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Chapter 1

Introduction

1.1 Normal haematopoiesis

Haematopoiesis is the process responsible for the appropriation of functional blood

cells. The basis of normal haematopoiesis is the pluripotent haematopoietic stem

cell (HSC). HSCs normally reside in the adult bone marrow (BM) and are charac-

terised by a high self-renewal capacitiy. Furthermore, they contain the potential to

differentiate in all types of blood cells. Furthermore, HSCs are able to differentiate

in non-haematopoietic lineages like myocytes, hepatocytes, neurons and epithelial

cells (Zhu & Emerson, 2002; Smith, 2003). There exist two types of HSCs, long-term

HSCs (LT-HSCs) and short-term HSCs (ST-HSCs). LT-HSCs establish ST-HSCs,

which are able to hold up haematopoiesis for about six weeks (Weissman et al.,

2001). On the contrary LT-HSCs are able to sustain blood homeostasis for more

than four months (Martelli et al., 2010). The current opinion of haematopoiesis

describes a dichotomic model (Fig. 1.1), in which the blood differentiation is se-

parated into a myeloid and a lymphoid lineage. Thereby, ST-HSCs develop into

multipotent progenitor cells (MPPs), which in turn differentiate into common mye-

loid progenitors (CMPs) or common lymphoid progenitors (CLPs) (Passegué et al.,

2003). These progenitor cells are on the one hand able to exponentially proliferate

or on the other hand to further differentiate into mature blood cells. In the myeloid

branch CMPs finally differentiate into erythrocytes or megakaryocytes/platelets as

well as granulocytes or macrophages. Contrariwise, differentiation of CLPs ends in

the synthesis of mature T lymphocytes, B lymphocytes or natural killer (NK) cells.

1



1. Introduction 2

Currently, other models of haematopoiesis are proposed, which do not follow the

dichotomic model. One of them is the pairwise relationship model (Fig. 1.2), which

negates an early strict separation into the myeloid and lymphoid branch. Moreover,

the model supports multiple differentiation routes across the lymphoid and myeloid

branches to the end fate via pairwise fate decisions (reviewed in Brown et al., 2012).

Fig. 1.1: Classic model of haematopoiesis. The HSC pool consists of highly self-
renewing LT-HSCs, which are able to maintain haematopoiesis for a life span, and ST-
HSCs, which reconstitute only for a limited period. ST-HSCs give rise to MPPs, which
develop into CMPs or CLPs. CLPs differentiate into mature Nk cells, T cells and B cells.
CMPs give rise to EMPs and GMPs, which in turn differentiate into erythrocytes and
platelets or granulocytes and monocytes, respectively. CLPs and GMPs are both able to
develop into DCs. Haematopoietic transcription factors and growth factors important for
the respective differentiation stages are depicted, the latter in italic bold. The key surface
markers of LT-HSCs, ST-HSCs, MPPs and mature cells are framed. B cell, B lymphocyte;
CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC, dendritic cell;
GMP, granulocyte-monocyte progenitor; LT-HSC, long-term haematopoietic stem cell;
EMP, erythrocyte-megakaryocyte progenitor; MPP, multipotent progenitor cell; Nk cell,
natural killer cell; ST-HSC, short-term haematopoietic stem cell; T cell, T lymphocyte.
The figure is adopted from Weissman et al. (2001), Zhu & Emerson (2002), Passegué et
al. (2003), Orkin & Zon (2008), Wadhwa & Thorpe (2008) and Martelli et al. (2010).
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Fig. 1.2: Pairwise relationship model of haematopoiesis. This model depicts hae-
matopoiesis as a fate choice continuum in which there is an invariant series of pair-wise
developmental relationships between all of the various haematopoietic fates. Multipotent
progenitor cells, which developed from HSCs, are shown as the inner arcs. As depicted by
the arrowheads, CMPs and CLPs are able to develop into DCs. Thereby, the arcs overlap.
CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC, dendritic cell;
EPLM, early progenitor with lymphoid and myeloid potential; FLT3, fms-like tyrosine ki-
nase 3; HSC, haematopoietic stem cell; LMPP, lymphoid-primed multipotent progenitor;
NK cell, natural killer cell. The figure is adopted from Ceredig and colleagues (2009).

1.1.1 Haematopoietic stem and progenitor cells

The haematopoietic stem cell (HSC) was first described by Till & McCulloch (1961).

The cells reside mainly in the adult bone marrow (BM), but can also be found in

the peripheral blood, umbilical cord blood and to a small extend in liver, spleen

and other organs (Reya et al., 2001). In the BM the HSCs migrate between the

BM niche and the vascular niche. In the BM niche the cells are closely related to

osteoblasts, which are regulated by the bone morphogenetic protein (BMP). The

BMP pathway is also important for the HSC regulation, since the inhibition of this

pathway increases the amount of osteoblasts and HSCs. In the vascular niche the

HSCs are adjacent to blood vessels. Also stromal cells residing in the BM space are

important for haematopoiesis via providing the HSCs with cytokines (Orkin & Zon,

2008).
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After division HSCs decide 1) to remain a HSC (symmetrical division) or to diffe-

rentiate (asymmetrical division) 2) to stay in the BM or to migrate or 3) to go into

apoptosis (Passagué et al., 2003). HSCs are small cells with only a little amount of

cytoplasm. They are further characterised by a high expression of multidrug resis-

tant proteins (MDRs) and the aldehyde dehydrogenase (ALDH). Moreover, the cells

express the surface marker Sca-1, but are negative for the differentiation markers

used for lineage commitment (Lin−). The differentiation markers are CD2, CD3,

CD11b, CD14, CD15, CD16, CD19, CD56, CD123 and CD235a in humans and

CD5, B220, CD11b, Gr-1, 7-4 and Ter-119 in mice (Lineage Cell Depletion Kit, hu-

man or mouse, MACS Miltenyi Biotec). HSCs and haematopoietic progenitor cells

(HPCs) account for 0.05% of the murine BM. These cells are divided into LT-HSCs,

ST-HSCs and MPPs. Besides the characteristic expression of the surface markers

Lin−, Sca-1+, c-Kit+ (LSK), the cells can be additionally determined via expression

of Thy1.1 and the receptor tyrosine kinase Flk-2/Flt3. Thereby, LT-HSCs express

Thy1.1lo, Flk-2−, ST-HSCs Thy1.1lo, Flk-2+ and MPPs Thy1.1−, Flk-2+ (Passagué

et al., 2003). Moreover, the Flk-2/Flt3 ligand is essential for the lymphoid commit-

ment, but dispensable for the myeloid differentiation (Mackarehtschian et al., 1995;

Christensen & Weissman, 2001; Adolfsson et al., 2005; Akashi et al., 2005). From

LT-HSCs to ST-HSCs the self-renewal capacity decreases and is completely absent

in MPPs. In turn the MPPs are mitotically active. LT-HSCs further show a high te-

lomerase activity, which is less to be found in ST-HSCs and MPPs. The telomerase

inhibits shortening of the telomer ends, which goes along with ageing of the cells.

In LT-HSCs it thereby enables the divisions and self-renewal capacitiy. In humans

HSCs are small quiescent cells, which express MDRs and ALDH. Concerning the

surface markers they are CD34+, Lin− and Thy1.1lo (Smith, 2003). The amount of

HSCs is i.a. regulated by the programmed cell death or apoptosis. Thereby, Bcl-2

avoids apoptosis as well as the cell cycle entry of LT-HSCs (Passagué et al., 2003).

1.1.2 Regulation of haematopoiesis

Important factors in haematopoiesis

The haematopoiesis is regulated by a lot of different factors including: cytokines,

chemokines, components of the extracellular matrix (ECM), adhesion molecules,
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nutrients, trace elements, vitamins, retinoids as well as transcription factors and

microRNAs (miRNAs) (extensively reviewed in Zhu & Emerson, 2002, and Orkin

& Zon, 2008).

Components of the extracellular matrix and cytokines The regulation of

haematopoiesis is intimately connected with its microenviorenment (e.g. BM, thy-

mus). Thereby, components of the ECM like heparin sulfates, collagens or lami-

nin provide the scaffold for the interaction of HSC/HPC with cytokines or other

regulatory factors, while integrins, selectins or mucins enable the adhesion with

the ECM. This interaction is associated with the induction of signalling pathways,

change amounts of different intracellular components (e.g. ions, phosphoinositides,

DAG) or cooperate with the response to growth factors. During haematopoiesis

cytokines are involved in the regulation of quiescence, proliferation, differentiation

or apoptosis. These proteins induce signalling pathways via the activation of their

respective receptors presented on the surface of haematopoietic cells. Cytokines are

part of autocrine and paracrine mechanisms and are mainly produced and secreted

or presented by stromal cells of the BM (reviewed in Smith, 2003). The stromal

cells imply fibroblasts, endothelia cells, osteoblasts and probably adipocytes. Via

the activation of different signalling pathways cytokines regulate the expression of

haematopoietic transcription factors. During the basal haematopoiesis only low

amounts of cytokines are secreted, which support HSC survival and proliferation.

Thereby, fibroblasts produce the stem cell factor (SCF), thrombopoietin (Tpo), the

Flt3 ligand (Flt3L) and the GM-CSF. The SCF binds to its receptor c-Kit and re-

gulates cell survival, proliferation, adhesion or migration and HSC differentiation.

In this process the direct interaction with the secreting fibroblast or endothelial cell

is important for the induction of signalling pathways. The Flt3L binds to the Flit3

receptor (Flit3R). The Flit3R is only expressed in CD34+ but not in CD34− cells.

Hence, this ligand is important for preservation of the HSC/HPC pool. Tpo is im-

portant for the differentiation of megakaryocytes and platelets and is produced in

the BM as well as in the liver and kidney. Osteoblasts produce GM-CSF and G-CSF,

which are important growth factors for the neutrophil commitment. Furthermore,

interleukins belong to the group of cytokines. They are produced and secreted by

CD4+ T helper cells, monocytes, macrophages and endothelial cells and mediate
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the differentiation of HSCs to mature blood cells. In response to haematopoietic

stress signals (e.g. inflammation, hypoxia) the basal haematopoiesis is overlayn by

a temporary increase of the respective cytokines to correct the source of the stress

signal (Zhu & Emerson, 2002; Wadhwa & Thorpe, 2008).

