U/µl) and ThermoScript reverse transcriptase 1 

µl (15 U/µl). 

The whole reaction mixture was incubated at 25°C for 10 min, followed by 50 min at 50°C 

and inactivated for 5 min at 85°C. cDNA samples were immediately stored at -20°C till 

further use. 

 

2.16.4.2  Polymerase chain reaction (PCR) 

For PCR, reaction components of the PCR kit (Invitrogen) were used and mixed according 

to the guidelines of the manufacturer. Specific primers were designed for the detection of 

desired genes or DNA fragments. Primers are listed in materials section 2.5. 
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The reaction components were mixed in the following order and amounts as shown in the 

following table 7: 

Table 7: PCR components and order of addition of components 

 

Components Volume (µl) 

PCR-clean water 24 µl 

10x PCR buffer (with MgCl2) 0.75 

dNTPs (10 mM)  0.50 

Forward primer (10 pmol)  0.50 

Reverse primer (10 pmol) 0.50 

Template DNA (1 to 10 ng/µl) (or cDNA) 1 to 2 

Taq polymerase (2 U/µl) 1 

 

Standard PCR cycling conditions included the incubation of the PCR reaction mix at initial 

denaturation temperature of 95°C for 5 min followed by a cycling loop of 28 to 35 cycles 

at 95°C for 30s. to 1 min, at a given annealing temperatures depending on the primers and 

PCR products Tm for 30 sec to 1 min, and an extension phase at 72°C for about 1 min 

depending on the length of the PCR product and the efficiency of Taq-polymerase as 

suggested by the manufacturer. This was followed by a final extension at 72°C for 5 to 7 

min. 

 

Table 8: Cycling programme used for standard PCR: 

 

 

 

 

 

For cloning a PCR product or to reamplify a PCR product, the mixture was separated in an 

agorose gel (gel % according to the size of PCR products: Table 3) at 80V in a 1X TAE 

buffer using electrophoresis. The desired PCR products were purified using gel purification 

kits (Qiagen, GE-Healthcare) according to the manufacturers’ instructions. 

Primers Annealing (°C) No. cycles Elongation time 

MSCV – (MiG-F/R) 58 30 40 sec 

β-actin 58 28 30 sec 

β2-microtubulin 58 28 30 sec 

XbaI-Cdx2/EcoRICdx2 60 35 40 sec 
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2.16.4.3 Linker-mediated PCR (LM-PCR) 

LM-PCR was used to identify the sequence and site of integration after retroviral gene 

transfer. A strategy used by Riley et al. (1990) was used that exploits integrated long-

terminal repeats and flaking genomic DNA sequence amplication which is followed by a 

subsequent isolation using a bubble modification introduced in LM-PCR by bubble 

primers.  

Genomic DNA derived from cells harbouring retrovirally integrated DNA (1 µg) was 

digested with PstI in a volume of 50 µl. Digested DNA was purified, redissolved in 12 µl 

of water, and ligated with bubble PstI linker at 16°C, overnight in a reaction volume of 100 

µl. A nested PCR was followed (PCR-A) with Vectorette primer A and GFP-A primer, 

followed by PCR-B (nested) using nested Vectorette primer B and GFP-C primer. 

Table 9: Reaction components of PCR-A: 

 

 

 

 

 

 

 

 

 

 

 

  

Components  Volume (µl) 

10x buffer (-MgCl2)  2.50 

MgCl2 (50 mM) 0.75 

dNTPs (10 mM) 0.50 

Vectorette primer 0.50 

GFP-A primer 0.50 

Taq polymerase (1 U/µl) 0.25 

Ligation template 10.00 

PCR-H2O 10.30 

Total volume  25.30 
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Table 10: Reaction components of PCR-B 

 

Components  Volume (µl) 

10x buffer (-MgCl2)  2.50 

MgCl2 (50 mM) 0.75 

dNTPs (10 mM) 0.50 

Vectorette primer 0.50 

GFP-A primer 0.50 

Taq polymerase (1 U/µl) 0.25 

PCR-Product-PCR-A 10.00 

PCR-H2O 10.30 

Total volume  25.30 

 

Table 11: PCR cycling programme for PCR-A and PCR-B: 

 

Step No. of cycle(s)  Target Temp Time (s) 

Denaturation  1 94 120 

Denaturation   

30 

94 30 

Annealing 65 30 

Extension 72 120/300 

Extension 1 72 120/130 

 

PCR-B reaction products were mixed with 2.5µl of 10x loading dye and electrophoresed 

in a 1.5% agarose gel at 80V in a 1X TAE buffer.  PCR products from excised gel bands 

were extracted and purified by Qiagen purification kits.  

Appropriate sized fragments were sequenced using one of the primers of PCR_B and 

smaller fragments were further sub-cloned into pGEM-T vector and then sequenced. 

 

2.16.5 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for analytical and preparative separation of PCR 

products or plasmids. 5 to 10 µl of PCR product were mixed with 10x loading dye (with an 

appropriate volume to make it 1X) to load an agarose gel which contained 1x Nuclear Red 
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stain (stock 10,000x). For electrophoresis of plasmids and PCR products 0.5% to 1.2% 

agarose gels were used with 0.5 µg of 100 bp (NEB) or 1 kb DNA ladder to identify the 

size of the DNA fragments. Electrophoresis was carried out at 80 V in a 1X TAE buffer. 

 

2.16.6  Isolation of PCR products/ digested DNA fragments from agarose 

 gels 

The desired PCR products and digested DNA fragments were cut out of agarose gels and 

extracted with either GE-Healthcare, or Qiagen gel-purification and DNA extraction kits. 

The procedures were carried out according to the manufacturers’ instructions. 

 

2.16.7  Cloning of DNA fragments 

cDNA of a desired gene was PCR-amplified using gene specific primers carrying 

recognition sequences for restriction enzymes at their 5’ ends. PCR products were gel-

purified and digested for 3 hours at 37°C with EcoRI and XhoI according to NEB 

instructions and purified again with the PCR purification kit and ligated into the EcoRI and 

XhoI-digested and purified MSCV 2.1 vector upstream of an IRES and the open reading 

frame coding for eYFP. Next day, bacteria were transformed with the ligated DNA and 

plated on agar plates containing ampicillin for selection. Qiagen mini prep or maxi prep 

DNA isolation kit was used to extract plasmid DNA from liquid bacterial cultures that had 

been inoculated with single bacterial colonies according to the manufacturer’s protocol. 

DNA concentrations were determined by NanoDrop and the purity of plasmid was checked 

by restriction patterning. 
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2.17  Culture of eukaryotic cells / cell lines 

 

2.17.1  General culture conditions 

All cells were cultured in a humidified incubator at 37°C with 5% CO2. The following 

media were used with the given percentage of heat-inactivated foetal bovine serum (FBS), 

DMEM with 15% FBS (bone marrow cells and cell lines), DMEM with 10% FBS (adherent 

cell lines), with penicillin and streptomycin. 

Cell lines were split 1:5 to 1:10 every 3 days. The following cytokines were added when 

indicated: rmIL3- 10 ng/µl, SCF-10 ng/µl, rmIL3-6 ng/µl, rmIL6-10 ng/µl.   

 

2.17.2  Freezing and thawing of cells 

Trypsinised cells/ or suspension cells were washed and resuspended in 1 ml freezing 

medium, for (5x105 or 5x107) cells, frozen in Cryo-tubes at -80°C and after 2 to 4 days 

transferred to liquid N2 for long-term storage. 

Frozen cells were thawed in a water bath at 37°C and resuspended in 10 ml respective pre-

warmed media and centrifuged at 1100 rpm (x g) for 5 to 10 min. Pellets were resuspended 

in required media and cultured according to the culture conditions of the thawed cells. 

 

2.17.3 Cell number estimation and determination of viability 

Cell numbers and viability were determined by the trypan blue exclusion method. This di-

azo dye penetrates dead cells which appear violet-blue in a light microscope while live cells 

don’t allow the dye to enter. Depending on the density of the culture, a 1:1 to 1:5 cell 

dilution was mixed with an equal volume of trypan blue and the number of cells counted 

in a Neubauer-counting chamber.  The cell number per ml was calculated as follows: 

average number of cells per mean square per quadrant x dilution factor x 104/ml. 
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2.17.4 Generation of packaging cell line 

Phoenix Eco cells were transiently transfected for ecotropic retrovirus production using the 

CaCl2 method. Cells were grown in 10 cm dishes till they become 80% confluent to the 

size of the dish and pre-treated for 5 min before transfection with 25 µM chloroquine. Then, 

a transfection mix consisting of 16 µg plasmid DNA, 122 µl 2 M CaCl2 and 1 ml HBS 

buffer pH 7.0 in a total volume of 2 ml was dropped slowly onto the culture. 10 hours post 

transfection, culture media was replaced with fresh media.  

Virus-conditioned medium (VCM) was collected 48 hours later every 8 hours for two days 

and filtered through 0.45 µm filter. This VCM was used for the transduction of ecotropic 

cell lines (GP+E86) with 10 µg/ml protamine sulphate to establish a high titre packaging 

producer cell line. Transduced cells lines were sorted by FACS according to their eYFP or 

eGFP expression 48 hours after transduction. 

 

2.17.5 Virus titre determination 

5x104 NIH-3T3 cells were seeded in a well of a 6-well plate. 16 hours later, 500 µl of VCM 

(virus containing medium), that had been diluted 1/1, 1/3 and 1/10 in media, was added 

onto these cells together with 1µl of protamine sulphate (5mg/ml). Fresh medium was 

added after 4 hours to a final volume of 5ml and after 48hrs, YFP or GFP expression was 

assessed and the titre per µl was calculated as follows:  % of YFP or GFP positive cells x 

number of NIH-3T3 cells at the beginning of virus exposure and divided by 500 (volume 

of VCM applied to the cells). 
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2.18 Bone marrow transplantation assay 

 

2.18.1 Murine Haematopoietic progenitor enrichment by 5-FU treatment 

Donors of primary BM cells were intravenously injected with 150 mg 5FU/kg of body 

weight. 5-FU eliminates cycling cells and mice bone marrow is enriched for non-cycling, 

HSCs/or progenitor cells. 8-12 weeks old mice were used as recipients (Fig.12). 

2.18.2 Preparation and collection of murine BM 

On 4th day post 5-FU injection, mice were euthanized with CO2 and after death disinfected 

with 70% ethanol. Femurs, tibiae, and hips were removed and extra muscle mass was 

cleaned using sterile scissors, forceps and tissue papers. The cleaned bones were crushed 

in mortar with pestle in PBS with 5% FBS. This medium was then filtered through a 40 

µm filter to remove any fine crushed bone and muscle mass. Cells were pelleted and 

resuspended in 1 ml DMEM and were incubated on ice with 4 ml ammonium chloride (1X 

freshly diluted) to lyse RBCs. RBCs lysis was not performed if BM cells were assigned for 

retroviral transduction. (Fig.12) 

 

2.18.3 Cultivation of murine BM 

For pre-stimulation of enriched BM, cells were cultivated in complete BM medium with a 

final concentration of 10 ng/ml rmIL6, 6 ng/ml rmIL3 and 100 ng/ml mSCF. BM cells were 

cultivated at 37°C in a 5 % CO2 atmosphere in a humidified incubator (Fig.12). 

 

2.18.4 Retroviral transduction 

Progenitor-enriched and pre-stimulated BM cells were co-cultured with irradiated (40 Gy) 

packaging cell line in complete medium with 5 µg/ml of protamine sulphate. 24 to 48 hours 

after transduction, loosely adherent and suspension cells were collected and the dish slowly 

rinsed with PBS to collect all of the BM cells. BM cells were further cultured in complete 

medium for the next 48 hours, and then measured for eGFP or eYFP expression by FACS. 

Sorted cells were either transplanted into recipient mice with mock cells from recipient or 

used in proliferation and CFC assays (Fig.12). 
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2.18.5 BM transplantation into mice 

After sorting, 3.0x105 to 1x106 BM cells were transplanted into primary, lethally irradiated 

(850 cGy) mice. For secondary transplants, lethally irradiated mice were injected with 5x 

105 to 1x106 BM cells from primary diseased mice together with 5x105 to 1 x106 BM helper 

cells of a normal syngenic animal.  

Figure 12: Schematic representation of experimental design underlying murine bone marrow transplantation 

model to probe leukaemogenesis. Note: 5-FU- 5-flurouracil; CFC-colony forming cell; CFU-S – colony 

forming unit-spleen assay; BM-bone marrow; FACS-fluorescence activated cell sorting. 

 

2.18.6 Proliferation assay 

To determine the proliferative potential, transduced BM cells (2.5x104) were cultured in 

vitro after sorting in 6 well suspension dishes in complete BM medium. Every 7 days, cells 

were subcultured in appropriate dilutions depending on the growth of the cells.  To generate 

IL-3 dependent cell lines, sorted cells were additionally plated in DMEM medium 

containing 15 % FBS and 10 ng/ml rmIL3.  Once a week, an aliquot of the cells was 

immunophenotyped and analysed morphologically by cytospins. 

 

2.18.7 Colony-forming cell assay 

To determine the potential of committed myeloid progenitors, colony-forming cell (CFC) 

assays were performed using methylcellulose supplemented with cytokines (Methocult GF 

M3434, Stem cell Technologies) which support growth of erythroid (BFU-E, CFU-E),  

granulocyte/macrophage (CFU-GM, CFU-M, CFU-G)  and granulocyte- erythroid-

macrophage-megakaryocyte (CFU-GEMM) progenitors. 
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500 cells from purified transduced BM cells were resuspended in 300 µl DMEM and mixed 

with 3 ml of m3434 methylcellulose. After vortex, 1.1 ml of this mixture was transferred 

into a 35 mm petri dish using a 3 ml blunt end syringe. Two dishes were inoculated per 

sample and placed into a 15 cm dish together with one open 35 mm dish containing 3 ml 

of water for humidity. CFC assay dishes were incubated at 37°C in a humidified incubator 

with 5% CO2. During every 7th to 9th days, colony number and morphology was assessed 

by light microscopy and cells were harvested and total number of cells were determined 

and immunophenotyped. Cells were diluted 1 to 5-fold and further replated to test their 

colony forming capacity. 

 

2.18.8 Immunophenotyping using FACS 

Immunophenotyping was done to analyse lineage distribution and differentiation stage of 

cells. Cell were washed with PBS and stained with PE or APC-conjugated antibodies 

(0.0625ug antibody/ 1x106 cells). Cells were incubated in the dark at 4°C for 20 min, then 

washed with 1 ml of PBS and resuspended in FACS buffer. Cells were analysed using 

FACS Calibur and LSR Fortessa according to standard protocols. 

 

2.18.9 Peripheral blood analysis 

Peripheral blood of transplanted mice was collected every 4th week by tail incision and 

blood smears were prepared which were later stained with Wrights–Geimsa staining for 

morphological analysis. Hemavet was used to record all the haematological parameters and 

blood counts. The rest of the blood was treated with ACL to lyse RBC and, after washing, 

cells were immunophenotyped. 

 

2.18.10 Preparation and staining of cytospin 

Cytospins were prepared for cytomorphological analysis of BM cells. 75000 cells were 

resuspended in 250 µl of PBS and loaded into the sample chamber of the Shandon Cytospin 

centrifuge and centrifuged at 450 rpm for 10 min.  Dried slides were stained with undiluted 

May-Gruenwaldesosine-methylene blue for exactly 3 min, rinsed immediately with water 

and washed 5 min in water and transferred to freshly diluted Giemsa solution (4 ml stock 
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solution + 200 ml distilled water) for 45 min. Slides were further washed for two times 

with water and air-dried. 

 

2.18.11  Histopathology 

Histopathological analysis of fixed mice organs were performed by Dr. Leticia Quintanilla-

Fend (Institute for Pathology, Tubingen). 

 

2.18.12  Analysis of experimental mice 

Sick mice, characterised by cachexia, shortness of breath and lethargy, were euthanized 

using CO2 and PB was taken immediately and directly from the heart using a 1 ml syringe 

and heparin to avoid coagulation of the blood. The blood was analysed as mentioned in 

section 4.3.9. BM was harvested as described previously and single cell suspensions were 

made. Spleen was collected, measured and the weight was noted. Half of the spleen was 

fixed and half was used to make a single cell suspension and filtered through a 45 µm filter. 

Blood was collected directly from the heart and blood smears were prepared. 

Haematological parameters were measured with Hemavet. All these samples were treated 

with ACL as described previously for RBC lysis and single cell suspension was made in 

PBS with 5% FBS. RNA and DNA were prepared from each Haematopoietic tissue and 

cells were also immunophenotyped. Ex vivo assays (CFC and proliferation) were 

performed from primary leukaemic mice. The rest of the cells were frozen at -80°C for 

further use in secondary transplants and future analysis. 
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 2.19 Protein analysis 
 

2.19.1 Western blot   

CDX2 protein was detected by using western blot method. Total cellular protein from 

NIH3T3 cells transduced with MSCV-Cdx2 and MSCV-N51SCdx2 was extracted by 

RIPA lysis buffer. Protein concentration was estimated using Bradford method according 

to manufacturer’s instructions and a 100µg of protein from each sample (NIH3T3-Cdx2, 

NIH3T3-N51S-Cdx2, and NIH3T3-MiG) was separated by 12% SDS-PAGE. The resolved 

gel was then electro-transferred onto nitrocellulose membrane and probed with anti-CDX2 

monoclonal antibody (mouse-IgG1) followed by treatment with secondary antibody (anti-

mouse IgG1-Goat Ab) for detection. Visualization of protein was achieved by ECL-GE 

Healthcare-Amersham kit which is based on horse radish peroxidase principle. 

 

2.19.2 Electrophoretic mobility shift assay (EMSA) 

EMSAs were performed as previously described (Taylor et al., 1997). Radiolabeled oligo 

probes containing Sucrase isomaltase footprint I (SIFI) enhancer element of Sucrase 

isomaltase were used (Taylor et al., 1997). Pre-annealed oligos at a concentration of 200 

pmol. were radiolabeled by Klenow enzyme (Roche) as per manufacturer’s instructions. 

Protein extracts were prepared from transduced NIH-3T3 cells as per modification of 

Dignam method (Dignam et al., 1983).  EMSA reactions comprised 30 µg nuclear protein, 

and 1 µl of radio-labeled probe measuring 3000 to 4000cpm, in a binding buffer, and anti-

Cdx2 antibody (1µl of 200µg/ml) in a total volume of 20µl. Molecular grade water was 

used to make up the volume. Binding reactions were performed in low binding tubes 

(BioZyme). In competition experiments, 5-fold molar excess of unlabeled probe was used. 

Binding reactions were carried out at room temperature for 30 minutes and loaded in 6% 

native PAGE using native loading dye. Electrophoresis was carried out at 60V for one hour 

and then continued at 150V for 3 hours till the dye front reach the ¾ length of the gel. Gel 

was then carefully put on a cellulose paper (No.3) and wrapped in a cellophane membrane 

followed by vacuum drying at 800C for 1 hour. Dried gel was cooled at room temperature 

for 15 min and then exposed to X-ray film in a Hyperfilm exposure cassette and stored at -

800c. Radiographs were developed after exposure of 12, 24, and 30 hour’s period. 
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2.19.3 Intracellular localization of Cdx2 

NIH-3T3 cells constitutively expressing Cdx2 or Cdx2-HD and wild type NIH3T3 cells 

were plated on sterile glass cover-slip in 4 well or 24 well cell culture dishes with growth 

medium of 200µl for 45000 cells.  After two hours of incubation at 37oc in 5% CO2 

incubator, 1ml of growth medium was slowly added from the corner of the wells and the 

culture dishes were carefully placed back in the incubator without shaking. After 12 hours, 

an additional 500µl of growth medium was added carefully to the dish without mixing. 

Cells were monitored under microscope for adherence to the cover slip. After 48 to 60 

hours, medium was withdrawn and washed twice with PBS (with Ca2+ and Mg2+). Cells 

were fixed using 400µl of 4% paraformaldehyde within the culture dish by incubating for 

15 minutes at 40C. Paraformaldehyde was aspirated slowly and cells were washed with 500 

µl of PBS (with Ca2+ and Mg2+). Cover slips were then allowed to air-dry at room 

temperature following which cover slip were again washed with cold PBS, this time 

without Ca2+ and Mg2+ for 5 minutes. Buffer B 500 µl (section 3.13; Buffers for 

intracellular localisation) was used for cell and nuclear membrane permealization by 

incubating for 20 minutes at RT.  Subsequently, buffer B was removed and cover slips were 

incubated with blocking buffer (10% donkey serum in buffer A) for 20 min at RT. Antibody 

staining was performed in cold buffer A with anti-CDX2 primary antibody (1:100 µl 

dilution) for 2 hours at RT. Coverslips were then washed twice with buffer A for 10 min at 

RT. Secondary antibody was diluted (1:2000) in buffer A (500 µl) with 1.5% serum for 2 

hours at RT.  Cells were then washed twice with buffer-A (500 µl) for 10 minutes at RT. 

Next, the coverslips were taken out carefully, air dried for 5 minutes and mounted with 

anti-fade-DAPI (Invitrogen) on microscopic glass slide. Details to the antibodies are 

mentioned in the section 3.8. Slides were then dried at RT in dark for 2 hours and/or 

overnight and observed in an immunofluorescence microscope; images were captured with 

Axio Vison software. 
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2.20 Statistical analysis 

All the experiments were performed for 3 to 5 times in biologically independent sets, unless 

otherwise indicated. Statistical analysis was performed using Excel (Microsoft) or 

GraphPad Prism 5. Statistical significance was assessed using two-tailed-t-Test and a P 

value of ≤ 0.05 was considered significant. In in vivo experiments, Kaplan-Meier survival 

estimates were performed by Mantel-Cox (log-rank) test using Prism 5 (GraphPad). Error 

bars represent standard error of mean ± SEM, unless otherwise mentioned. GraphPad Prism 

(version 5.0a; GraphPad Software) was used to perform computations.  

.
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3.  RESULTS   

 

Our group and others have previously shown that CDX2 is expressed in the majority of 

human acute leukaemia (Rawat et al., 2008; Scholl et al., 2007; Thoene et al., 2009) and 

ectopic expression of Cdx2 in 5FU-treated BM induces an aggressive transplantable AML 

in murine BM transplantation model (Rawat et al., 2004; Scholl et al., 2007).  Furthermore, 

the leukaemogenic potential of CDX2 has been shown to be dependent on the N-terminal 

transactivation domain and does not require Hox-cofactors (Rawat et al., 2008). The 

homeodomain of CDX2 is essential for the DNA binding capacity. The homeodomain is 

not only important for direct DNA binding but is also crucial for heterodimer formation of 

homeobox proteins required for modulation of their target genes. Our lab has previously 

noted that BM cells expressing Cdx2-HD (N51S mutant) do not show transformation 

potential compared to BM cells expressing Cdx2. The contribution of the N-terminal 

transactivation domain and the Pbx1 interacting domain in Cdx2 induced AML has been 

studied in vivo (Rawat et al., 2004).  However, the role of the homeodomain in Cdx2 

induced leukaemia has not yet been studied in vivo. To address this issue, we aimed at 

evaluating the role of the homeodomain in Cdx2 induced leukaemia using the N51S 

mutation in the homeodomain of Cdx2 (Cdx2-HD). 