MicroRNAs As mentioned before also miRNAs are involved the regulation of

haematopoiesis, which on the one hand are regulated by transcription factors like

PU.1 and on the other hand regulate mRNAs on a post-transcriptional level (revie-

wed in Alemdehy & Erkeland, 2012-1). For instance, the miRNA miR-150 induces

B cell differentiation via the degradation of the c-myb mRNA and the miRNA miR-

155 participates in the T helper cell generation and germinal center activity (Orkin

& Zon, 2008). Moreover, the RNase III endoribonuclease DICER1 is critical for dif-

ferent stages of normal haematopoiesis (e.g. B and T cell development, survival and

function of NK cells). DICER1 is essential for miRNA processing from dsRNAs or

pre-miRNAs to miRNAs. The heterozygous knockout of DICER1 was reported to

reduce miRNA amounts and to induce leukaemia (Alemdehy & Erkeland, 2012-2).

Transcription factors

Transcription factors in HSC regulation As reviewed in Zhu & Emerson

(2002) and Orkin & Zon (2008), transcription factors represent another group of

proteins obligatory for the correct regulation of haematopoiesis. In this regard

SCL/Tal, GATA-2, LMO2 are transcription factors essential for the regulation of

HSCs in the primitive and definitive haematopoiesis. Moreover, AML-1 is a pivo-

tal factor for the definitive haematopoiesis. The respective knockout of the factors

results in all cases in the derogation or complete abrogation of functional haema-

topoiesis. HoxB4, Ikaros and activated Notch1 are further transcription factors

responsible for the maintenance or induction of the HSC self-renewal capacity. The

family of Hox genes are differentially expressed during the differentiation of functio-

nal blood cells. The expression of Hox genes is regulated via E-box elements and the

USF1 and USF2 binding sites. They are important regulators of the HSC mobili-

sation and increase the long-term repopulating ability of murine bone marrow cells.

The expression of HoxB4 is critical for the correct differentiation of erythrocytes



1. Introduction 7

and granulocytes, which can be stimulated by VitD3 signalling. Contrarily, the

deletion of HoxB4 results in the inhibition of monocytic differentiation. Ikaros be-

longs to the zinc finger family of transcription factors. There exist several isoforms,

which are differently expressed during haematopoiesis and could thereby contribute

to the finetuning of other transcription factors in lineage commitment. Ikaros pro-

teins function via recruiting co-repressor complexes to the promoters of their target

genes. The knockout of Ikaros leads to the downregulation of the differentiation

markers Flk-2 and c-Kit in HSCs and reduces the long-term repopulation ability.

The transcription factor Notch1 is part of the Notch1-Jagged pathway, which is the

main pathway for the integration of extracellular signalling. Thereby, upon binding

with its ligand jagged-1 the intracellular domain of the receptor Notch-1 is cleaved.

Subsequently, activated Notch-1 is translocated to the nucleus, where it executes its

transcription factor activity.

Transcription factors in the lymphoid cell lineage The differentiation of

HSCs to progenitor cells of the myeloid and lymphoid lineages is mediated by res-

pective transcription factors mentioned in the following section (extensively reviewed

in Zhu & Emerson, 2002, and Orkin & Zon, 2008). The Il-7 receptor (Il-7R) is very

important for the decision between myeloid or lymphatic cell fate. Hence, the Il-7R

expression promotes the lymphoid differentiation, while it is absent in myeloid cells

(Fig. 1.1).

Short-term common lymphoid progenitor cells (CLPs) are characterised by the dif-

ferentiation markers Il-7R+, Lin−, Sca-1lo and c-Kitlo (Fig. 1.1). They account

for 0.02% of the BM. CLPs propagate the differentiation of B cells, T cells and

NK cells, but can also give rise to monocytes of the myeloid lineage. In CLPs the

transcription factors GATA-3 and Aiolos are expressed, while the myeloid-associated

transcription factors GATA-1, C/EBPα and NFE2 are repressed. Furthermore, the

GM-CSF receptor, which promotes a myeloid cell fate, is down-regulated in the

lymphoid lineage. For the continuing differentiation of CLPs into T cells and B

cells extrinsic signals are important. For the T cell differentiation CLPs or early T

cells (CD4lo, CD8−, CD44+, CD25− and c-Kit+) migrate to the thymus. The trans-

cription factor Notch1 is activated by stromal cells in the thymus. Active Notch1

promotes CD4+CD8+ T cell development and simultaneously induces the apoptosis
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of B cells. Notch1/2 moreover inhibits B cells via the induction of the pro-apoptotic

factor Hairy1 and a G1 cell cycle arrest. Furthermore, it inhibts directly or indi-

rectly via the inhibition of Ras the transcription factor expression of E2A and E47,

which propagate B cell maturation. Additionally, Notch1/2 represses granulocy-

tic proliferation also via repression of PU.1. The expression of Notch1 has to be

tightly regulated during the T cell differentiation, since an overexpression is able

to block the maturation step from CD4+CD8+ T cells to CD4+ or CD8+ positive

cells. Further transcription factors important for T cell development are GATA-3

and Ikaros (Fig. 1.1). GATA-3 expression is critical for the early and late stages

of T cell maturation and cooperates with Notch signalling, while Ikaros plays a role

in the differentiation of T cells, NK cells and lymphoid-associtated dendritic cells.

On the other hand, B cell differentiation takes place in the human bone marrow.

Thereby, E2A and EBF represent the primary transcription factors. E2A and EBF

induce the B cell-promoting genes pax5, rag1 and rag2 (Fig. 1.1). Thereafter, the

full B cell maturation is enabled by the expression of the IgH gene arrangement.

Additionally, E2A blocks the early T cell fate. The transcription factor gives rise to

the alternative splicing products E12 and E47, which promote B cell differentiation.

Transcription factors in the myeloid cell lineage Short-term common mye-

loid progenitor cells (CMPs) are characterised by the surface markers Il-7R−, Lin−,

Sca-1− and c-Kit+ (Fig. 1.1). The CMPs further present the differentiation markers

CD34+ and FcγRlo and are able to give rise to granulocytes, erythrocytes, mega-

karyocytes and macrophages. They constitute 0.2% of the BM cells and express

the transcription factors SCL, GATA-1, GATA-2, NF-E2, C/EBPα, c-Myb, PU.1,

TpoR and EpoR. Thereby, the principal transcription factors are PU.1 and GATA-

1. In addition, PU.1 is further expressed in the lymphoid lineage and critical for the

differentiation process. However, the overexpression of PU.1 in HSCs propagates

myeloid differentiation. Pax5, a transcription factor essential for the lymphoid ma-

turation, is able to bind and inhibit PU.1 transactivation. In reverse, PU.1 can also

inhibit Pax5 transactivation. Contrary to CLPs the receptors for GM-CSF and M-

CSF are upregulated in CMPs. During differentiation the CMPs are separated into

erythrocyte-megakaryocyte progenitors (EMPs) and granulocyte-monocyte progeni-

tors (GMPs), which present the surface markers CD34−FcγRlo and CD34+FcγR+,
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respectively. Thereby, the PU.1 expression supports the GMP cell fate and the

GATA-1 expression the EMP commitment. The two transcription factors inhibit

each other for lineage determination. Furthermore, they are able to induce them-

selves via an auto-regulatory loop, if expressed above a certain threshold. For EMP

differentiation GATA-1 cooperates with FOG (Fig. 1.1). Otherwise, FOG and

GATA-1 have different roles in the eosinophilic differentiation. GATA-1 expression

supports the eosinophilic fate, while FOG inhibits this maturation step. The further

differentiation into megakaryocytes and erythrocytes is determined by the expression

of Tpo and Fli-1 or Epo and EKLF, respectively. Thereby, Tpo induces GATA-2,

PKC-ε and Erk. The expression of MAPK and Erk in turn inhibits erythropoie-

sis. The transcription factors Fli-1 and EKLF act antagonistically and inhibit each

other. GATA-1 propagates erythropoiesis via preservation of the expression of Bcl-x

and Epo receptor. Wnt signalling proparates either erythroid or monocytic differen-

tiation, but in turn inhibits granulocytic commitment and the last maturation step

from monocytes to macrophages. The continuative differentiation of GMPs to gra-

nulocytes and monocytes is regulated by C/EBPα expression. C/EBPα propagates

the granulocytic differentiation especially of eosinophils, but inhibits the monocytic

fate (Fig. 1.1). Furthermore, the induction by G-CSF and Epo supports the final

granulocytic maturation step. RAR and RXR are further important transcription

factors in granulocytic differentiation. They build co-repressor complexes, which

secure a checkpoint at the promyeolocytic stage. Upon binding of the ligand reti-

noic acid the RAR/RXR complex is converted into a co-activator complex, inducing

genes specific for granulocytic differentiation. The monocytic differentiation is sup-

ported by PU.1 and ICSBP expression (Fig. 1.1). ICSBP inhibits the neutrophilic

cell fate via the downregulation of C/EBPα and G-CSFR. ICSBP induces like PU.1

the expression of the monocytic transcription factor Egr-1 and the M-CSF receptor.

Additionally, the transcription factor Gfi-1 propagates neutrophilic differentiation.

Moreover, it inhibits PU.1 and vice versa. Before the last maturation step neutro-

phils and monocytes come into a cell cycle arrest, which is regulated by the Hox

genes and the activation of p21 (extensively reviewed in Zhu & Emerson, 2002, and

Orkin & Zon, 2008).
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Pathways in normal haematopoiesis

For the proper regulation of haematopoiesis different pathways are engaged, inclu-

ding the Wnt pathway, Rho GTPase signalling, PI3K/Akt/mTOR signalling and

the MEK/Erk pathway, which are described in the next section.