 

3.1 Cdx2-HD impairs the proliferative potential of BM cell in comparison 

to BM cells expressing wild type Cdx2 

To test the impact of the homeodomain of CDX2 on the proliferative potential of BM 

progenitors, Cdx2-HD was ectopically expressed in murine BM cells derived from5FU 

treated mice using the murine stem cell virus with Cdx2-HD (YFP+) , Cdx2 (YFP+) and 

eGFP as an empty vector control.  Proliferative potential and clonogenic potential of BM 

was tested by performing in vitro assays as described in the methods section.  Interestingly, 

BM cells expressing Cdx2-HD showed a 2.07 fold increase in total number of cells 

compared to BM cells expressing eGFP empty vector  (p=0.02, N=3) (Fig.13). However, 

consistent with previous studies BM cells expressing Cdx2-HD showed 6.14 fold less 

number of cells than Cdx2  ( p =0.0495, N=3) (Fig.13).   
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Figure 13. Proliferation assay of BM cells expressing Cdx2-HD, Cdx2, and eGFP in culture 

medium supplemented with cytokines SCF, IL-3 and IL-6.  BM cells expressing Cdx2-HD 

significantly loses the proliferative potential compared to Cdx2 (p = 0.0495, N=3), but maintains 

a significant proliferative advantage over cells expressing eGFP (p = 0.0495, N=3). Significance 

was calculated by Mann Whitney test using Stata-Se11.2 program.  Note: eGFP-enhanced green 

fluroscent protein; Cdx2-HD- caudal type homeobox 2 with homeodomain (N51S) point mutation; Cdx2- 

wild type Cdx2; BM- bone marrow. 

  

Thus, in comparison to Cdx2, Cdx2-HD did not induce significant proliferation in BM cells, 

but it provided a significantly moderate proliferation potential compared to eGFP.   

 

3.2 Cdx2-HD shows significant increase in total colony forming units   

CFU assay was performed to test the effect of Cdx2-HD on the colony forming potential 

of BM expressing Cdx2-HD, eGFP and Cdx2 (Fig.14). Interestingly, BM cells expressing 

Cdx2-HD generated a significant 2.04 fold higher number of total-CFU colonies compared 

to eGFP expressing cells [90 (±12)  vs 44 (±7); p=0.003, N=3, respectively]. As expected, 

Cdx2-HD generated 1.53 fold less number of colonies compared to Cdx2wt [90 (±12) vs 

138 (±18); p = 0.05, N=3]. Furthermore, Cdx2-HD generated 2.26 fold higher numbers of 

CFU-GM primitive myeloid colonies and 9 fold higher numbers of CFU-G colonies 

compared to eGFP expressing cells [p=0.001, N=3].  However, no significant increase was 

observed in mature monocyte colonies. Consistent with previous findings, Cdx2-HD 

expressing cells did not develop any CFU-blast colonies but Cdx2 expressing cells did [0 / 

11(±3.61); p= 0.006, N=3]. 
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Figure 14. Primary CFC-assay with BM cells expressing Cdx2, Cdx2-HD, and eGFP. Cdx2-

HD expressing cells showed significant (n=3, p = 0.003) increase in number of total-CFU compared 

to eGFP expressing cells but with significantly less number of total-CFU (≤p = 0.05) compared to 

Cdx2 expressing cells. Similarly, Cdx2-HD expressing cells showed a significant increase in the 

number of CFU-GM compared to eGFP expressing cells (p = 0.001) and less number of CFU-GM 

compared to Cdx2 expressing cells. Cdx2-HD did not induce CFU-blast colonies.  Note - BM- bone 

marrow; eGFP-enhanced green fluroscent protein; Cdx2-HD- Cdx2-homeodomain (N51S) mutant;  Cdx2- 

wild type Cdx2; CFU-G- colony forming unit-granulocyte progenitor; CFU-M- colony forming unit-

macrophage progenitor; CFU-GM- colony forming unit granulocyte macrophage progenitor;  CFU-blast – 

colony forming unit-blast progenitor. 

 

3.3 Cdx2-HD induced expansion of short term progenitors in vivo 

In our in vitro assays, Cdx2-HD showed a significant increase on proliferation and colony 

forming capacity of BM cells compared to BM expressing eGFP, suggesting that the Cdx2 

protein lacking DNA binding capacity contributes in BM cell growth and their clonogenic 

property.  

Surprisingly, Cdx2-HD did not cause any increase in colony numbers compared to the 

eGFP control in the ∆-CFU-S assay (Rawat et al., 2004). In the Δ CFU-S assay, prior to 

transplantation into recipient mice, BM cells are cultured for 7 days in vitro in DMEM 

supplemented with rmIL3, rmIL6 and SCF. Therefore, it might be possible that during in 

vitro culture conditions, the CFU-S activity of Cdx2-HD expressing BM cells was lost. 

This would fit very well to the data of the replating assays, where Cdx2-HD and eGFP 

expressing cells differentiated into mast cells after 7 days (data not shown). Thus, we asked 

 



Results 

 

 
59 

whether Cdx2-HD displayed any increase in CFU-S activity when sorted and immediately 

transplanted into irradiated recipient mice. 

Therefore, a CFU-S assay was performed (Fig.15). 5-FU treated BM cells were transduced 

with Cdx2-HD, eGFP or Cdx2 and successfully transduced cells were sorted to 100% 

purity and transplanted into lethally irradiated recipient mice. After 12 days, mice were 

sacrificed and spleens were fixed in Telly’s solution and macroscopic colonies were 

counted.  Interestingly, mice transplanted with BM cells expressing Cdx2-HD showed a 

significant, 2.11 fold higher number of colonies on spleens compared to spleens from mice 

transplanted with eGFP expressing cells [8(±1.9)/3.8 (±1.5), p = 0.0032, N=3)] and as 

expected 1.88 fold less number of colonies on spleens compared to Cdx2 group [8 (±1.9) 

/15(±1.9), p=0.0071, N=3)] (Fig. 15).    

 

Figure 15. CFU-S assay: Cdx2-HD with an inactivated homeodomain shows CFU-S activity. 
Cdx2-HD induces significantly more CFU-S colonies (p = 0.0032, N=3) than eGFP. However, its 

CFU-S activity was significantly (p= 0.0071, N=3) reduced compared to wild-type Cdx2. Total 

number of CFU-S colonies derived per transplantation of 5000 BM cells expressing Cdx2 or Cdx2-

HD or eGFP are shown. Median for each group is indicated and * represents significance (p values) 

between the two groups. Note: Cdx2- wild type Cdx2; Cdx2-HD- Cdx2-homeodomain (N51S) 

mutant; eGFP- enhanced Green fluorescent protein. 

 

Although Cdx2-HD expressing BM cells showed significant CFU-S activity compared to 

eGFP expressing BM cells, it showed dramatic loss of CFU-S activity compared to BM 

cells expressing wild-type Cdx2. In our in vitro assays, BM cells expressing Cdx2-HD (i.e. 

Cdx2 lacking DNA binding capacity) showed a clear growth advantage and colony forming 

potential over BM cells expressing eGFP. Therefore, it was hypothesized that Cdx2-HD, 
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despite its inactivating N51S mutation, might still be able to bind to enhancers and 

promoter elements of its target genes. To test the DNA binding capacity of Cdx2-HD, 

electrophoretic mobility shift assays were performed. 

 

3.4 Cdx2-HD loses its DNA binding capacity in-vitro 

 

3.4.1  Cdx2-HD does not bind to Sucrase isomaltase footprint I (SIFI)-DNA 

element of the Sucrase isomaltase promoter  

Cdx2 was previously shown to strongly bind to SIF1 from the Sucrase isomaltase promoter 

and it was also shown to bind to the Hoxc8 enhancer element- site D (Suh et al., 1994; 

Taylor et al., 1997). Binding assays were performed with the SIF1 promoter enhancer 

element. NIH3T3 cells were used for protein production as they do not express Cdx2.  

Nuclear protein extracts were prepared from NIH3T3 cells expressing Cdx2-HD, EGFP 

and Cdx2 as per protocol explained in the methods section. Protein production of Cdx2-

HD, Cdx2 and was confirmed by Western blotting using monoclonal anti-CDX2 antibody 

(Fig.16B). Electrophoretic mobility shift assays (EMSA) were performed to analyse the 

DNA binding capacity of nuclear protein extracts from respective NIH3T3 cells to SIFI 

DNA elements (Fig.16A).  These experiments showed that nuclear protein extracts 

containing Cdx2-HD did not show a super-shift with anti-CDX2 antibody while that of 

nuclear protein extracts from Cdx2 expressing cells clearly showed a super-shift indicating 

that the Cdx2-HD does not bind to the SIFI element (DNA) (Fig.16A). The same results 

were obtained in 3 independent experiments. 

 

3.4.2  Cdx2-HD did not bind to site-D of the enhancer element of the Hoxc-8 

 promoter 

Similarly, binding capacity of Cdx2-HD to the site-D of Hoxc-8 enhancer element was 

analysed. Nuclear protein extracts from Cdx2 expressing cells clearly showed a super-shift 

with anti-CDX2 antibody when analysed with EMSA after the binding reactions with 

Hoxc-8 site D element, but the nuclear protein extracts from Cdx2-HD expressing cells did 

not show any super-shift, indicating that Cdx2-HD did not bind to the Hoxc8-enhancer 

element (Fig.17A).  
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Figure 16.   EMSA of SIFI element with nuclear protein extracts (16µg) from NIH3T3 cells 

transduced with MIG (eGFP), Cdx2, and Cdx2-HD. A) EMSAs were analysed for the ability of 

Cdx2-HD to bind to SIFI. Competitions were performed with 5-fold molar excess of unlabeled 

probe and monoclonal anti-CDX2 antibody was used. The SIFI sequences are mentioned in the 

materials section. Cdx2 specific binding complexes and super-shifts are marked with an arrow. B). 

Western blot from the nuclear protein extracts showing presence of CDX2. 

 

Figure 17. EMSA of Hoxc8 site-D with nuclear protein extracts from NIH3T3 cells 

transduced with MIG (eGFP), Cdx2, and Cdx2-HD.  A) EMSAs were analysed for the ability of 

CDX2-HD to bind to Hoxc8-site D.  Competitions were performed with 5-fold molar excess of cold 

probe (non-labelled) and monoclonal anti-CDX2 antibody was used. The site-D sequence of Hoxc-

8 enhancer element is mentioned in the materials section. CDX2 specific binding complexes and 

super-shifts are marked with an arrow and lane is marked with *.  B). Western blot from the nuclear 

protein extracts demonstrating the presence of CDX2. Note (Figure 16 and 17): Cdx2- wild type Cdx2; 

Cdx2-HD- Cdx2-homeodomain (N51S) mutant; eGFP- enhanced Green fluorescent protein. 
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3.5 Cdx2-HD localizes to the nucleus 

DNA binding analysis by EMSA showed that Cdx2-HD does not bind to the SIFI element 

and the site-D of the Hoxc-8 promoter. Furthermore, the intracellular localization of Cdx2-

HD was determined by intracellular immunofluorescence staining and analysed by 

immunofluorescence microscope operated with Axio-vision software. 

NIH-3T3 cells constitutively expressing Cdx2, Cdx2-HD, were plated on sterile glass slide 

placed in cell culture dish in growth medium. After 48 hours, these slides were fixed and 

used in immunofluorescence staining as per protocol described in the methods section 

4.4.3. An anti-CDX2 monoclonal antibody was used for primary detection followed by 

Cy3 labelled anti-CDX2 antibody for fluorescence detection, which clearly showed that 

CDX2-HD was localized into nucleus similar to CDX2 (Fig. 18).  

 

 

Figure 18. Intracellular localization of Cdx2-HD demonstrated by immunofluorescence. PhC 

column shows the phase contrast picture of stained cells; DAPI column shows nucleus of cells 

visualized by DAPI stain; Cdx2/Cy3 column shows the staining with Cy3 labelled antiCdx2 

antibody; DAPI+Cy3 column shows the stained nuclei with Cdx2 detected by Cy3 labelled 

secondary antibody and Phc+DAPI+Cy3 column shows merged immunofluorographs.  The 2nd 

antibody control row shows that secondary antibody (Cye3anti-CDX2 antibody) does not bind non-

specifically to NIH3T3 cells expressing Cdx2. Note: PhC- phase contrast; DAPI- 4',6-diamidino-2-

phenylindole; Cy3-cyanine 3 fluorescent dye. 
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 3.6 Cdx2-HD induces AML in transplanted mice  

5-FU treated BM cells constitutively expressing Cdx2-HD (YFP) and eGFP were sorted 

by FACS to 100% purity and were immediately injected into lethally irradiated recipient 

mice [for Cdx2-HD group: 2.5 x 105 (n=2),  3.2 x 105(n=2), 3.5 x 105 (n=5) along with 5 

x104 eGFP cell from donor mice and in another group 4.5 x 105 cells (n=1) with Cdx2-HD 

along with equal number of BM cells with an empty vector (eGFP)] (Fig. 19). 

Mice transplanted with Cdx2-HD expressing BM cells (Primary transplants-1Tx) became 

moribund (i.e. breathlessness, lethargy, cachexia) after a median period of 135 days (n=10, 

comprising 3 independent transplantations as mentioned above) and mice with secondary 

transplants (2Tx) developed disease after a median of 49 days (Total n=12, comprising 

three independent transplantations from two primary diseased mice belonging to 

independent primary transplantation (1Tx); out of which only one group of 2Tx developed 

AML, n=5) (Fig.19). 

Characteristics of died mice (3) and diseased mice (7) are summarized in Table 12. 

Diseased mice were characterized by severe anaemia with 5 fold decrease in number of 

peripheral erythrocytes (0.72 x 109/ml ± 0.26 x 109/ml(SEM), n=8,) compared to 

erythrocytes numbers (3.50 x109/ml ± 0.29)  from control group mice (p=0.01) (Fig.20A);   

hyper leucocytosis by 7 fold increase in peripheral WBC number (27.76 x 106/ml ±7.50, n 

=7) compared to control group mice (4.10 x 106/ml ±0.36, p=0.02) (Fig.20B) and 

splenomegaly (630 mg ± 56.81, n=9, p = 0.00) compared to spleen weight from control 

group of (103.33mg ±8.83, n=3, p = 0.00) (Fig.20C, Table 12). Diseased mice revealed 

characteristics of AML with a high percentage of blasts cells in BM, SP, PB compared to 

control animals (Table 12, Fig.21). 
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Figure 19. Cdx2-HD induces AML in vivo in a murine model of bone marrow transplantation.  
Kaplan-Meier analysis of survival of 1Tx-mice transplanted with BM cells constitutively 

expressing Cdx2-HD (n=10), eGFP (control group n=3) and 2Tx-mice transplanted with BM cells 

expressing Cdx2-HD from primary diseased mice. The median survival period of diseased mice 

from primary (1Tx) and secondary (2Tx) transplants are indicated. Mice, which received primary 

transplants of BM-Cdx2-HD died over a median period of 135 days. One group of 2Tx mice became 

moribund over a median period of 49 days (n=5) and the two other groups (n=4, n=3) did not engraft 

and died of unknown reason. Control group mice (eGFP) survived over a period of 450 days. The 

Mantel-Cox test and Log-rank test for trend among Cdx2-HD (1Tx) and control group of mice 

resulted in a high significance with P = <0.0001 and P = 0.0002, respectively.  
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Figure 20. Haematological parameters demonstrating severe anaemia, hyperleukocytosis and 

spleenomegaly, diagnostics of leukaemia.  A). and B). Total number of RBC and WBC in 

peripheral blood of Cdx2-HD disease mice and  eGFP control group mice.  C). A Representative 

spleen from diseased mouse and control group mouse, showing splenomegaly.  Moribund mice 

were sacrificed and spleens were weighed and the length and breadth was measured.  All the 

diseased mice showed splenomegaly and the control group mice had normal spleen. Note: Cdx2-

HD- Cdx2-homeodomain (N51S) mutant; eGFP- enhanced Green fluorescent protein, RBC- red blood cells, 

WBC – white blood cells. 

  

 

 

Figure 21. Cytomorphological analysis of cells from diseased mouse organs/tissues showed 

blast phenotype.  Cytospin preparations of bone marrow (BM), spleen (SP), peripheral blood (PB).  

Only WBC and whole blood-smears were analysed post May-Gruenwald staining. Microscopic-

photographs were captured with an inverted light microscope at 1000X magnification.  Note- BM- 

bone marrow;  SP- spleen;  PB-WBC- peripheral blood derived WBC. 

 

BM, SP and PB cells from diseased mice contained a significant number of blast cells (Fig. 

21) compared to that of eGFP control mice, which is diagnostic criteria of AML (Table 

12). 
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Table 12: Haematological characteristics of experimental mice. 

Note: * - Diseased mouse; RBC= Red blood cells; WBC= White blood cells; ND = Not determined. 

Mouse 

No. 

Transplantation 

Type 

Gene Survival 

(days) 

Engraftment 

% 

RBC/ ml 

(x 109) 

WBC /ml 

(x 106) 

Spleen 

Weight 

(mg) 

BM 

(% blast) 

Spleen 

(%blast) 

PB 

(%blast) 

3998-B1*  1Tx  Cdx2-HD 35 >90* ND ND 640 ND ND ND 

3998-B2* 1Tx Cdx2-HD 35 >90* ND ND 400 ND ND ND 

3998-B3* 1Tx Cdx2-HD 36 94.5 0.6 

 

4 600 ND 46 ND 

3998-B4* 1Tx Cdx2-HD 36 96.1 0.78 

 

2 500 ND 31 ND 

3997-A2* 1Tx Cdx2-HD 319 98 1.2 32.6 700 15 37 26 

3997-A3* 1Tx Cdx2-HD 135 95 0.7 44 ND 70 ND ND 

3984-B1* 1Tx Cdx2-HD 160 83 

(SP,PB) 

0.4 7.5 650 ND ND ND 

3984-B2* 1Tx Cdx2-HD 161 99 1.0 32 680 Liver-28 30 49 

3597-1* 1Tx Cdx2-HD 163 98 0.4 40 1000 ND ND ND 

16-105* 1Tx Cdx2-HD 101 86 0.7 60 500 51 54 46 

MIG 1Tx MIG 248 99 4 5 90 0 0 0 

MIG 1Tx MIG 500 >95 3 4.3 120 0 0 0 

MIG 1Tx MIG 271 >95 3.5 3.0 100 0 0 0 
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3.6.1 Immuno-histochemical analysis of diseased mice showed blast 

 infiltration in multiple organs 
 

Immuno-histochemical analysis of Cdx2-HD diseased mice showed infiltration of spleen 

and liver with acute myeloid leukaemia cells. The spleen showed infiltration of red pulp 

by large blasts with open blast chromatin, prominent nucleolus and broad cytoplasm. The 

tumor cells showed a high proliferation rate and apoptosis with abundant tingible body 

macrophages, which produced in some areas a starry-sky pattern. The liver showed 

infiltration both in the portal trial and in the sinusoids. Immunohistochemical analysis 

demonstrated that approximately 10-20% of the leukaemic cells were myeloperoxidase 

positive. The stain for CD3 (T-cell marker) was negative in the leukaemic cells but positive 

in the few residual T-cells of the spleen. The staining for TdT (Terminal deoxynucleotidyl 

transferase) and B220 (B-cell marker) were negative in the leukaemic cells. The staining 

for chloroacetate-esterase (ASDCL) was positive in a small percentage of tumor cells. The 

morphology and immunohistochemical analysis thus were characteristics of the diagnosis 

of an acute myeloid leukaemia with minimal maturation (Fig. 22). 

 

Figure 22. Immunohistochemical analysis of diseased Cdx2-HD mouse shows infiltration of 

blast cells into multiple organs. Histopathological investigation by immunohistochemistry 

revealed leukocytosis and infiltration of blast cells into spleen and liver. A)  Haematoxylin/eosin 

(HandE) staining of spleen (25x and 100x) and liver (100x). B) May-Gruenwald and Geimsa 

staining of spleen cells (630x) and of liver (400x). C1-3) Myeloperoxidase staining of spleen (400x, 

200x,) and liver (100x, 400x). D1) N-acetyl-chloroacetate esterase staining of spleen (400x), D2) 

CD3 staining of spleen (200x) and myeloperoxidase staining of BM.  

Note:  x = microscopic magnification; MPO- myeloperoxidase. 
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3.6.2 Cdx2-HD induced leukaemia with high Gr-1/c-kit phenotype 

Immunophenotypic analysis of cells from BM, PB and spleen from 7 out of 10 analysed 

mice revealed features of acute myeloid leukaemia. Interestingly, compared to the 

previously described (Rawat et al., 2004) immunophenotype of Cdx2 induced AML, the 

Cdx2-HD induced AML with high Gr-1+ and c-kit+ phenotype as evident from higher 

proportions of these type of cells in BM, SP and PB compartment (Fig 23-24). 

Immunophenotype characterization of the control group of mice (eGFP+) showed none of 

the phenotypes compared to the Cdx2-HD diseased mice. The predominant 

immunophenotype of cells from control group mice were as follows, represented in 

percentage: in the BM: Gr-1+ (61 ±17), Mac-1+ (65 ±17),  Gr-1+/Mac-1+(62 ±22),  in SP; 

Gr-1+ (10 ±3.7), Mac-1+ (9.6 ±4),  Gr-1+/Mac-1+(6.4 ±4.7) and in PB; Gr-1+ (16 ±9), Mac-

1 (39 ±26), Gr-1+/Mac-1+ ( 15.76 ±12.76)  (Fig 23, 25-27).  A representative dot-plot of 

the immunophenotype of the control group of mice and a Cdx2-HD diseased mouse is 

shown in comparison in Fig. 23, 24 (in panel Cdx2-HD) and in Fig. 29 – (in panel Cdx2-

HD 1Tx, 2Tx).  

Figure 23. Flow cytometric dot-plot of a representative immunophenotype of haematopoietic 

compartment (BM, PB, SP cells) of diseased mice and control mice transplanted with BM cells 

expressing Cdx2-HD (YFP+) or eGFP, respectively. Cells from each compartment were stained 

with myeloid markers(Gr-1,Mac-1),erythroid marker(Ter-119),lymphoid markers;B-cells specific 

(B220), T-cell specific markers (CD4, CD8) and primitive progenitors/haematopoietic stem cell 

markers (Sca-1, c-kit).The percentage of the proportion of Cdx2-HD (YFP+) and GFP+ (control) 

cells expressing a given marker is indicated in the respective quadrant of dot-plot. (All the diseased 

mice demonstrated an engraftment with more than 90% with either YFP+ or GFP+ cells).   
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 Figure 24. Representative flow cytometric dot-plot of primary Cdx2-HD diseased mice compared 

with Cdx2 mice*. A). Cells from the Cdx2-HD and Cdx2 diseased mice were double stained with 

Gr-1 and c-kit antibody. Cdx2-HD mice showed high proportions of Gr-1+/ c-kit+ double positive 

cells compared to Cdx2-WT mice which demonstrates only Gr-1+ dominant disease. B). BM, SP, 

PB cells of one of the primary Cdx2-HD diseased mouse demonstrated bi-phenotypic (Gr-1 and B220) 

leukaemia. *Only BM compartment of Cdx2 mice is analysed and shown here as it was previously 

demonstrated by Rawat et al., 2004. (Cdx2 = Cdx2-WT). 
Note: Gr-1/Mac-1- Granulocyte  and  macrophage surface markers, respectively;  Ter119- erythrocyte marker;  

B220- B-cell marker. 