The Wnt signalling pathway As extensively described by Malhotra & Kin-

cade (2009) and Luis et al. (2012), Wnt signalling is implicated in the regulation

of HSCs, their long-term growth and subsequent differentiation into mature blood

cells, especially the development of T lymphocytes. It cooperates with other factors

of the stem cell niche to maintain HSC integrity. The Wnt gradients of the different

ligands in the ECM are important for the localisation of HSCs to their respective

niche and the regulation of HSC maintainance or differentiation. Furthermore, it is

also important for the bonemorphogenetic regulation of the bone marrow niche. So

far 19 Wnt ligands were identified inducing 10 different signalling pathways. Wnt

proteins are secreted and lipid-modified. They interact with other secreted proteins

of the HSC niche and receptors of haematopoietic cells. Secreted binding partners

of Wnt are i.a. Dickkopf (Dkk) and secreted Fzds (SFRP). Dkk and SFRP interact

with Wnt and inhibit its interaction with receptor proteins like Frizzled (Fzd) or

lipoprotein receptor-related protein (LRP). Thereby, Wnt signalling is inhibited in

a dose-dependent manner of the secreted proteins. Wnt signalling occurs via the

canonical pathway or non-canonical pathways. Non-canonical pathways function by

the activation of G proteins, which in turn induce Dishevelled (Dsh). Dsh causes

the increase of intracellular Ca2+ via engagement of the second messenger inositol

1,4,5-triphosphate (IP3) or the activation of Rho/Rac GTPases and the JNK pa-

thway. This results in actin-dependent cytoskeleton reorganisation. The canonical

signalling is β-catenin-dependent and represents the most extensively studied pa-

thway. In the absence of the Wnt ligand, β-catenin is kept in the cytoplasm and

degraded by the so called destruction complex. The complex consists of glycogen

synthase kinase 3β (Gsk-3β), an anchor protein Axin1 or Axin2 and adenomatous

polyposis coli (APC). Contrarywise, upon activation by the Wnt ligand the destruc-

tion complex is abrogated. Hence, β-catenin is accumulated in the cytoplasm and

translocated to the nucleus. There it binds to the TCF/LEF transcription factors
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changing them from repressors to activators. Activation of the canonical pathway

leads furthermore to the downregulation of adhesion molecules like VCAM-1, which

is critical for the homing of HSCs to the BM. Between the canonical and the non-

canonical pathways there exists an antagonistic crosstalk. Moreover, Wnt signalling

affects other haematopoiesis-associated pathways like the Notch and the Hedgehog

pathway. Thereby, Gsk-3β is considered to mediate the crosstalk between the Wnt

and Notch pathway, since it regulates critical factors of both pathways and its kno-

ckout affects target genes of both pathways. The level of Wnt signalling is highly

important. Thereby, only 25% of the normal level suffice to maintain normal HSC

function, while a complete inhibition is damaging for the cells. The main Wnt li-

gands are Wnt3a and Wnt5a. They were reported to expand the HSC/HPC pool.

Wnt3a is associated with the canonical pathway. It is involved in regulating the

self-renewal capacity of fetal and adult HSCs and cooperates with Notch signalling

towards T cell differentiation, while it suppresses B cell fate. Wnt3a is further in-

volved in the conversation of early CLPs to a more stem cell-like state, which then

are able to give rise also to myeloid cells. Contrarily, Wnt5a is non-canonical. The

ligand increases the self-renewal capacity of primitive and definitive and propagates

the B cell fate. However, it was reported to inhibit later B cell stages. Another

ligand Wnt4 plays a role in the differentiation of the lymphoid lineage in a non-

canonical way. Furthermore, the knockout of Wnt4 causes a small thymus and less

HSCs in mice. During differentiation Wnt signalling decreases. There exist dif-

ferent Wnt signalling optima in the different cell types. The highest level occurs

in LT-HSCs and the lowest in HPCs. However, the highest level can be found in

the thymus. Wnt signalling is absent in mature blood cells except T lymphocytes.

Moreover, an upregulated Wnt signalling prevents the differentiation of HSCs and

HPCs. Excessive Wnt signalling causes the loss of cell integrity, increased apoptosis

and can lead to a pre-leukaemic stage. Natural inhibitors of the Wnt pathway are

e.g. Sprp1 and Wif1 (reviewed in Malhotra & Kincade, 2009, and Luis et al., 2012).

The Rho GTPase signalling As published by Mulloy and coworkers (2010),

Rho GTPase signalling is mediated by the family of small GTP-binding proteins,

which comprises 22 members closely related to Ras. Rho GTPases are involved in

the regulation of gene transcription, cell survival, adhesion and rearrangements of
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the cytoskeleton. The signalling is induced by cytokines, chemokines, growth fac-

tors or adhesion molecule and causes the activation of the GDP-bound inactive to

GTP-bound active Rho GTPases via guanine nucleotide exchange factors (GEFs,

e.g. Vav1 or Tiam-1). The inverse reaction is enabled by GTPase-activating pro-

teins (GAPs, e.g. Bcr). Furthermore, Rho GDP-dissociation inhibitors (RhoGDIs)

inhibit the activation of inactive Rho GTPases. Activated Rho GTPases are able to

interact with their effector proteins like PAK, POR1, IQGAP, WAVE or WASP as

well as transcriptional regulators like Erk1/2, p38, JNK, Akt or β-catenin. In haema-

topoiesis, especially the Rho GTPases Rac1, Rac2, Cdc42, RhoA, RhoH and RhoG

are important. The proteins not only play roles in the regulation of HSCs/HPCs,

but also in the differentiation of myeloid and lymphoid blood cells as well as in

the regulation of phagocytes. HSCs/HPCs are especially regulated by Rac1, Rac2,

Cdc42, RhoA and RhoH. Thereby, Rac1 and Rac2 excert influence on the homing

and adhesion of HSCs/HPCs integrating signals of chemokines like CXCL12 or c-

Kit. Rac1 furthermore supports HSCs/HPCs engraftment into the bone marrow,

while Cdc42 rather propagates migration and suppresses adhesion and engraftment.

Cdc42 is upregulated in aged HSCs/HPCs and can be induced by G-CSF. RhoH

functions contradictorily to Rac1 and Rac2. Thereby, it is able to affect and in-

hibit Rac1 signalling via the suppression of chemotaxis. Furthermore, it inhibits

the colocalisation of Rac1 with F-actin. Rac and Cdc42 are also important for

HSCs/HPCs proliferation and survival. While Rac1 and Rac2 support proliferation

and inhibit apoptosis, Cdc42 induces apoptosis of HSCs/HPCs. RhoA is reponsible

for cell shape changes via the formation of stress fibres, but also propagates cell

cycle entry and proliferation. Moreover, it increases HSC self-renewal, but in an cell

cycle-independent way. Rac1, Rac2 and Cdc42 also play an important role in the

differentiation of myeloid cells. Rac1 and Rac2 support the proliferation upon SCF

treatment, which is accompanied with the induction of cyclin D1, Erk1/2 and Akt.

Furthermore, these Rho GTPases are critical for the enucleation of erythrocytes

during differentiation and influence the cellular actin distribution. The knockout of

Rac1 and Rac2 causes haemolytic anaemia and stress erythropoiesis in the spleen,

while erythrocytic precursors are decreased in the bone marrow. Hence, Rac1 and

Rac2 are essential for bone marrow erythropoiesis, but disposable for spleen stress
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erythropoiesis. Cdc42 regulates the decision between GMP and EMP cell fate. The-

reby, it propagates EMPs and inhibits GMPs via activation or suppression of the

respective target genes. Hence, Cdc42 leads to the inhibtion of the myeloid factors

PU.1, C/EBP1α and Gif-1 or the induction of the proerythroid transcription factor

GATA-2 (Fig. 1.1). Rho GTPases also play an important role in lymphopoiesis.

Accordingly, Rac1 and Rac2 are critical for the differentiation of CLPs into T cells.

They are further involved in the regulation of thymocyte proliferation, survival,

adhesion and migration. Furthermore, they support the T cell receptor-mediated

Il-2 synthesis and have a positive influence on Akt signalling, while they suppress

Notch signalling. During T cell differentiation Rac2 is furthermore responsible for

the induction of actin polymerisation, the increase of the intracellular Ca2+ level as

well as Erk and p38 activation. Contrariwise, RhoH is dicussed to be an antagonist

for the classic Rho GTPases, since it inhibits the Rac1 and Rac2-induced activation

of NFκB and p38 signalling. RhoH is furthermore critical for the transition from

DN3 to DN4 stage and the positive selection during T cell differentiation. B cell

differentiation is mainly effected by Rac2 and Cdc42. Rac2 is important for the B

cell differentiation, proliferation and the Ca2+ entrance and thereby for the humo-

ral immune response. Furthermore, Rac2 in cooperation with Rac1 activates Akt

signalling and the antiapoptotic Bcl-XL. On the other hand, Cdc42 influences the

proliferation and survival of B cells and humoral immune response-associated B1a

cells. Moreover, Rho GTPases are involved in the regulation of phagocytes, which

provide defense against microbial pathogens. Thereby, the cells create a front and

rear polarity, in which the front accumulates F-actin and the rear actomyosin fila-

ments. Cdc42 is critical for the development of cell polarity but not cell migration.

Rac2 is an important regulator of actin polymerisation, while RhoA supports the

actomyosin distribution and contraction. During phagocytosis Rac and Cdc42 are

associated with the Fcγ receptor-mediated internalisation, while RhoA is involved

in the CR3-mediated uptake. For both internalisation types Rac1 and Rac2 are

indespensable, because of the need for actin rearrangments. The bacterial killing

is supported by Rac1 and especially Rac2, which can induce NADPH oxidase ac-

tivity and thereby the production of reactive oxygen species (ROS) and hydrogen

peroxide. The Rho GTPase RhoG is also able to increase the production of ROS
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(extensively reviewed in Mulloy et al., 2010).

The PI3K/Akt/mTOR signalling As extensively described in a review by

Martelli and colleagues (2010), the PI3K/Akt/mTOR pathway is generally involved

in a variety of cellular functions like transcription, translation, cell cycle, differen-

tiation, apoptosis, endocytosis, motility, autophagy and metabolism. The path-

way is stimulated via the activation of membrane-standing receptor tyrosine kinases

(RTKs) and G protein-coupled receptors (GPCRs). These receptors activate the

PI3K, which can also be activated by Ras. The lipid kinase PI3K phosphorylates

the D3 position of inositols. In cooperation with other kinases the PI3K produces the

second messengers phosphatidylinositol 3,4-bisphosphate (PI(4,5)P2) or PI(3,4,5)P3.

These second messengers bind to proteins containing a pleckstrin homology (PH)

domain like Akt or PDK1 and recruit them to the plasma membrane. Akt is a

member of the AGC protein kinase family and contains, besides the PH domain,

also an ATP binding site and the two phosphorylation sites at Ser473 and Thr308.

The binding of PI(3,4)P2 or PI(3,4,5)P3 causes conformal changes of Akt, which en-

able the phosphorylation and with it the activation of the protein. Thereby, PDK1

phosphorylates Akt at Thr308 and the mTOR complex 2 (mTORC2) at Ser473.

Activated Akt is localised to the cytosol, the mitochondria or the nucleus, where it

phosphorylates over 100 substrates (e.g. Casp-9, Bad, MDM2, FOXO, Raf, GSK3β,

CREB). Akt is also able to indirectly activate mTORC1 and mTORC2. The two

complexes differ in their protein composition and their sensitivity for rapamycin.