The immunophenotype of the Cdx2-HD induced leukaemic mice compared to the eGFP 

control mice (n=3) are summarized in figures 25 to 27. All the haematopoietic 

compartments (i.e. BM, SP, and PB) could be analysed in five of the Cdx2-HD induced 

leukaemic mice and 3 of the control group mice. The proportions of cells expressing the 

myeloid (Gr-1+, Mac-1+), erythroid (Ter-119+), lymphoid (B220+, CD4+, CD8+) and 

primitive (Sca-1+, c-kit+) markers in PB, SP and BM are indicated in figure 25, 26, and 27, 

respectively.    

 

 

B 

 

A 
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Figure 25. Immunophenotype comparison of cells in the peripheral blood (PB) of mice with 

primary AML and the control group.  AML was induced by Cdx2-HD and control group mice 

were transplanted with BM cells expressing eGFP. Cells were stained for myeloid and lymphoid 

markers as well as markers expressed by primitive cells. The YFP/GFP positive cells were analysed 

by FACS from each compartment, the proportions of cells expressing lineage and stem cell markers 

are indicated. A significantly (p = 0.001) high proportions of Gr-1+ cells were detected in Cdx2-

HD mice (n=5) compared to eGFP group of mice (n=3).  
Note: PB-peripheral blood cells, Gr-1/Mac-1- Granulocyte & marchrophage surface markers, respectively; 

Sca1/c-kit- primitive progenitors/haematopoietic stem cell markers; Ter119- erythrocyte marker; B220- B-

cell marker and CD4/CD8 –T- cell markers; YFP- yellow fluorescent protein; eGFP- enhanced green 

fluorescent protein. 

 

In brief, the peripheral blood compartment consisted of a significantly high proportion of 

myeloid cells expressing Gr-1 (82% ± 6 SEM) compared to the control group of mice in 

which only 15% (±5) of the cells were Gr-1+. The other myeloid marker Mac-1 was 

expressed on 61% (±18) of cells from Cdx2-HD mice and on 39% (±15) of cells from control 

mice. Furthermore, 53% (±17) of cells co-expressed Gr-1 and Mac-1 in leukaemic mice 

compared to 15% (±7) in control mice (Fig.25).  

Furthermore, the percentage of spleen cells from Cdx2-HD mice expressing Gr-1 (50% 

±15) and c-kit (49% ±15) was much higher than compared to spleen cells from control 

mice (Gr-1: 10% (±2); c-kit: 1.62 % (±0.6)). However, the proportions of Mac-1 positive 

cells and Gr-1 / Mac-1 double positive cells were not significantly higher in Cdx2-HD mice 

as compared to control mice. In leukaemic mice, only 20% (±8) of cells expressed Mac-1+ 

and 12% (±4) co-expressed Gr-1+/Mac-1+ compared to 10% (±2) of Mac-1+ and 6% (±3) 

of Gr-1+/Mac-1+ in the control group (Fig.26).   
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Figure 26. Proportions of cells from spleen compartment of Cdx2-HD primary diseased mice 

compared to eGFP control group mice.  Cells were stained for myeloid and lymphoid lineage 

markers and the percentages of YFP/GFP positive cells expressing a given markers are indicated. 

A significant higher proportion of cells from Cdx2-HD mice expressed Gr-1+ and c-kit+ (p = 0.05 

and p=0.03, n=5) in comparison to control mice (n=3). 

Note: SP- spleen cells; Gr-1/Mac-1- Granulocyte & macrophage surface markers, respectively; Sca1/c-kit- 

primitive progenitors/haematopoietic stem cell/markers; Ter119- erythrocyte marker ; B220- B-cell marker 

and CD4/CD8–T- cell markers; YFP- yellow fluorescent protein; eGFP- enhanced green fluorescent protein. 

 

Compared to the control group, the bone marrow compartment of leukaemic mice also 

consisted of a high proportion of c-kit positive cells. By contrast, the myeloid compartment 

did not show any significant difference. BM of leukaemic mice contained 63% (±8) of Gr-

1+, 45% (±10) of Mac-1+ cells and 36% (±8) of Gr-1+/Mac-1+ double-positive cells.  In 

eGFP control mice, 61% (±10) of BM cells expressed Gr-1, 65% (±10) Mac-1, and 62% 

(±13) were Gr-1/Mac-1 double-positive (Fig.27).   
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Figure 27. Proportions of cells from bone marrow compartment of Cdx2-HD primary 

diseased mice compared to eGFP control group mice.  Cells were stained for myeloid and 

lymphoid lineage markers, and then analysed by FACS. The percentages of YFP/GFP positive cells 

in each subpopulation are shown.  Significantly high (p = 0.05, n=5) proportions of c-kit+ cells were 

present in Cdx2-HD mice compared to the eGFP control group (n=3). 

Note: BM- bone marrow cells, Gr-1/Mac-1- Granulocyte & marchrophage surface markers, respectively; 

Sca1/c-kit- primitive progenitors/haematopoietic stem cell/pmarkers; Ter119- erythrocyte marker; B220- B-

cell marker and CD4/CD8–T- cell markers; YFP- yellow fluorescent protein; eGFP- enhanced green 

fluorescent protein. 

 

Interestingly, all the Cdx2-HD diseased mice harboured significantly higher proportions of 

c-kit+ cells in all compartments (n=0.05, n=5). The proportion of c-kit+ cell in BM was 56% 

(±15), in PB 21% (±15), and in spleen 49% (±15). In comparison, eGFP control mice 

contained only 7% (±1) of c-kit+ cells in BM, 0.66% (±0.2) in PB and 1.62% (±0.6) in 

spleen. However, the proportions of cells with Sca-1, an early progenitor (or HSC) marker, 

were significantly less than the number of cells expressing c-kit. The proportions of Sca-

1+ cells were as follows in diseased mice: 4.6% (±2) in BM, 8% (±3) in PB and 12% (±8) 

in spleen compared to the control group mice, in which the BM contained 4% (±1), the 

spleen 53% (±16), and the PB 29% (±11) of Sca-1+ cells (Fig. 25-27). 

Only one of the diseased mice had high proportions of cells expressing the B-cell lineage-

specific marker B220; 66% in BM, 78% in SP, and 93% in PB. Out of 7 analysed mice, 4  

had only < 3% of B220+ cells in all the compartments, and the other two mice had 12% 

and 16% in BM and 10% in PB (only in  one diseased mice). Bone marrow, spleen and 

peripheral blood of control group of mice consisted of 12% (±8%), 48% (±8) and 45% 

(±14) of B220 positive cells, respectively (Fig.25-27).  
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Haematopoietic compartments of the diseased mice did not show any marked presence of 

cells with T-cell markers.  Diseased mice did not show a significant difference compared 

to control group and had < 1% [i.e. 0.5% (±0.2)] of CD4+ and CD8+ proportions of cells in 

BM, SP and PB, respectively. However, except one mouse that had 5%, 10% and 13% of 

CD8+ cells in BM, SP and PB, respectively. The spleen of another diseased mouse 

contained 5.46% of CD8+ cells. The proportion of cells co-expressing CD4+ and CD8+ was 

less than 0.05% in diseased mice group. The haematopoietic compartment of eGFP control 

group consisted of 2.9% (±2.17), 15.76% (±7.39), 5.30% (±2.90) of CD4+ cells;  0.63% 

(±0.14), 6.41% (±1.77), 19.83% (±27), of CD8+ cells and 0.12% (±0.02), 0.45 (±0.29), 0.64 

(±0.45) of CD4+/CD8+ double positive cells in BM, SP and PB, respectively (Fig. 25-27).  

Similarly, there was no significant proportion of cells expressing Ter119 (erythrocyte 

lineage marker) in the diseased mice compared to the control group of mice. On an average, 

only 1% (±038), 1.25% (±0.74) and 5.73% (±3.7) of the Ter119 positive cells were detected 

in BM, SP, and PB of the diseased Cdx2-HD mice, respectively.  The control group also 

demonstrated only 7% (±6), 4% (±5), 16% (±14) cells expressing Ter119 in BM, SP, and 

PB, respectively, (Fig.25-27). 

In summary, ectopic expression of Cdx2-HD induced an AML and a strong trigger to 

express stem cell factor receptor, c-kit and the granulocyte marker Gr-1, in all the 

haematopoietic compartments (BM,SP,PB)  However there was only a moderate increase 

in Gr1+/Mac-1+ co-expressing myeloid cells compared to Cdx2 (fig. 24A) and eGFP 

expressing mice (Fig.25-27).    

 

3.6.3 Cdx2-HD induced transplantable AML  

To test if Cdx2-HD induced leukaemia was transplantable, BM and SP cells from the 

primary AML mice along with equal numbers of bone marrow cells derived from donor 

mice were transplanted into lethally irradiated (850 cGy) recipient mice.  

 Three different groups of secondary transplants (2Tx) were carried out (Table 13). Bone 

marrow cells with high proportions of Gr-1+ /Mac-1-/ C-kit+ cells (Fig. 28, 29, 30), induced 

a transplantable AML in recipient mice, whereas cell from BM and SP with moderate 

proportions of Gr-1+/Mac-1+ and low c-kit+ did not induce leukemia in secondary 

transplants (Fig. 19 and Table 13). 
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All the diseased mice in secondary transplants suffered from splenomegaly, severe 

anaemia, and hyperleukocytosis and had a high percentage of blast cells in the BM, SP and 

PB compartment (Fig. 29B).  All mice became moribund or died over a median period of 

49 days: two of them died at day 23 and the other 3 became moribund by day 49 and were 

sacrificed for analysis (Fig.19). However, the other group of 2Tx mice which did not 

develop leukemia, survived for 433 and 358 days (n=4; n=3, BM cells) and (SP cells) 

survived for 233 days (Fig.19). 

 

Table 13:  Characteristics of secondary transplanted Cdx2-HD mice  

Note: 2Tx= secondary transplants; BM- bone marrow cells; SP- spleen cells; Gr-1/Mac-1- 

Granulocyte & marchrophage surface markers, respectively; Sca1/c-kit- primitive 

progenitors/haematopoietic stem cell markers;  Ter119- erythrocyte marker;  B220- B-cell marker 

and CD4/CD8 - T-cell markers;  YFP- yellow fluorescent protein. 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type  and source 

of cells from  

primary leukemia 

No of 

Mice 

No. of cells injected i.v. AML 

 in 2Tx 

Figure No. 

BM Cells 

High no. of 

Gr-1+/Mac-1-  

and 

high c-kit+  

n=5 

 

 

1x 106 BM cells/ mouse 

Yes 

100% 

penetrance 

19 and  

28-30. 

BM Cells 

Moderate  

Gr-1+/Mac-1+  

and c-kit+  

n=4 

 

1x106 unsorted BM cells/mouse 

49% YFP+ BM cells 

None 19 

BM Cells 

Moderate  

Gr-1+/Mac-1+  

and c-kit+  

n=3 

 

 

2.5x106/mouse, unsorted, 

49% YFP+ BM cells 

None 19 

SP cells 

Low- 

Gr-1+/Mac-1+ 

/c-kit+ 

[Gr-1+(5%)/Mac-

1+(6%)  

and moderate 

 c-kit (30%)] 

n=2 

 

 

1 x 106 SP cells + 

normal donor BM cells 

 

None 

 

19 

SP cells 

Moderate  

Gr-1+/Mac-1+ 

/c-kit+ 

n=1 

 

6.8 x 105 SP cells + 

normal donor BM cells 

None 19 
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Figure 28:  A representative flow cytometric dot-plot of BM, SP and PB cells of primary 

(1oTx) Cdx2 induced leukaemic mice compared to Cdx2-HD induced AML in primary and 

secondary (2oTx) transplanted mice. Cells were stained for Gr-1/Mac-1 and proportions of cells 

in YFP+ compartments are indicated. Panel Cdx2-1oTx shows that Cdx2 induced leukaemia consist 

of highly myeloid Gr1+/Mac-1+ populations of cells, while the panel Cdx2-HD-1oTx shows high 

proportions of Gr-1+/Mac-1- cells, which also induced transplantable AML with identical 

phenotype in secondary transplants, shown in panel Cdx2HD-2oTx.   
Note- 1oTx- primary transplants; 2oTx- secondary transplants;  BM- bone marrow;  SP- spleen; PB- peripheral 

blood;  Gr-1/Mac-1- granulocyte & macrophage surface markers, respectively; ND- not determined. 
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Figure 29:  Flow cytometric dot/plot of a representative 1oTx-Cdx2 and 1oTx as well as 2oTx 

Cdx2-HD diseased mouse. A) Cells from BM, SP, and PB were stained with Sca-1 and C-kit 

specific antibodies and the percentage of YFP cells positive for these markers are indicated. The 

panel Cdx2-1°Tx  shows Cdx2 induced leukaemia with low expression of c-kit+ on cells in BM, 

SP, PB, while panel Cdx2-HD-1°Tx shows Cdx2-HD induced leukaemia with high numbers of c-

kit+ cells. These cells induced AML in secondary transplants (Cdx2-HD-2°Tx) with an identical 

phenotype.  B) Cytomorphology of BM, SP and peripheral blood cells of Cdx2-HD-2°Tx leukaemic 

mice. Cells were stained with May-Gruenwald staining. BM, SP and PB showed high proportions 

of cells with blast morphology.   
Note- 1oTx- primary transplants;  2oTx- secondary transplants;  BM- bone marrow cells;  SP- spleen cells;  

PB- peripheral blood cells;  Sca-1/c-kit- primitive progenitors/hematopoietic stem cells markers;  ND- not 

determined. 
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Figure 30. Immunophenotypic analysis of diseased Cdx2-HD mice from secondary 

transplants. Lethally irradiated recipient mice were transplanted with BM cells from a primary 

Cdx2-HD AML mouse with high Gr-1/c-kit expression. Mice were sacrificed upon symptoms of 

disease. Cells from BM, SP and PB were stained for primitive stem cell, myeloid and lymphoid 

lineage markers. Proportions of cells positive for each marker were determined by FACS from the 

YFP+ compartment and the percentage of cells expressing each marker are indicated. The 

immunophenotype of cells from primary diseased mice (Gr-1+/c-kit+) was completely 

transplantable in all the compartment of all secondary transplanted diseased mice.  

Note: Tx- Transplantnt; 2Tx- Secondary transplant; BM- bone marrow; SP- spleen; PB- peripheral blood; 

Gr-1/Mac-1- Granulocyte & marchrophage surface markers, respectively; Sca1/c-kit- primitive 

progenitors/haematopoietic stem cell markers; Ter119- erythrocyte marker; B220- B-cell marker and 

CD4/CD8 –T- cell markers.  
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3.6.4 Ex-vivo analysis 

 

To test if BM derived from primary leukaemic mice maintains the proliferative potential 

acquired in vivo during leukaemogenic transformation, an ex-vivo liquid culture assay was 

performed in medium supplemented with SCF/IL6/IL3; a comparative number of BM cells 

were alive on day 7 and were analyzed to determine their phenotype. Interestingly, myeloid 

(Gr-1+/Mac-1+), c-kit+ high and blast phenotype of BM cells from primary leukemic mice 

was maintained till day-7 (Fig. 31A-B).  

 

  

 

Figure 31.  Ex-vivo assay of BM cells derived from primary leukaemic mice (n=2).  A). Cells 

were stained for myeloid (Gr-1, Mac-1) and primitive markers (Sca-1, c-kit) on day 1 and day 7 

and the proportion of cells expressing these one or combinations of these markers among YFP 

positive cells are indicated. B) Cytomorphology of cells stained with May-Gruenwald on day 7 of 

in vitro culture (magnification 1000x). Note: Gr-1/Mac-1- Granulocyte & marchrophage surface markers, 

respectively; Sca1/c-kit- primitive progenitors/haematopoietic stem cell markers; Ter119- erythrocyte 

marker; B220- B-cell marker and CD4/CD8 –T- cell markers. 
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Similar assay was performed with spleen cells (n=1), where only high c-kit+ positive cells 

were maintained till day 7 to a similar level as on day 1 while Gr-1+ cells declined in 

numbers (Fig. 32A). However, the morphology was maintained till day 7 (Fig. 32B). 

 

Figure 32. Ex-vivo assay of SP cells derived from primary leukaemic mice (n=1).  A). 

Comparison of the proportions of YFP positive cells expressing myeloid (Gr-1/Mac-1) and 

primitive markers (Sca-1/c-kit) on day 1 and day 7 in vitro culture. B) Cytomorphological analysis 

of cells on day 7 after May-Gruenwald staining. (Magnification: 1000x). Staining of cells on day 1 

is shown in Figure 21. Note: Gr-1/Mac-1- Granulocyte & marchrophage surface markers, respectively; 

Sca1/c-kit- primitive progenitors/haematopoietic stem cell markers; Ter119- erythrocyte marker; B220- B-

cell marker and CD4/CD8 –T- cell markers. 

 

A 

 

B 



Results 

 

 
80 

3.7 Leukaemic transformation of haematopoietic progenitors by Cdx2-

HD is not due to retroviral integration 

Ligation-Mediated PCR (LM-PCR) was performed as described in the methods section 

with genomic DNA from BM cells of two primary leukaemic mice to analyse the influence 

of retroviral insertion on leukaemic transformation. LM-PCR analysis revealed two 

amplicons in one mouse (3998B3) and a single amplicon in another mouse (3998B4), 

which were purified from agarose gel using column purification and sequenced. The DNA 

sequence analysis by blast (www.ncbi.nlm.gov/blast) resulted in the identification of two 

insertion sites for one mouse (3998B3) and one for the 3998B4 mouse (Table 14). In 

3998B3, the first integration (IA) occurred at the 5’ end of pro-viral genome is ras-GEF 

domain containing family member, which functions as guanine nucleotide exchange factor 

for Ras-like small GTPases and at 3’-end is E3 ubiquitin-protein ligase RNF130 precursor 

gene on chromosome 11, which has ubiquitin-protein ligase activity and is important in 

apoptosis.  

Table 14:  Sites of retroviral integration in haematopoietic progenitor cells of mice   

        transplanted with BM cells expressing Cdx2-HD. 

Mouse 
No. 

Disease Clone 
no. 

Chromosome Sequence 
ID 

Integration 
Range 

Integration sites /Gene 

      5’ end of 3’ end of 
3998 
#B3 

AML IA 11 of Mus 
musculus strain 
mixed 

Mm_Celera 
ref|AC_00003
3.1 

54558730 - 
54559510 

16584bp at 
ras-GEF 
domain 
containing 
family 
member 

1C28557 bp at 
E3 ubiquitin-
protein ligase 
RNF130 
precursor 

   11 of Mus 
musculus strain 
C57BL/6J,  

GRCm38.p1 
C57BL/6J 
ref|NC_00007
7.6 

49996066 -
49996846 

16547 bp- ras-
GEF domain-
containing 
family 
member 

1C28555 bp at 
E3 ubiquitin-
protein ligase 
RNF130 
precursor 

 AML IID 4 of Mus 
musculus strain 
mixed 

Mm_Celera 
ref 
AC_000026.1 

127066879-
127067582 

polyhomeotic-
like protein 2 
isoform A 

polyhomeotic-
like protein 2 
isoform A 

   4 of Mus 
musculus 
C57BL/6 

GRCm38.p1 
C57BL/6J ref 
NC000070.6 

128728172-
128728856 

polyhomeotic-
like protein 2 
isoform A 

polyhomeotic-
like protein 2 
isoform A 

3998-
B4 

#4IIB 

AML IIB 2, Mus 
musculus strain 
mixed 

MM_Celera 

ref 
AC_000024.1 

32200555- 

32201271 

   39626 bp at 5’: 
nuclear 
apoptosis-
inducing factor 

140533 at at 3’ 
side: protein 
FAM102A 

   2, Mus 
musculus 
C56BL/6J 

GRCm38.p1 
C57BL/6J ref 
NC_000068.7 

32494969-
32495685 

39700 bp at 5 
side: nuclear 
apoptosis-
inducing 
factor 

140402 bp at 
3’ side: 
protein 
FAM102A 
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The second integration (IID) occurred in the locus of the polyhomeotic-like protein 2 gene, 

which is a DNA binding protein involved in development and spermatogenesis. The 

product of this gene interacts with Bmi1, Pcgf3, Ring1, Rnf2, Topors, Foxp3, Mapkapk2 

and Spata24 proteins. 

In the second mouse 3998-B4, the retrovirus integrated in chromosome 2. Sequences 

upstream of the integration site were derived from the gene coding for the nuclear 

apoptosis-inducing factor and downstream from the FAM102A gene, (family with 

sequence similarity 102, member A / early oestrogen-induced gene 1 protein), which codes 

for a protein of unknown function. 

No integrations sites and associated genes and flaking sequences identified in our analysis 

have been listed in the Retrovirus Tagged Cancer Gene (RTCGD) database 

(www.rtcgd.ncifcrf.gov), which provides a collection of retroviral integration sites 

observed in murine cancer. 

3.8 Ectopic expression of Cdx2-HD in murine haematopoietic stem 

 cells/progenitors (BM) induced expression of genes associated with 

 cellular transformation, proliferation, differentiation, or stem cell 

 function.   