The mTORC1 is rapamycin-sensitive, while the mTORC2 can only be abrogated

with a long-term rapamycin treatment. For mTORC1 activation, Akt phosphory-

lates the GTPase-activating protein TSC2, which subsequently leaves its complex

with TSC1 and binds to the 14-3-3 protein. Since the TSC1/TSC2 complex holds

Rheb in its GDP-bound inactive state, Akt induces the activation of GTP-bound

Rheb. How GTP-bound Rheb induces the activation of mTORC1 is not fully un-

derstood but includes Rheb farnesylation. The Ras/MEK/Erk/p90RSK pathway

is also able to activate mTORC1, while REDD1 or AMPK inhibit the complex.

The mTORC1 complex influences protein and lipid synthesis, cell growth and the

mitochondrial metabolism. Furthermore, it inhibits autophagy. Contrariwise, ac-

tivation of mTORC2 requires PI3K and the TSC1/TSC2 complexes but is Rheb
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independent. The mTORC2 phosphorylates PKCα and activates actin polymerisa-

tion. Moreover, it increases cell proliferation via the serine/threonine-protein kinase

SGK1 and not Akt. Additionally, mTORC1 inhibits Akt activation in a negative

feedback loop, which excludes a coincidental hyperactivation of Akt and mTORC1.

The negative regulation of the PI3K/Akt/mTOR pathway is mediated by different

lipid and protein phosphatases. Thereby, the lipid phosphatases SHIP1 and SHIP2

dephosphorylate PI(3,4,5)P3 at position D5 to PI(3,4)P2, while the lipid and pro-

tein phosphatase PTEN dephosphorylates PI(3,4,5)P3 and PI(3,4)P2 at position

D3. Furthermore, the PI3K/Akt/mTOR signalling can be inhibited by the protein

phosphatases PP2A, which dephosphorylates Akt at position Thr308, or the PH

domain leucine-rich repeat protein phosphatases 1 and 2 (PHLPP1 and PHLPP2),

which dephosphorylate Akt at the positions Thr308 and Ser473. In normal hae-

matopoiesis the PI3K/Akt/mTOR pathway is mainly involved in HSC regulation,

erythropoiesis and megakaryocytopoiesis, while it is not critical for the differentia-

tion of granulocytes and monocytes. In HSCs the induction via the cytokines SCF

and Tpo causes the formation of lipid rafts, which propagate Akt activation. Akt

activation in turn promotes the cell cycle entry of LT-HSCs and inhibits FOXO3a

activity. The knockout of PTEN, which activates PI3K/Akt/mTOR signalling, led

to an initial expansion of HSCs accompanied with an increased cell cycle progres-

sion but was followed by an exhaustion of LT-HSCs. Furthermore, TSC1 inhibition

increased mTORC1 activity and induced HSC proliferation. Afterwards, HSCs were

depleted because of the increased intracellular reactive oxygen species (ROS) pro-

duction. PML is able to sequester mTOR to its nuclear bodies (NBs), which inhibits

mTORC1 activity. The knockout of PML induced the repopulation ability of ST-

HSCs but decreased it in LT-HSCs. This was accompanied by an increased mTORC1

activity, which could be rescued with rapamycin. The transcription factors FOXO1,

FOXO3 and FOXO4 are essential for HSC maintenance and are inhibited by ac-

tive Akt via a 14-3-3-dependent translocation from the nucleus to the cytoplasm.

The knockout of FOXO reduced the amount of HSCs and increased intracellular

ROS. This was furthermore accompanied by an increased cell cycle progression and

apoptosis. During differentiation activated Akt propagates the commitment to mo-

nocytes and neutrophils. Inactivated Akt in turn promotes an eosinic cell fate and
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induces C/EBPα phosphorylation at Ser21 by GSK3β, which inhibits granulocytic

differentiation. During erythropoiesis the cytokines Epo and SCF induce the prolife-

ration, survival and differentiation of erythrocytic progenitors. This is accompanied

by the activation of different pathways including the PI3K/Akt/mTOR signalling.

Activated Akt thereby inhibits FOXO3a and its pro-apoptotic effect and induces the

phosphorylation of GATA-1, a key regulator of erythrocytic differentiation. During

the development of megakaryocytes/platelets the cytokine Tpo binds to its receptor

c-MPL and activates i.a. the PI3K/Akt/mTOR pathway. The pathway cooperates

with other signalling cascades to induce cell cycle progression during megakaryocy-

tosis. Moreover, activated Akt inhibts apoptosis via inhibition of Casp-3 activity

on the anti-apoptotic Bcl-XL. Additionally, mTORC1 mediates the Tpo-induced

proliferation of megakaryocytic progenitor cells and is important for the late stages

of differentiation (reviewed in Martelli et al., 2010).

The MEK/Erk pathway As reviewed by Geest & Coffer (2009) and Chung &

Kondo (2011), the MEK/Erk pathway is also involved in the regulation of normal

haematopoiesis. Erks belong with JNKs and p38s to the MAPKs, which phospho-

rylate proteins at serine/threonine residues. They are ubiquitously expressed and

integrate signals from cytokines and growth factors to regulate cell growth, migra-

tion, proliferation, differentiation, survival and apoptosis. The signalling occurs from

receptors of the plasma membrane to the expression of the respective target genes.

Thereby, Erk is associated with mitogenic and antiapoptotic signalling, while JNK

and p38 rather respond to cellular stress signals. The Ras/Raf/MEK/Erk signalling

is activated by factor-induced receptor tyrosine kinases. There exist four Ras homo-

logs: H-Ras, N-Ras, K-Ras4A and K-ras4B. Ras is closely related to Rho GTPases

and like them activated by GEFs. Thereby, inactive GDP-bound Ras is turned into

active GTP-bound Ras, which causes conformal changes of the protein and enables

the binding of effectors like Raf. Ras-GTP is inactivated mainly via GAPs but is

also capable of auto-hydrolysis. Post-translational modifications like prenylation,

farnesylation, palmitoylation or geranylation are important for Ras protein matu-

rity and its localisation at the plasma membrane. There exist three isoforms of the

Ras effector Raf: A-Raf, B-Raf and Raf-1. All isoforms contain the three conserved

regions CR1, CR2 and CR3. The CR1 domain contains the Ras-binding domain,
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while the CR2 and CR3 regions hold binding sites for the 14-3-3 protein. Additio-

nally, the CR3 comprises the kinase domain. In its inactive state Raf binds to the

14-3-3 dimer. Upon activation of the signalling pathway Ras-GTP binds to the Raf

binding domain and 14-3-3 is released. The subsequent conformal change of Raf ex-

poses its catalytic domain for phosphorylation. Ras binding is not sufficient for Raf

activation but mediates Raf localisation to the plasma membrane and its effectors

(e.g. MEK). Raf activation is inhibited by the PI3K/Akt pathway and even more so

by the kinase SGK. Afterwards, MEK1 or MEK2 are activated by Raf via the phos-

phorylation of two serine residues in its active domain. MEKs are protein kinases

specific for the phosphorylation of serine/threonine or tyrosine residues. Activated

MEKs promote cell proliferation and suppress apoptosis. Erk1/2 are the only known

substrates for MEK1/2 activity. Erk1/2 belong to the MAPK family, which further

consists of JNK1/2/3, p38α/β/γ/δ, Erk5, Erk3 and Erk7. Erk1/2 are both specific

for the same substrates, which add up to over 160. However, Erk1/2 have different

functions. Erk1 was reported to negatively regulate EKR2, which induces prolife-

ration. Activated Erk1/2 is involved in the regulation of nuclear and cytoplasmic

substrates like p90 RSK, MSK or NK, which are important for cell migration or

adhesion. Furthermore, they effect transcription factors like c-Fos, c-Myc or Elk-1.

In normal haematopoiesis the MEK/Erk signalling is important for the correct re-

gulation of HSC proliferation and self-renewal. In Lin−CD34+CD133+ cord blood

cells Erk1/2 were activated by the induction with SCF. The induction increased

HSC proliferation but was not sufficient for long-term self-renewal activity. The

addition of the growth factor oncostatin M increased HSC expansion but inhibited

Erk signalling. Furthermore, MEK/Erk signalling is involved in the commitment

of HSCs to the granulocytic/macrophage lineage. Contrarily, the pathway is dis-

pensable for the further differentiation of CMPs. The MEK/Erk pathway not only

promotes meylopoiesis but also erythropoiesis and megakaryocytopoiesis. Interes-

tingly, Erk1/2-mediated phosphorylation of GATA-1 in cooperation with GATA-1

acetylation causes the degradation of this transcription factor. As mentioned further

above, GATA-1 is essential for the differentiation of erythrocytes, megakaryocytes

and eosinophils. Contrariwise, activated Erk inhibits neutrophilic maturation via

the phosphorylation of C/EBPα at Ser21. The MEK/Erk pathway is critical for the
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PMA-induced differentiation of the cell lines K562, TF1 and U937. Otherwise, in ES

cells the MEK/Erk pathway is dispensable for proliferation and self-renewal. The

inhibition of signalling rather propagates the self-renewal capacity. Furthermore, ac-

tivation of the MEK/Erk pathway is important for the early lineage commitment of

these cells. In the EMP lineage the growth factor Tpo induces MEK/Erk activation

and thereby supports megakaryocytic differentiation. On the other hand, the path-

way is not directly effected by the erythrocyte-specific growth factor Epo. Activated

MEK/Erk propagates in an Epo-independent way proliferation of erythrocytic pro-

genitors. Simultaneously, TRAIL inhibits the final maturation of proerythrocytes

via an Erk-dependent pathway, which could be reverted by Erk inhibitors. Concer-

ning the lymphoid lineage, active Erk is involved in the lineage decision between

CD4+ and CD8+ T cells. Thereby, Erk propagates CD4+ maturation, while it is

dispensable for the CD8+ development. Additionally, the MEK/Erk pathway is also

involved in the regulation of lineage conversions, e.g. the differentiation of lymphoid

progenitors to mature myeloid cells (extensively reviewed in Geest & Coffer, 2009,

and Chung & Kondo, 2011).