BM cells derived from 5-FU treated donor mice were transduced with Cdx2-WT, Cdx2-

HD, or eGFP using MSCV-GFP/YFP-retroviral vector. 48 hours later, RNA was isolated 

and used to quantify expression levels of candidate genes using TaqMan in a LDA-384 

well format (each gene in duplicate reaction). Low-density array  (LDA)  array with probes 

for genes which were previously shown to be perturbed by ectopic expression Cdx2-WT in 

haemotopoietic progenitors and genes important for haematopoietic stem / progenitor cells 

were included in this array to assess whether Cdx2-HD induced aberrant expression of any 

of these genes (Fig. 33:B-D). A probe for Cdx2 was also included to quantify both, wild 

type and mutant Cdx2 expression (Fig. 33:A)   

Compared to eGFP transduced cells, expression levels of Grb10, Hoxa9, MLL1, Myc, 

Piwil2 and Spry1 were increased up to 2-foldin Cdx2-HD transduced cells. The level of 

expression of Tgfbr3 was even increased 4 fold (Fig. 33B). Remarkably, Dlk1 expression 

was increased 7,44x103 fold (Fig. 33C). However, expression of Tgfbr, Dlk1 and Piwil2 

was still twofold lower than in Cdx2-WT transduced cells. Grb10 was found to be 

expressed at similar levels in BM cells expressing Cdx2-HD or Cdx2-WT. Interestingly, 

expression levels of Hoxa9, Myc, Spry were found to be twice as high as in Cdx2-HD as 

http://www.rtcgd.ncifcrf.gov/
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compared to Cdx2-WT transduced cells (Fig. 33B).  Moreover, Cdx2-HD transduced cells 

showed higher levels of expression of Rarb (140-fold), Wnt2 (66-fold), Hoxa10 (33-fold), 

Cyp26a1 (62-fold) and Bmp4 (15-fold) than Cdx2-WT transduced cells, in which 

expression was barely detectable (Fig 33- D). Compared to eGFP-transduced cells, Cdx2-

HD slightly induced Wnt5a, Wnt2 and Sox2 genes (0.13-, 65-, 0.58-fold, respectively), but 

expression levels were 3-, 8000- and 15-fold less compared to Cdx2-WT transduced BM 

(Fig 33B, C and D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33.  Gene expression analysis in haematopoietic stem cell /progenitor cells (BM cells) 

induced by Cdx2-HD or Cdx2-WT. (A-D) Murine BM cells enriched for haematopoietic stem 

cell/progenitors were transduced with Cdx2-HD, Cdx2-WT or eGFP, 48 hrs later, RNA was 

extracted and LDA-TaqMan real-time Q-PCR was performed to quantify gene expression using the 

(∆CT) relative-quantification method (N=1). Gene expressions were normalized with Gapdh for 

each probe/gene and fold expression was determined by normalising to gene expression levels of 

BM-cells expressing eGFP (BM-eGFP). The experiments was controlled by assessing Cdx-2 

expression; BM-eGFP transduced cells were negative for Cdx2 expression, BM-Cdx2-WT and 

BM- Cdx2-HD cells expressed high levels of Cdx2 (3.35x107 fold) (Fig. A).  
Note: The probe used for quantification of Cdx2 expression identifies both WT and HD forms. 
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4. Discussion 

 

Several studies including those performed in our group clearly show that Cdx2 is aberrantly 

expressed in the majority of AML patients and its high expression is associated with poor 

prognosis in ALL patients (Scholl et al., 2007; Thoene et al., 2009). The leukaemic 

potential of Cdx2 was demonstrated to be dependent on its N-terminal transactivation 

domain in murine model of BMT (Rawat et al., 2008). Mutation of the Pbx1 interacting 

motif (PIM) did not impact on course and phenotype of Cdx-2 induced AML in this model, 

which suggested that Cdx2 leukemogenecity is not dependent on Hox co-factors, such as 

Pbx1 and Meis1. In addition, it was demonstrated that the point mutation (N51S) in the 

DNA binding homeodomain completely abolished Cdx2 induced transformation in vitro 

(Rawat et al., 2008). However, it remained unknown whether the N51S mutation hampers 

its leukaemogenic potential in vivo. Therefore, this thesis aimed to assess the function of 

the homeodomain of Cdx2 in leukaemogenesis by using the murine model of bone marrow 

transplantation. 

Our in vitro results showed that Cdx2-HD expression enhances proliferation of 

haematopoietic progenitors in comparison to eGFP (Fig.13). However, unlike Cdx2, Cdx2-

HD did not induce any blast colonies in primary CFC-assays (Fig. 14). Yet, Cdx2-HD 

induced higher number of total-CFU, CFU-GM and CFU-G colonies compared to eGFP, 

indicating that Cdx2-HD did not block the differentiation but maintained the clonogenic 

potential of haematopoietic progenitors (Fig. 14). Furthermore, Cdx2-HD increased the 

number of colonies in CFU-S assays compared to empty vector control (BM-eGFP) 

(Fig.15). However, Cdx2-HD expression did not provide short-term haematopoietic 

progenitor potential (ST-HPP), in contrast to Cdx2 expression as previously demonstrated 

in ∆CUF-S assays (Rawat et al., 2004). This indicates that the ST-HPP was lost (or 

hampered) in Cdx2-HD transduced cells in ∆CUF-S but not in CUF-S assays. The later 

assay (CFU-S) was performed without one-week in vitro culture prior to transplantation, 

suggesting that Cdx2-HD expression can enhance the ST-HPP compared to eGFP. 

However, ST-HPP is dramatically reduced compared to Cdx2 wild type suggesting that 

asparagine at position 51 in the homeodomain is crucial for Cdx2 – CFU-S activity in early 

stages (Fig. 15).    

  



Discussion 

 

 
84 

Based on these findings of our in vitro and CFU-S results, we analysed the leukaemogenic 

potential of Cdx2-HD in a murine transplantation model. Importantly, Cdx2-HD was able 

to induce acute myeloid leukaemia in this model with a median period of survival of 135 

days (Fig. 19, 23-27). Moribund mice showed severe anaemia, hyper-leucocytosis, 

spleenomegaly and higher percentage of myeloid blast cells (Fig. 20-22). The 

immunohistochemistry and flow cytometry was indicative of AML with myelo-infiltration 

into multiple organs like bone marrow, spleen, peripheral blood, lung and liver (Fig. 22). 

Cdx2-HD induced AML with myeloid immunophenotype ranging from higher, moderate 

to low proportions of Gr-1+ , Gr-1+/Mac-1+ with  co-expression of a primitive marker c-

kit+ cells with higher or lower proportions in BM, SP and PB compartments (Fig 23-24). 

Thus, in contrast to Cdx2 induced AML, which is only myeloid rich acute leukaemia 

(Rawat et al., 2004), Cdx2-HD induced AML with either Gr-1+ high and c-kit+ high bias 

(Fig 25-27).  Thus, the present results clearly demonstrate that Cdx2-HD is able to induce 

AML (Fig. 19, Table 12, Fig. 20-22).  

Furthermore, in a 7-day ex-vivo proliferation assay performed with  bone marrow cells and 

spleen cells derived from primary leukaemic mice expressing Cdx2-HD (YFP+), BM cells 

maintained the myeloid proportions of cells with Gr-1+/Mac-1+ and primitive markers Sca-

1+/c-kit+, and SP cells maintained proportions of primitive cells with  Sca-1+ and c-kit+ 

expression with reduced number of myeloid cells. This could be suggestive of increased 

clonogenic and short term haematopoietic progenitor potential (ST-HPP) which was also 

indicated in the CFU-S assay, as well as in secondary transplants; wherein only BM cell 

from AML with Gr-1+/c-kit+ high bias was transplantable (Table 13, Fig. 19, 28-30).   

Our finding is supported with a similar high c-kit+-biased phenotype in an independent 

study in HOXA1 and HOXA9 induced leukaemia and it was demonstrated that the 

individual HOX properties were controlled by homeodomain (Breitinger et al., 2012). 

Interestingly, c-kit+/Gr-1-low phenotype was observed in mice transplanted with HOXA1 

with a swapped homeodomain of HOXA9 and when HOXA9 homeodomain was swapped 

with HOXA1, then the disease phenotype converted to a Gr-1+ bias. Also in vivo, a low 

penetrating HOXA1 induced leukaemia was converted in an aggressive disease like 

HOXA9 induced leukaemia, only by an exchange of the homeodomains between these 

non-related paralogue HOX genes. In this model, the gene expression pattern of HOX 

transformed cells in vitro was also dependent on the nature of the homeodomain, 



Discussion 

 

 
85 

suggesting that the homeodomain region of HOX controls the phenotype of HOX induced 

leukaemia (Breitinger et al., 2012). 

When considering our present results with Cdx2-HD induced leukaemia (wherein 

homeodomain was compromised for its DNA binding ability by introducing the N51S 

mutation) with c-kit+ high biased primary phenotype and Gr-1+/C-kit+ biased 

transplantability of the disease in comparison to AML induced by Cdx2, our findings 

suggest that the homeodomain of Cdx2 contributes to the control of the phenotype of 

leukaemia. 

Cdx2 is a transcription factor that needs to bind to promoter-elements of its target genes 

and the N51 position in the homeodomain in Hox proteins had been shown to be important 

for DNA binding (Shanmugam et.al., 1999).  Therefore, we analyzed the capacity of Cdx2-

HD to bind to DNA using EMSA (Fig.16-17). Nuclear protein extracts from NIH-3T3 cells 

constitutively expressing Cdx2-HD, Cdx2, eGFP were used to analyse binding to the SIFI 

element in the Sucrase isomaltase promoter (Fig.16), and to site-D in the Hoxc-8 promoter. 

Cdx2-HD failed to bind to either promoter element. Thus, Cdx2-HD either does not bind 

to these elements (but possibly to other elements in promoters and enhancers), or does bind 

these enhancer elements but the binding was below the detection limit of the EMSA 

(Fig.17). Given that Cdx-2 is a transcription factor and, therefore, has to localise in the 

nucleus of cells, we tested if Cdx2-HD has a similar localisation pattern as the wild type 

protein. Intra-cellular immunofluorescence analysis of NIH-3T3 cells constitutively 

expressing Cdx2-HD or Cdx2-WT revealed that Cdx2-HD also localises into nucleus like 

Cdx2. This indicates that mutation (N51S) abolishing DNA binding of homeodomain does 

not affect its subcellular localisation. This finding indirectly supports our results of in vitro 

proliferation, CFC and in vivo CFU-S assay. Thus, it might be able to bind to DNA with 

lower affinity or engage in indirect co-operative binding, which was perhaps not detectable 

in our EMSA analysis. Irrespective of how Cdx2-HD exerts its function, it was clearly 

capable of enhancing proliferation and maintaining clonogenecity and CFU-S activity in 

murine BM cells (haematopoietic stem cells/progenitors). Evidence for a weak DNA 

binding ability of mutant homeodomain proteins or indirect co-operative binding has been 

obtained previously in  in vitro DNA binding studies of other members of homeobox genes 

such as HOXD4, HOXD9, PBX1 and MEIS1A (Shanmugam et al., 1999). These 

transcription factors also bind to DNA through the homeodomain. PBX1 binds to DNA co-

operatively by forming stable complex with MEIS family members and HOX proteins. The 
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PBX1 homeodomain is required for binding to HOXD4 and HOXD9 (Shanmugam et al., 

1999). In this study, HOXD4 with a mutant homeodomain (N51S) did not form a 

heterodimers with PBX1 and no DNA binding was detected.  However, the same mutation 

in the PBX1 homeodomain severely impaired formation of heterodimer with HOXD4 

(PBX1-HOXD4); nevertheless, the heterodimer formation was not completely abolished.  

On the contrary, heterodimer formation of PBX1 with HOXD9 is abolished with the N51S 

mutation in PBX1. Similarly, PBX1 and MEIS1A proteins co-operatively bind to DNA by 

forming heterodimers and higher-order complexes and a mutation (N51S) in the 

homeodomain of either PBX1 or MEIS1A greatly impaired complex formation.  By 

contrast, complex formation of HOXD9 and MEIS1A is absolutely dependent on DNA 

binding by MEIS1A, which is abrogated by N51S mutation in MEIS1A (Shanmugam et 

al., 1999).  Thus, the possibility of Cdx2-HD forming heterodimers with other co-factors 

proteins should be further explored. 

The capacity of Cdx2-HD to induce leukaemia can be attributed majorly to the N-terminal 

transactivation domain as it was previously shown in a murine BM transplantation model 

that the lack of the N-terminal domain massively compromises the potency to induce 

leukaemia (Rawat et.al., 2008).  Furthermore, the transcriptional function of CDX proteins 

is regulated by the interaction of N-terminus with p38-mitogen activated protein kinase 

(Houde et.al., 2001). The potency of Cdx2-HD induced leukaemia could be shared to a 

great extent by the presence of the N-terminal transactivation domain, which could initiate 

indirect (DNA binding independent) activation of its targets through transactivation. The 

N-terminal transactivation domain of CDX2 is necessary for activation of HOX genes and 

aberrant expression of HOX genes is responsible for pushing the haematopoietic cells into 

leukaemic transformation (Frohling et al., 2007; Rawat et al., 2008). It was shown that 

upregulation of Hoxa5, Hoxa7, Hoxa9, Hoxa10, Hoxb3, Hoxb4, Hoxb6, and Hoxb8 in 

progenitors and of Hoxa5, Hoxa7, Hoxa9, Hoxa10, Hoxb6 and Hoxb8 in primary CFC 

colonies depends on the N-terminal domain of Cdx2 (Frohling et al., 2007; Rawat et al., 

2012; Rawat et al., 2008; Thoene et al., 2009). 

To gain further insight into the mechanism of Cdx2-HD induced leukaemia, the expression 

pattern of Cdx2 target genes involved in Cdx2 induced leukaemia and genes involved in 

haematopoietic progenitor functions were analysed by TaqMan-Low Density Array (Fig. 

33 A-D). Interestingly, the ectopic expression of Cdx2-HD in murine haematopoietic stem 

cells/ progenitors (BM) induced an expression of genes associated with leukaemia, other 
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cancers and genes involved in proliferation, differentiation and stem cell functions. Grb10, 

Hoxa9, Mll1, Myc, Piwil2 and Spry1 and Tgfbr3 were upregulated 2- or less than 2-fold by 

Cdx2-HD in comparison to eGFP and were equally of less upregulated when compared to 

Cdx2-WT (Fig. 33B). Grb10 was found to be expressed comparably equal in BM cells 

expressing Cdx2-WT. Hoxa9, and Mll1 had been shown to induce and drive leukaemia in 

murine models and in humans, constitutive expression of GRB10 is associated with CML, 

B-ALL and AML (Illert et al., 2015).  Dlk1 was 7,44 x 103 fold expressed in BM-Cdx-HD 

cells compared to eGFP expressing control cells, but still about 33-fold lower than in BM-

Cdx2-WT (Fig. 33 C), which could explain the ability of Cdx2-WT to induce aggressive 

and fully penetrating-transplantable AML, compared to the delayed disease induced by 

Cdx2-HD with a bias in secondary transplantability only with cells with c-kit+ high 

proportion compartments. Interestingly, in MDS patients Dlk1 expression was found to be 

highly associated with CD34 expression (Ma et al., 2012). Thus, it is evident that Cdx2-

HD is able to drive or induce expression of the above genes, which were shown to be 

induced by Cdx2 in murine progenitors and possibly in certain human disorders.    

Interestingly, Hoxa9, Myc, Spry1 were expressed 2-fold more by Cdx2-HD than by Cdx2-

WT (Fig. 33 B) and surprisingly, Cdx2-HD expressing BM cells showed higher levels of 

expression of Rarb (140-fold), Wnt2 (66-fold), Hoxa10 (33-fold), Cyp26a1 (62-fold) and 

Bmp4 (15-fold), which were all  barely detectable in BM-Cdx2-WT (Fig 33- D). Compared 

to eGFP, Cdx2-HD slightly induced Wnt5a, Wnt2 and Sox2 expression. However, Cdx2-

WT induced expression of these genes 3-, 8x103- and 15-fold in comparison to eGFP (Fig 

33B, C and D). From these results, it appears that Cdx2-HD and Cdx2 target an 

overlapping, but partly divergent set of genes. With the above mentioned homeodomain 

binding studies of HOX-D4, PBX1 and MEIS1 in mind (Shanmugam et al., 1999),it is 

tempting to speculate that perhaps the N51S mutation in Cdx2-HD is enabling a different 

set of co-factor proteins to form heterodimers and thus allowing indirect activation of non-

overlapping sets of target genes.   

Dlk1 (Delta-like-1) encodes a transmembrane protein containing six epidermal growth 

factor repeats (NCBI: Gene ID 8788:6-oct-2013). It is also involved in the differentiation 

of several kinds of cells, and is thought to be a tumor suppressor. However, its increased 

expression was found in patients with myelodysplastic syndromes or AML. It was also 

found to be frequently up-regulated in CD34+ cells from patients with MDS (Ma et al., 

2012). DLK-1 has also implicated in regulation of human HSC and myeloid-lymphoid 
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progenitors through interaction with NOTCH and Notch signalling is important in murine 

and human haematopoiesis (Doulatov et al., 2012). 

 Hoxa10 has been shown to be up-regulated in Cdx2 induced transformation of 

haematopoietic progenitors and leukaemia as mentioned earlier (Rawat et al., 2008). 

Wnt genes are important in stem cell function and Wnt2 is important in coordinating 

commitment of mesoderm to haematopoietic lineages during embryogenesis (Wang et al., 

2007). Wnt2 expression was found in circulating pancreatic tumor cells, which enhances 

anchorage independent sphere formation and increases metastasis. A deregulated Wnt 

signalling has been implicated in CDX2 expression in human leukaemia (Rawat et al., 

2012).  

Bmp-4 is involved in normal morphogenesis of several organs and tissues like renal, lung 

branching, angiogenesis, stem cell adipogenesis and conversion of human embryonic stem 

cells to trophoblasts. It has been found to promote early tumor growth in prostrate BMP4 

plays an important role in chemo-resistance of myeloid leukaemic cells (Zhao et al., 2013). 

Lef-1 is involved in maintaining self-renewal in mouse embryonic stem cells (Huang and 

Qin, 2010) and proliferation of lymphocytes is promoted through Wnt pathway via LEF-1 

by endothelial cells (Wang et al., 2009).  It has been also found to be important for early 

thymocyte development (Yu et al., 2012).  LEF-1 is required for normal haematopoietic 

stem and progenitor cell function (Edmaier et al., 2014) and in cytogenetically normal acute 

myeloid leukaemia, its high expression has been considered as a favourable prognostic 

factor (Metzeler et al., 2012). 

RARB-retinoic acid receptor beta gene mediates signalling important in embryonic 

morphogenesis, cell growth and differentiation and was found in hepatocellular carcinomas 

associated with latent infection of hepatitis B virus. Its methylation has been associated 

with lung cancer (Ponomaryova et al., 2011). 

Cyp26a is involved in retinoic acid metabolism (Chithalen et al., 2002; Ray et al., 1997; 

Thatcher and Isoherranen, 2009).  

TgfbrRIII (Tumor growth factor receptor III) is a member of the TGF-beta superfamily 

signalling pathways.  It has important roles in cell proliferation, apoptosis, differentiation, 

and migration in most human tissues. However, its loss of expression is associated with 

breast cancer and expression weakens as breast cancer progresses and restoration of its 

expression inhibits tumor invasiveness in vitro and in vivo (Dong et al., 2007).  It is also 
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implicated in hepatocellular carcinoma, multiple myeloma, oral squamous cell carcinoma, 

prostate cancer, ovarian cancer, as well as renal cell carcinoma and TGFBRIII might 

function as tumor suppressor in all these cancers.  

http://atlasgeneticsoncology.org//Genes/TGFBR3ID42541ch1p33.html 

(http://omim.org/entry/600742#reference3) 

Considering the aberrant expression of these genes, their association with different 

malignancies and their basic role in stem cell function, embryogenesis, immune system 

signalling and retinoic acid metabolism, it is tempting to speculate that these are the 

secondary changes induced by Cdx2-HD expression.  This could be further tested by 

knocking down the expression of these aberrantly expressed genes in haematopoietic stem 

and progenitors cells expressing Cdx2-HD and test if their growth advantage, ability to 

maintain colonogenicity and CFU-S activity is still increased over eGFP expressing cells.  

Furthermore, it could be tested in vivo if an inhibition or knockdown of expression of these 

genes in Cdx2-HD expressing haematopoietic stem or progenitor cells would inhibit or 

delay of leukaemia or change course and phenotype of the disease.  

http://atlasgeneticsoncology.org/Genes/TGFBR3ID42541ch1p33.html
http://omim.org/entry/600742#reference3
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5.1 Summary 

 

The study demonstrates for the first time that the homeodomain mutant of Cdx2, “Cdx2-

HD” provides growth advantage and clonogenic potential in proliferation and CFC assay 

to haematopoietic progenitors. Additionally, it increased the number of colonies on spleen 

in CFU-S assay, thus showing the expanded number of short term repopulating 

progenitors/stem cells. By electrophoretic mobility shift assay (EMSA) we find that Cdx2-

HD, because of the N51S mutation, loses its DNA binding potential to Sucrase isomaltase 

footprint element I (SIFI) and site-D motives of Hoxc-8 enhancer elements. Furthermore, 

asparagine 51 is dispensable and the newly introduced serine 51 does not interfere with the 

native subcellular localization of Cdx2: as demonstrated by intracellular 

immunofluorescence microscopy, Cdx2-HD still translocated into the nucleus of NIH3T3 

cells. Interestingly, Cdx2-HD induced acute myeloid leukaemia in the murine bone marrow 

transplantation model without any change in latency compared to wild type Cdx2. 

However, in contrast to wild type Cdx2-induced leukaemia, Cdx2-HD generated mixed 

phenotypes of acute myeloid leukaemia, indicating that the homeodomain of Cdx2 can 

affect the phenotype of the disease. Thus our model provides for the first time an in vivo 

functional proof that the direct DNA-binding function of the homeodomain of Cdx2 is 

dispensable for the leukemogenecity of Cdx2; at the same time our data indicate that the 

homeodomain is able to modulate the phenotype of acute myeloid leukaemia. 
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5.2 Zusammenfassung 

 

In der vorliegenden Arbeit konnte erstmalig gezeigt werden, dass die Expression der Cdx2-

Homeodomänen-Mutante “Cdx2-HD” hämatopoietischen Progenitoren eine erhöhte 

Proliferationsfähigkeit verleiht und das klonogene Potential der Zellen deutlich steigert. 

Darüber hinaus führte Cdx2-HD zu einer Expansion der Kurzzeit-repopulierenden 

Stammzellen im CFU-S-Assay. Mittels EMSA konnten wir demonstrieren, dass die N51S-

Mutation zu einem Verlust der Bindefähigkeit an SIFI und site-D DNA-Motive von Hoxc-

8 Enhancer-Elementen führt. Unter Anwendung von intrazellulärer 

Immunfluoreszenzmikroskopie konnte darüber hinaus nachgewiesen werden, dass das 

Asparagin 51 nicht essentiell ist und das neu eingeführte Serin 51 die native, subzelluläre 

Lokalisation von Cdx2-HD nicht verändert: Cdx2-HD transloziert weiterhin in den 

Zellkern von NIH3T3-Zellen. Im murinen Knochenmark-Transplantationsmodell führte 

Cdx2-HD mit derselben Latenz zu der Entwicklung akuter myeloischer Leukämie wie 

Wildtyp-Cdx2. Im Gegensatz zu Wildtyp-Cdx2 resultierte die Expression von Cdx2-HD 

jedoch in der Ausbildung unterschiedlicher AML-Phänotypen, was darauf hinweist, dass 

die Homeodomäne den AML-Phänotyp steuern kann.. Unser Modell stellt damit den ersten 

funktionellen in vivo-Nachweis dafür dar, dass eine direkte DNA-Bindung der 

Homeodomäne von Cdx2 für die Induktion von AML durch Cdx2 nicht erforderlich ist. 

Gleichzeitig belegen unsere Daten, dass die Cdx2-Homeodomäne den Phänotyp der AML 

maßgeblich beeinflusst. 
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