1.2 Transcription factor PU.1

The transcription factor Purine Rich Box-1 (PU.1) also called SFFU Proviral In-

tegration Site-1 (Spi-1) is like Spi-B and Spi-C a member of the Ets transcription

factor family. It was first described by Moreau-Gachelin et al. (1988) as an on-

cogene in Friends murine erythroleukaemia. Further studies unravelled its role as

master regulator of haematopoiesis, which is involved in HSC maintenance, terminal

differentiation of myeloid cells, B and T cell development and erythropoiesis (v.s.

section 1.1.2). PU.1 is encoded by the sfpi1 gene on the short arm of chromosome

11. Currently, no further isoforms are described. The PU.1 proteins contains three

important domains (Fig. 1.3). Firstly, the C-terminal Ets domain mediates DNA

binding and the interaction of PU.1 with other proteins like GATA-1/-2, C/EBPα,

AML-1 or c-Jun. Transcriptional activation and binding with the transcription

factors TFIID or TBP of the basal transcription machinery is provided by the N-

terminal transactivation domain (TAD). Finally, the PEST region is responsible for

further protein interactions with IRFs, PIPs and ICSBPs. Furthermore, PU.1 serine
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Fig. 1.3: Protein structure of the X-RARα binding partners PU.1, SRPX,
VASP, TFII-I (isoform β and δ) and PI4KIIα. Primary structure and important
functional domains of the proteins are shown. Furthermore, important phosphorylation
sites of serines (S), threonines (T) and tyrosines (Y) as well as the PI4KIIα palmitoylation
site are depicted in bold. Binding partners for the respective domains are indicated. Ala-
rich, alanine-rich domain; b, exon b; BR, basic region; CC, coiled-coil domain; Cys-rich,
cysteine-rich domain; EVH1/2, Ena/VASP homology domain 1/2; FAB, F-actin binding
domain; GAB, G-actin binding domain; HYR, hyalin repeat; Pro-rich, proline-rich domain;
LZ, leucine zipper; NLS, nuclear localisation signal; R1-6, repeat 1-6; SS, signal sequence;
TAD, transactivation domain; TMD, transmembrane domain.

phosphorylation is essential for its activity. PU.1 is mainly expressed in haemato-

poietic cells, especially in HSCs, CLPs, GMPs and early T cell progenitors. In the

more mature cells PU.1 is highly expressed in granulocytes and macrophages as well

as to a moderate extent in B cells. PU.1 is less expressed in mature erythrocytes

and absent in mature T and NK cells. During haematopoiesis, PU.1 is expressed

in a strict pattern of activation and inhibition. PU.1 activates target genes like

GM-CSFR, G-CSFR and M-CSFR. The target gene promoters contain instead of

a TATA box a PU.1 binding site, which lies in proximity to other binding sites of

the transcription factors Sp1, AML-1, C/EBPα or CBF. Additionally, PU.1 is able

to recruit TATA-binding proteins (TBPs) and TBP-associated factors (TAFs) to
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induce TATA box-containing promoters. PU.1 is implicated in haematopoietic ma-

lignancies. As mentioned before it plays a role in Friends murine erythroleukaemia,

which is rare in humans. Thereby, PU.1 overexpression leads to the proliferation

and a differentiation block of erythrocytic progenitor cells. Similarily, the deletion

of the PU.1 promoter upstream regulatory sequence in T cell progenitors leads to

the overexpression of PU.1. This was accompanied by a differentiation block at the

DN1 stage. In myeloid cells PU.1 is a tumor suppressor. c-Jun and JunB are PU.1

binding partners, which are critical for the tumor suppressor function. Interestin-

gly, c-Fos, which heterodimerises with c-Jun as part of the AP-1 transcription factor

complex, inhibits the coactivation of PU.1 by c-Jun in a competitive way. In most

AML cases PU.1 is only low expressed or functionally inhibited. Accordingly, the

deletion of PU.1 or point mutations in the Ets DNA binding domain lead to the

development of myeloid leukaemia. In PML/RARα-derived acute promyelocytic

leukaemia the haploid deletion of PU.1 is a frequent secondary event, which in-

creases the leukaemic potential. Furthermore, in AML1/ETO-caused AML PU.1 is

functionally inhibited. The fusion protein AML1/ETO binds PU.1 and inhibits the

transactivation activity of PU.1 by replacing c-Jun. A mechanism, which is already

known for the PU.1 antagonistic transcription factors GATA-1 and C/EBPα. In

case of AML1/ETO the DNA binding ability is preserved and the fusion protein is

recruited to the PU.1 target gens. Hence, AML1/ETO is able to repress PU.1 target

genes, what supports leukaemogenesis. Interestingly, the PU.1 target gene expres-

sion is not completely blocked, which supports a further inhibition of these factors

by protein-protein interactions (reviewed in Kastner & Chan, 2008, and Gupta et

al., 2009).

1.3 Tumor suppressor SRPX

The sushi-repeat-containing protein, X-chromosome (SRPX, also named DRS and

EXT1) was first identified by Meindl and colleagues (1995) and Dry et al. (1995) as

deleted in patients with X-linked retinitis pigmentosa. The disease is characterised

by retinal degeneration and is attended by the chronic granulomatous disease, in

which macrophages are unable to build ROS for pathogenic defense. The SRPX

protein contains a transmembrane domain, a short C-terminal intracellular domain
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and three sushi consensus repeats (Fig. 1.3; Shimakage et al., 2000). SRPX was

also reported as a tumor suppressor gene, down-regulated by retroviral v-Src, v-Abl

and v-K-Ras, which is in turn able to inhibit v-Src transformation without affecting

cell proliferation (Pan et al., 1996; Inoue et al., 1998). Furthermore, SRPX is re-

pressed in colon, bladder, ovary, lung and prostate cancer cells. Thereby, it inhibits

anchorage-independent growth via the down-regulation of cyclin A and prevents the

G1/S transition in the cell cycle. The down-regulation of SRPX is discussed to

be mediated either by the expression of proto-oncogenes like c-Myc, c-Fos, Ras or

Src or the Wnt/APC/β-catenin pathway (Yamashita et al., 1999; Shimakage et al.,

2002 and 2009; Kim et al., 2003). SRPX is furthermore able to induce apoptosis

also in human cancer cell lines via an ER-associated pathway, which functions inde-

pendently from the mitochondrial pathways. During the pathway the caspases-12,

-9 and -3 are successively activated and SRPX binds the ER protein ASY/Nogo-

B/RTN-xS, which is known to bind and inhibit the anti-apoptotic proteins Bcl-XL

and Bcl-2 (Tambe et al., 2004). In a complex with PELO, HAX1 and EIF3G the

SRPX protein is localised to actin microfilaments. PELO is associated with cell

proliferation and stem cell self-renewal (Burnicka-Turek et al., 2010). Moreover,

SRPX forms a complex with the stress-inducible GADD34 and the TSC1/2 dimer.

This complex mediates the inhibition of mTORC1 and subsequently the suppres-

sion of viral replication during infections (Tambe et al., 2012). Another interesting

aspect of SRPX is its association with adult T cell leukaemia and mutiple myeloma

(Shimakage et al., 2007; Ria et al., 2009).

1.4 Phosphoprotein VASP

The vasodilator-stimulated protein (VASP) is a member of the Ena/VASP family of

proteins, which also includes the vertebrate proteins murine Ena homologue (Mena)

and the murine Ena/VASP-like (Evl) as well as its Drosophila homolog Enabled

(Ena). VASP is implicated in cytoskeletal organisation, cell polarity, cell migration

and platelet activation (Machesky, 2000; Bearer et al., 2002; Benz et al., 2009; Lin et

al., 2010; Breitsprecher et al., 2011). The phosphoprotein was mentioned for the first

time by Halbrügge et al. (1990) as a cytosolic or membrane-associated platelet pro-

tein. The protein is also expressed in granulocytes, T, B and other cells including
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tumor cells. The stimulation with vasodilators like prostaglandin E1/2 or sodium

nitroprussid cause the phosphorylation of VASP by the cAMP-dependent kinase

(PKA) or the cGMP-dependent kinase (PKG), respectively. So far the four phos-

phorylation sites known for VASP are serine 157 (S157), serine 239 (S239), threonine

278 (T278) and tyrosine 39 (Y39), which are mainly phosphorylated by PKA, PKG,

AMP-activated protein kinase (AMPK) and c-Abl, respectively (Fig. 1.3; Halbrügge

et al., 1992; Benz et al., 2009; Maruoka et al., 2012). Dephosphorylation is media-

ted by the serine/threonine phosphatases PP1, PP2A, PP2B and PP2C (Abel et al.,

1995). The receptor tyrosine phosphatase HLAR could be implicated in the dephos-

phorylation of Y39, since its homolog in Drosophila DLAR dephosphorylates Ena

(Kwiatkowski et al., 2003). The VASP protein contains three domains conserved in

the VASP-related family of proteins, the N-terminal Ena-VASP homology domain 1

(EVH1), the central proline-rich region and the C-terminal EVH2 (Fig. 1.3). Firstly,

the C-terminal Ets domain mediates DNA binding and the interaction of PU.1 with

other proteins like GATA-1/-2, C/EBPα, AML-1 or c-Jun. The EVH1 domain

binds to proteins with the consensus motif (A/E)-FPPPP-X(A/E)(A/E) like the

focal adhesion-associated proteins zyxin and vinculin. Contrarily, the proline-rich

region is responsible for the interaction with profilin. Profilin binds monomeric actin

(G-actin) and mediates the substitution of ADP by ATP to activate G-actin for po-

lymerisation. Furthermore, the proline-rich region enables the binding with proteins

containing SH3 or WW domains (e.g. Abl, IRSp53, FE65) and is i.a. important

for bacterial movement and actin dynamics. The EVH2 domain mediates the direct

binding between VASP and G- or actin filaments (F-actin) and its coiled-coil do-

main is essential for the normal VASP homotetramerisation. Moreover, the domain

is important for the anti-capping activity, actin nucleation and bundling as well as

together with the proline-rich region for filopodia formation. Ena/VASP proteins

are located at actin stress fibres, focal adhesions, tips of filopodia or the leading edge

of lamellipodia. Thereby, VASP was reported to increase the lamellipodial speed

but to reduce the persistence, which leads to the reduction of cell movement (Holt

et al., 1998; Krause et al., 2002). Currently, VASP activity and function is not

completely understood and under discussion. It was reported to be implicated in

the actin-dependent regulation of axon guidance, neural tube closure, attenuation
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of T cell and platelet activation, phagocytosis, cell-cell adhesion and intracellular

bacterial movement. However, VASP seems to inhibit the binding of the capping

protein (CP) at the barbed end of F-actin, which is dependent on its interaction

with profilin. This is accompanied by a reduced filament branching, which can be

evoked by the competition of VASP and the Arp2/3 complex for G-actin essential

for branching. It is also possible that VASP inhibits the binding between the Arp2/3

complex and G-actin. Interestingly, the phosphorylation of VASP decreases its in-

teraction with G-actin. Furthermore, cAMP signalling inhibits T cell and platelet

activation, which is attended by the induction of PKA activity and VASP phospho-

rylation. The role of VASP at focal adhesions is not critical. However, if the cell

adhesion is detached, PKA activity increases and VASP is phosphorylated. If the

cell reattaches again, PKA activity decreases and VASP is dephosphorylated. It is

discussed, if VASP rather functions in the outward signalling via ligand-induced in-

tegrins (Kwiatkowski et al., 2003). Moreover, Ena/VASP proteins propagate F-actin

bundling at the leading edge. Thereby, tetramerisation of the protein is essential

(Bear & Gertler, 2009). Another interesting aspect of VASP activity connected

with cancer development was published by Tao and colleagues (2012). They showed

that an increased activity of PKGII attended by VASP phosphorylation at Ser239

inhibits EGF-induced MAPK/Erk signalling in human lung cancer cells. Thereby,

the activation/phosphorylation of EGFR, induced by EGF, as well as the binding

between SOS1 and Grb2, indespensable for MAPK/EKR signalling, are inhibited.

Furthermore, Ras activation was reversed by the increased PKG activity. During

this process the phosphorylation of VASP at Ser239 is essential, since an unphos-

phorylated VASP form, mutated at the Ser239 site, abates the effect. Moreover,

VASP is involved in proliferation, apoptosis and cancerogenesis (Liu et al., 1999;

Chen et al., 2004; Zhuang et al., 2004; Benz et al., 2008; Zhou et al., 2006; Zuzga

et al., 2012). The protein is furthermore associated with chronic myeloid leukaemia

(CML) i.a as a substrate for the leukaemic fusionprotein BCR/ABL (Eigenthaler et

al., 1993; Maruoka et al., 2012).



1. Introduction 24

1.5 Transcription factor TFII-I

The transcription factor II-I (TFII-I) was first referred to by Roy et al. (1991) as

part of the basal transcription machinery of the mammalian RNA polymerase II. It

was discovered later that TFII-I also mediates the transcription of TATA-less pro-

moters, which however contain initiator (INR) sites (Anantharaman et al., 2011).

So far four TFII-I splicing isoforms are described, TFII-Iα, TFII-Iβ, TFII-Iγ and

TFII-Iδ, which differ in the composition of the exons a and b. TFII-Iβ and TFII-

Iδ are ubiquitously expressed, while the γ-isoform is predominantly expressed in

neurocytes and the α-isoform lacks in murine cells (Pèrez Jurado et al., 1998; Che-

riyath & Roy, 2000). All isoforms contain six helix-loop-helix direct repeats, which

are potentially involved in diverse protein and DNA interactions. Furthermore, the

proteins are characterised by a N-terminal leucin zipper domain eventually involved

in homo- and heterodimerisation, two nuclear localisation sequences and a central

basic/DNA binding region (Fig. 1.3; Roy, 2007). Concerning post-translational

modifications, TFII-I is phosphorylated by the Bruton’s tyrosine kinase (Btk), the

cGMP-dependent kinase PKG and Src-family kinases. The Btk is a member of the

Tec family of kinases. Mutations in the Btk gene cause X-linked agammaglobuline-

mia (XLA) and X-linked immunodeficiency (Xid) in mice. Hence, Btk is important

for the correct B cell differentiation. In this context, TFII-I is discussed to act as

a second messenger downstream of the Btk activity (Mano, 1999). Furthermore,

Rajaiya et al. (2006) described TFII-I as an important interaction partner of the

Bright complex, which is also implicated in B cell development. It was furthermore

reported that TFII-I is involved in the regulation of B cell proliferation as well as

stem cell and erythrocyte differentiation (Ashworth & Roy, 2007; Anantharaman

et al., 2011; Bayarsaihan et al., 2012). In contrast to the BtK, PKG binds to the

fourth direct TFII-I repeat and phosphorylates the transcription factor at Ser371

and Ser743. PKG and TFII-I positively cooperate at serum-response elements (e.g.

c-fos promoter region) and the phosphorylation increases the transactivation po-

tential of TFII-I (Kim et al., 1998; Casteel et al., 2002). Moreover, TFII-I is not

only able to induce but also to repress the expression of the proto-oncogene c-fos by

recruiting co-repressor complexes like XFIM (Haikimi et al., 2003). The Src-family

kinases phosphorylate TFII-I at the tyrosine residue 248, which is important for the
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signal-induced transcriptional activity of the transcription factor and its interac-

tion with Erk1/2. TFII-I is furthermore discussed to be responsible for the nuclear

translocation of Erk1/2, since this lacks a NLS (Anantharaman et al., 2011; Roy,

2012). The TFII-I phosphorylation status is moreover important for its cellular lo-

calisation and the binding with other proteins. Hence, TFII-I phosphorylation by

the Btk is critical for the interaction with PLC-γ. The binding causes an inhibi-

tion of the PLC-γ ability to induce Ca2+ uptake. Hence, TFII-I is able to engage

Ca2+ signalling to regulate other transcription factors, since the signalling induces

transcription factor cleavage. Moreover, TFII-I binds like its interaction partner

USF1 to pyrimidine-rich initiator (Inr) and E box domains in the promoter region

of target genes like cyclin D1 and protein kinase C-β, which are important for cell

cycle regulation. In contrast to USF1, where the binding with TFII-I causes a po-

sitive cooperation, TFII-I also interacts with c-Myc and inhibits its transcativation

activiy, which is important for the regulation of cell transformation, proliferation

and apoptosis. Furthermore, TFII-I is involved in the regulation of erythroid and

lymphoid differentiation. Thereby, TFII-I seems to repress cell differentiation in

cooperation with Myc in progenitor cells, while it propagates differentiation in more

mature cells (Sakamuro & Prendergast, 1999; Anantharaman et al., 2011). The

target genes of TFII-I and another member of the TFII-I family, called BEN, were

analysed in mouse embrionic fibroblasts (MEFs) and involve genes regulating cal-

cium signalling, cell cycle, immune response, neurodevelopmental disorders and axon

guidance. Thereby, TFII-I takes over the role of a scaffolding protein of activator

and repressor complexes (Chimge et al., 2007 and 2008). Furthermore, TFII-I is

implicated in TGFβ signalling, immune signalling and endoplasmic reticulum (ER)

stress response (extensively reviewed in Roy, 2012).

1.6 Phosphatidylinositol kinase PI4Kα

Phosphatidylinositol 4-kinases (PI4Ks) mediate the phosphorylation of phosphatidyl-

inositol at the inositol ring position D4 to produce phosphatidylinositol 4-phosphate

(PI(4)P). There exist three PI4K subfamilies: PI4K230, PI4K99 and PI4K55, which

are additionally classified into kinase activity types II and III. So far, four PI4K

isoforms are described: the wortmannin-sensitive type III kinases PI4KIIIα and
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PI4KIIIβ highly similar to PI3K and the wortmannin-resistant but calcium-sensitive

type II kinases PI4KIIα and PI4KIIβ (Barylko et al., 2001; Heilmeyer et al., 2003).

The four PI4Ks show a different cellular distribution and have distinct non-redundant

functions except the production of PI(4)P for active GPCRs during PLC signalling.

The PI4KIIIα is mainly localised at the endoplasmatic reticulum (ER) and the

PI4KIIIβ to the Golgi complex. In contrast to the type III kinases, the type II

PI4Ks are rather membrane-bound because of their palmitoylation (Fig. 1.3). They

are associated with EGF and T cell receptors and supply to the PI(4,5)P2 mem-

brane pool. The PI4KIIβ is more cytosolic than the α form, but can also be found

in intracellular vesicles. In contrast, the PI4KIIα is mainly localised at the trans-

Golgi network (TGN) and endosomes. Moreover, type II PI4Ks are involved in the

regulation of endocytosis, in which proteins are directed to degradation. Generally,

PIPs are recognised and bound by proteins involved in signalling regulation and

trafficking, which contain a CALM, ENTH, FERM, FYVE, PH, PTB or PX do-

main. The common PI4K product PI(4)P has its own cellular functions, mainly

associated with the Golgi complex. PI(4)P binds proteins with a PH domain like

FAPP and OSBP(see also Fig. 1.4). Hence, it is critical for the cargo traffic from

the Golgi apparatus to the plasma membrane or late endosomes. Furthermore, it is

a co-receptor of the GTPase ARF1. Both molecules cooperate in the recruitment of

cytosolic proteins (e.g. AP-1 or FAPP1/2) to the TGN membranes. Interestingly,

the dephosphorylation of PI(4)P by Sac1 propagates the Golgi to ER transport and

the knockdown of PI4KIIα causes the destruction of the Golgi structure. Besides its

distinct Golgi functions PI(4)P is further processed into PI(4,5)P2 and PI(3,4,5)P3

by PI5Ks and PI3Ks. Subsequently, the PLC uses PI(4,5)P2 to synthesise the second

messengers IP3 and DAG, which are important for the Ca2+ signalling and exocyto-

sis (Fig. 1.4). PI(4,5)P2 is also a PLD substrate and is associated with ion channels,

receptor molecules and proteins, which connect the plasma membrane to the actin

cytoskeleton. Contrarily, PI(3,4,5)P3 is highly important for signalling events at

the plasma membrane. Thereby, it is involved in metabolic processes, cell prolife-

ration, differentiation, migration, chemotaxis, phagocytosis, survival and PDK and

Akt-associated pathways (Fig. 1.4). Furthermore, PI(3,4,5)P3 interacts with the

Btk, which phosphorylates as mentioned before the transcription factor TFII-I. Ad-
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ditionally, PI(4,5)P2 and PI(3,4,5)P3 cooperate with Cdc42 to activate the ARP2/3

complex and thereby propagate actin nucleation. They also stimulate the removal

of capping proteins and thereby the F-actin polymerisation. PI(3,4,5)P3 is inactiva-

ted via the D3 dephosphorylation by the tumor suppressor PTEN. Contrarily, the

dephosphorylation at position 5 by SHIP1/2 rather results in a prolonged signalling

(Fig. 1.4; reviewed in Balla & Balla, 2006 and Di Paolo & De Camilli, 2006; Szent-

petery et al., 2010). PIPs are not only involved in membrane-associated cytoplasmic

functions but also are essential for nuclear processes. Thereby, they act as co-factors

regulating DNA repair, transcriptional regulation and RNA metabolism. The main

nuclear phosphatidylinositide is PI(4,5)P2 produced by type III PI4Ks and PI5Ks.

It is still analysed which PI5K isoforms are involved. Contrarily, nuclear type II

PI4Ks are discussed to produce PI(4)P rather for direct signalling than for further

processing (Fiume et al., 2012). PI(4)P and PI4Ks are also involved in the develop-

ment of cancer. Thereby, the expression of PI4Ks are highly important, since they

affect the MAPK and Akt pathways (Fig. 1.4) associated with angiogenesis, metas-

tasis, suppression of apoptosis and chemoresistance. The different PI4K isoforms are

implicated in different pathologies. Thus, PI4KIIIα is associated with pancreatic

cancer and a chemoresistance to cisplatin, while PI4KIIIβ acts anti-apoptotic upon

the breast cancer cell line MDA-MB-231. Moreover, PI4KIIβ is highly expressed in

the liver under normal conditions and supresses metastasis in hepatocellular carci-

nomas. The PI4KIIα is overexpressed in many human cancers including malignant

melanoma, fibrosarcoma and breast cancer (reviewed in Pendaries et al., 2003 and

Waugh, 2012).

Moreover, recent findings in the context of a diploma thesis performed by Julia

Männich (2011) and supervised by Miriam Frech reveals an inhibition of PI4KIIα

enzymatic function to produce PI(4)P in the presence of the leukaemic fusion pro-

tein PLZF/RARα but not in the presence of PML/RARα. In comparison, PI(4)P

synthesis is inducible in wildtype cells via PI4KIIα overexpression or EGF as well

as Il-3 induction. Furthermore, the overexpression of PI4KIIα in 293 cells leads to

the activation of Akt and Erk1/2, but has no influence on the phosphorylation of

PDK. In a similar experiment, in which the 293 cells were additionally treated with

EGF and the PI3K inhibitor LY294002, the inhibition of the PI3K causes an even
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Fig. 1.4: PI(4)P associated pathways. Schematic representation of the pathways
induced by PI(4)P. Lipid kinases and phosphatases as well as the phospholipase C (PLC)
are depicted in blue. The interfering leukaemic fusion protein PLZF/RARα is represented
in red. The affected pathways Erk/MAPK, PI3K/Akt as well as Ca2+ signalling and
exocytosis are highlighted in terms of colour.

stronger activation of Erk1/2. The Erk1/2 phosphorylation is even further increased

via the simultaneous PI3K inhibition and PI4KIIα overexpression, which supports

an important role for the PI4KIIα in Erk1/2 induction. Experiments in U937 cells

expressing PLZF/RARα or PML/RARα, where the cells were treated without and

with EGF for Akt and Erk1/2 activation, show that both fusion proteins have no ef-

fect on Akt activation with and without EGF stimulation. However, both X-RARα

proteins are able to inhibit Erk1/2 phosphorylation in stimulated and unstimulated

cells, which can be explained via the PI4KIIα sequestration by the fusion proteins.

Consequently, the findings of Julia Männichs diploma thesis (2011) suggest an inhi-

bition of PI4KIIα enzymatic activity by the leukaemic fusion proteins, which leads

to the suppression of Erk signalling.

1.7 Aberrant haematopoiesis - leukaemia

Leukaemia (from Greek: leukos = white + haima = blood) is a malignant progressive

disease of the haematopoietic system. Thereby, haematopoietic stem or progenitor
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cells undergo a monoclonal expansion, which causes an increased number of myeloid

or lymphoid blasts in the bone marrow and peripheral blood. This is accompanied

by a differentiation block of the haematopoietic progenitor cells, which leads to a

reduced number of mature functional blood cells (Fig. 1.5). The four major groups

of haematopoietic malignancies are subdivided into acute myeloid leukaemia (AML),

acute lymphocytic leukaemia (ALL), chronic myeloid leukaemia (CML) and chronic

lymphocytic leukaemia (CLL). This work deals exclusively with the acute myeloid

forms of leukaemia.

Fig. 1.5: Normal and leukaemic haematopoiesis. In contrast to normal haema-
topoiesis (upper panel) the leukaemic haematopoiesis (lower panel) is characterised by
an aberrant self renewal of the haematopoietic stem cells (HSC), increased proliferation,
reduced apoptosis and a differentiation block of the haematopoietic progenitor cells.

1.7.1 Acute myeloid leukaemia

Per definition an acute myeloid leukaemia (AML) is diagnosed, if the myeloid blasts

account for more than 30% in the peripheral blood or bone marrow. The disease
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derives from the malignant transformation of a myeloid progenitor cell. Haema-

topoietic transcription factors and growth factors are aberrantly expressed, which

causes an extensive clonal proliferation and the differentiation block. Hence, a gra-

nulocytopenia, thrombocytopenia or anaemia is developed. AML is with 80% the

most common form of acute leukaemias in adults. Children are only sporadically

affected. The disease occurs without or with previous malignancies as primary or

secondary AML, respectively.

Of all AML cases 55% of adults and 76% in the childhood show chromosomal aber-

rations (e.g. translocations, deletions, inversions) or mutations (e.g. FLT3), which

cause or contribute to the leukaemic phenotype. So far over 200 different AML chro-

mosomal abnormalities were identified. Thereby, structural aberrations are mostly

attended by reciprocal translocations, which are able to activate genes normally

inactive or lead to the formation and expression of leukaemic fusion proteins. The-

reby, the most frequent fusion protein AML1/ETO associated with the translocation

t(8;21) in the M1 and M2 subtypes occurs in 40% of the adult AML cases with cy-

togenetic abnormalities. Moreover, the M3-associated translocations t(15;17) and

t(11;17) cause the expression of the fusion proteins PML/RARα and PLZF/RARα

in 98% and 1% of the APL cases, respectively (Lee et al., 1998; Mrózek et al., 2004;

Michl, 2011).

AML classification AMLs are classified after cytomorphical and cytochemical

criteria in eight main groups M0 to M7 by the French-American-British working

group of leukaemia (FAB classification of AML, Tab. 1.1) (Bennett et al., 1976;

Bennett et al., 1985; Bennett et al., 1991). The FAB classification was replaced in

2001 by the WHO classification of AML (Jaffe et al., 2001). In the WHO classifica-

tion the amount of myeloid blasts was reduced to more than 20% in the peripheral

blood or bone marrow for AML diagnosis. Moreover, the WHO AML classifica-

tion integrates cytogenetic criteria and subdivides the AML cases into four major

categories (Tab. 1.2).

Acute promyelocytic leukaemia

The acute promyelocytic leukaemia (APL) is classified as FAB subtype M3 and M3v.

The disease is characterised by a high amount of promyelocytic blasts in the bone
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Tab. 1.1: FAB classification of AML with subtype, morphology, incidence and prognosis.

Subtype Morphology % of adult Prognosis
AMLs

M0 undifferentiated 5% worse
M1 myeloblastic without maturation 15% average
M2 myeloblastic with maturation 25% better
M3 promyelocytic (hypergranular) 10% best
M3v promyelocytic (microgranular) best
M4 myelomonocytic 20% average

M4eo myelomonocytic (eosinophilic) 5% better
M5a monocytic without maturation 10% average
M5b monocytic with maturation average
M6 erythroid 5% worse
M7 megakaryoblastic 5% worse

marrow and in other haematopoietic organs (e.g. spleen). In the M3 type the pro-

granulocytes are highly granulated and mostly contain bundles of Auer rods (faggot

cells), which are also used as a diagnostic marker. Furthermore, M3 APL is accompa-

nied by leukopenia. Contrarily, the M3v subtype progranulocytes are hypogranular.

They often contain bilobed or lobulated nuclei. The M3v APL is further defined by a

leukocytosis and shows a higher frequency of secondary mutations like FLT3. In 98%

of the APL cases the chromosome translocation t(15;17)(q22;q21), which leads to

the formation of the fusion protein PML/RARα (promyelocytic leukaemia/retinoic

acid receptor α ), can be found. In only 1% of the patients the translocation

t(11;17)(q23;q21) is diagnosed, in which the promyelocytic leukaemia zinc finger

(PLZF) gene is fused to the RARα gene. The nucleophosmin (NPM) fusion with

the RARα (t(5;17)(q35;q21)) only occures in 0.5% of the cases. Furthermore, four

other chromosomal aberrations affecting the RARα gene are known, which only oc-

cured as individual cases. On the one hand, the translocation t(11;17)(q13;q21) and

the interstitial deletion der(17) cause the expression of the fusion proteins nuclear

mitotic apparatus protein (NuMA)/RARα and STAT5b/RARα. On the other hand,

the fusion proteins PRKAR1A/RARα (Catalano et al., 2007) and FIP1L1/RARα

(Kondo et al., 2008) are evoked by a cryptic recombination of chromosome 17 and

the translocation t(4;17)(q12;q21), respectively. In all cases also the reciprocal forms

are built (N-RARα and RARα-N), which are also implicated in the development of

APL. Since the single expression of the leukaemic fusion proteins in mice is not able
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Tab. 1.2: WHO classification of AML.

Category Leukaemia
AML with recurrent genetic · AML with t(8;21)(q22;q22), AML1/ETO
abnormalities · AML with abnormal BM eosinophils and

inv(16)(p13q22) or t(16;16)(p13;q22),
CBFβ/MYH11
· APL with t(15;17)(q22;q12), PML/RARα

and variants
· AML with with 11q23 (MLL) abnormalities

AML with multilineage dysplasia · Following MDS or MDS/MPD
(at least two lineages affected) · De novo AML without precedent syndrome

AML and MDS, therapy related · Alkylating agent/radiationrelated type
· Topoisomerase II inhibitorrelated type
· Others

AML, not otherwise categorised · AML, minimally differentiated (FAB M0)
· AML without maturation (FAB M1)
· AML with maturation (FAB M2)
· Acute myelomonocytic leukaemia (FAB M4)
· Acute monocytic leukaemia (FAB M5a, b)
· Acute erythroid leukaemia (FAB M6)
· Acute megakaryoblastic leukaemia (FAB M7)
· Acute basophilic leukaemia
· Acute panmyelosis with myelofibrosis
· Myeloid sarcoma

to induce APL or only after a long latency, it is reconsidered that secondary events

are necessary for the APL development. Most APL patients are between 30 to 40

years old, but the disease can occure at all ages. Moreover, APL is more prevalent

in latinos and obese people. Without treatment the patients show a severe coagu-

lopathy and die of haemorrhagic diseases or infections. APL is mainly treated with

agents inducing differentiation like ATRA and As2O3 combined with each other or

with anthracycline-based chemotherapy (Schiffer & Stone, 2000; Grimwade et al.,

2000). Thereby, the treatment with ATRA reaches a complete remission (CR) in

about 90% of APL cases and low-dose As2O3 treatment leads to a CR in 75 to 90%

of the APL patients (Degos et al., 2001; Lengfelder et al., 2003).
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The leukaemic fusion proteins PML/RARα and PLZF/RARα

In the most cases APL is caused by chromosomal translocations involving the RARα

gene on chromosome 17. The translocations occure monoallelic. Hence, wildtype

proteins are still expressed from the other allel, but are repressed by the dominant

negative leukaemic fusion proteins. The two most frequently expressed fusion pro-

teins are PML/RARα (t(15;17)) and PLZF/RARα (t(11;17)), which are described

in the following subsections (reviewed by Melnick & Licht, 1999).

Fig. 1.6: Protein structure of PML, PLZF and RARα. Depicted are the primary
structure and the protein domains with their respective functions. Cys-rich, cysteine-rich
domain; Pro, proline-rich domain; Ser-/Pro-rich, serine/proline-rich domain; NLS, nuclear
localisation signal; Zn fingers, zinc fingers. The figure is adopted from Melnick & Licht
(1999).

The transcription factor RARα The fusion protein PML/RARα is composed

of the nuclear body (NB) protein PML and the ligand-dependent transcription fac-

tor RARα. RARα is a ligand-dependent transcription factor induced by retinoic

acid (RA). The protein structure is built up by the six evolutionarily conserved do-

mains A to F (Fig. 1.6). The A domain is expressed from two different promoters.

Hence, RARα can be synthesised with an A1 or an A2 domain. Like other nuclear

receptors RARα contains the transcriptional activation domains AF-1 (domains A

and B) and AF-2 (domain E), which are able to work cooperatively. Thereby, AF-1

acts ligand-independent. Upon RA stimulation RARα binds via the C domain as
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a heterodimer with RXR to retinoic acid response elements (RAREs) in promoter

regions and activates target gene expression. This propagates myeloid differentia-

tion. Thereby, RARα, RARβ, RARγ, C/EBPη, Hox genes and STATs belong to

the target genes. The interaction with RXR is enabled by the domain C as well as

the ligand binding domain E. For transcriptional regulation RARα further interacts

with other co-factors. On the one hand the protein is able to recruit co-repressors

like N-CoR, SMRT, mSin3a and HDACs to inhibit gene expression. On the other

hand activated RARα binds co-activators like TIF1, TIF2, Trip1/sug1, ACTR, Src-

1 or CBP to induce expression. In normal haematopoiesis RARα is down-regulated

during erythropoiesis, but up-regulated during myelopoiesis upon G-/GM-CSF sti-

mulation. In APL-associated fusion proteins N-RARα, only the RARα domains B

to F are involved, while the reciprocal forms RARα-N contain the domain A1 or A2

(Fig. 1.7; Melnick & Licht, 1999).

The nuclear body protein PML PML localises together with other proteins

like SP100 and PLZF to the nuclear matrix-associated NBs. Normally, 20 to 30

NBs, which are discussed to stock transcription factors and other nuclear proteins,

can be found per nucleus. PML is a co-activator of RARα and thereby involved

in myeloid differentiation. It is i.a. highly expressed in myeloid progenitors in

the bone marrow and less in mature monocytes and granulocytes in the peripheral

blood. The expression of PML is cell cycle-dependent. PML further plays a role in

differentiated B and T cells. Furthermore, the protein is pro-apoptotic and has a

tumor suppressor ability. The delocalisation of PML is critical for its involvement in

breast and cervix neoplasias. PML is able to influence transcriptional regulation via

the interaction with transcription factors, if it is not localised in NBs. The protein

structure, shown in Fig. 1.6, consists of a N-terminal poline-rich domain followed

by the three zinc finger motifs RING, B1 and B2, which are responsible for the NB

localisation and can often be found in transcription factors. Furthermore, the zinc

finger motifs are involved in the stabilisation of PML dimerisation, growth suppres-

sion and the inhibition of cellular transformation. In the central part PML contains

four coiled-coil domains, which mediate homo- or heterodimerisation with other pro-

teins like PLZF, sentrin, Rb or the ribosomal proteins P0, P1 and P2. Moreover,

PML recruits transcription factors via these domains, which makes them essential
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for PML transcriptional regulation. Like the zinc fingers the coiled-coil domains are

involved in the localisation to NBs, growth suppression and the inhibition of cellular

transformation. The coiled-coil domains are followed by a nuclear localisation signal

and the C-terminal serine- and proline-rich domain (reviewed by Melnick & Licht,

1999).

The fusion protein PML/RARα There exist three major PML/RARα iso-

forms: the long - PML/RARα L, the variable - PML/RARα V and the short

PML/RARα S (Fig. 1.7). They have an incidence of 55%, 8% and 35% in adult

patients carrying the translocation t(15;17), respectively. All three isoforms contain

the N-terminal proline-rich domain, the three zinc finger domains and at least two

coiled-coil domains. Moreover, they differ in their APL phenotypes, which can be

due to differences in DNA repair and cell cycle regulation. Thereby, PML/RARα S

shows a higher risc of relaps and death. In 70 to 80% of the cases also occures the

reciprocal form RARα-PML consisting of the RARα A1 or A2 domain and the PML

C-terminal serine/proline-rich domain. The PML/RARα fusion protein has a higher

affinity for co-repressors like N-CoR, SMRT, HDAC1, mSin3a, DNMTs and MBDs,

which contributes to the development of the myeloid differentiation block by inhibi-

ting target gene expression. A part of the fusion protein PML loses its pro-apoptotic

ability, which propagates the survival of APL blasts. However, the RARα portion

is indespensible for the leukaemic potential, which mediates the binding to RAREs

in the promoter regions of RA target genes. The PML/RARα fusion protein binds

DNA as a homo- or heterodimer with RXR or PML, which is mediated by the PML

coiled-coil domains. Thereby, it acts as a dominant negative repressor compared to

the RXR/RARα dimer. Furthermore, the fusion protein competes with VitD3R for

RXR and thereby inhibits the VitD3R/RXR heterodimeres, which is accompanied

by the abrogation of VitD3 transcriptional activity. The interaction with RXR is im-

portant for the leukaemic potential of the fusion protein, since it enables the binding

with widely spread direct repeats and alterations of the H3 acetylation (Martens et

al., 2010). However, PML/RARα not only acts as an transcriptional repressor, but

also is able to induce transcription. The transcriptional activity depends on the cell

type and target promoter. The expression of PML/RARα leads to the disruption

of NBs and the development of about 100 microspeckles per nucleus. These mi-
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crospeckles are colocalised with RNA processing sites. PML/RARα also sequesters

transcription factors and other RARα co-factors and translocates them to the nu-

clear microspeckles. Also cytoplasmic proteins can be affected, since PML/RARα is

also localised in the cytoplasm. The seqestering of proteins and the transcriptional

deregulation caused by the PML/RARα fusion protein inhibits normal signalling

pathways and affects genes critical for the myeloid differentiation. This contributes

to the differentiation block and the development of APL. The PML/RARα-derived

APL can be treated with all-trans retinoic acid (ATRA) and As2O3. Both com-

pounds cause PML/RARα degradation. As2O3 additionally increases apoptosis.

On the other hand ATRA treatment leads to the release of co-repressor complexes,

restores the NB structure, causes the upregulation of RARα and finally myeloid

differentiation. Thereby, butyrate and TSA cooperate with ATRA treatment, since

they further inhibit HDACs and thereby stimulate chromatin activation and RARα

target gene expression (reviewed in Melnick & Licht, 1999, Zelent et al., 2001 and

Tussie-Luna et al., 2006).

The transcriptional repressor PLZF The fusion protein PLZF/RARα is com-

posed of the transcription factors PLZF and RARα. PLZF belongs to the POK

(POZ and Krüppel) family of transcriptional repressors. The protein consists of a

N-terminal BTB/POZ (Bric a Brac/Pox virus and Zinc finger) domain (Fig. 1.6).

The BTB/POZ domain is responsible for the homo- or heterodimerisation, trans-

criptional repression, chromatin remodelling, growth suppression, as well as for the

localisation to nuclear speckles. These speckles account to about 50 per cell and

differ from the PML NBs. For transcriptional repression PLZF is able to recruit co-

repressors like N-CoR, SMRT, mSin3a, ETO and HDACs. The BTB/POZ domain

is followed by a transcriptional activation and transcriptional repression domain.

The C-terminus is built of nine Krüppel-like zinc finger motifs. Thereby, the first

two mediate the interaction with PML and the remaining seven, especially the last

four zinc finger domains, are responsible for the specific DNA binding, which oc-

curs at the consensus sequence GTAC(T/A)GTAC. PLZF is furthermore a tumor

suppressor, involved in haematopoiesis, hind limb formation, immune regulation

and spermatogenesis in mice. During haematopoietic differentiation PLZF is down-

regulated. Hence, it is expressed highly in undifferentiated cells and at a lower level
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in more mature blood cells. Thereby, Evi-1 induces the PLZF promoter in early

steps of haematopoietic differentiation. Evi-1 is furthermore overexpressed in many

leukaemias. PLZF causes the downregulation of c-Kit and seems to be important

for HSC/HPC maintenance and survival, while it inhibits further cell differentiation

induced by G-/GM-CSF. The inhibition of cell differentiation is accompanied by an

upregulation of the stem cell marker Sca-1 and the inhibition of Gr-1, a marker for

granulocytic differentiation. PLZF is furthermore involved in homeostasis, where it

inhibits the expression of other transcription factors promoting cell differentiation

(e.g. Gfi-1, C/EBPα or LEF-1) and induces the expression of negative regulators

like DUSP6 or ID2. Interestingly, the activation of Erk1/2 by cytokines causes the

cytoplasmic localisation and inactivation of PLZF accompanied by cellular differen-

tiation (Doulatov et al., 2009). Moreover, PLZF is able to induce apoptosis via

an caspase-3-associated pathway and is growth inhibitory via the downregulation

of cyclin A. Hence, the cells are retarded in the G1 phase of the cell cycle. In

mice PLZF seems to be a global repressor of the Hox genes as well as inhibiting

c-Myc and Bmp7 expression. Bmp7 is involved in the regulation of cell proliferation

and the programmed cell death. Moreover, PLZF is able to build high molecular

weight complexes, which bind to promoter regulatory elements. Finally, the down-

regulation or inhibition of PLZF increases cell proliferation, invasiveness, motility

and the insensitivity to apoptosis. This occurs in cancer cells (e.g. APL blasts) and

makes PLZF a tumor suppressor (extensively reviewed in Melnick & Licht, 1999,

Zelent et al., 2001 and Suliman et al., 2012).

The fusion protein PLZF/RARα As published by Melnick & Licht (1999), the

PLZF/RARα fusion protein consists of the PLZF portion including only the first

two zinc finger domains, mediating protein-protein interactions and the RARα por-

tion with the domains B to F. The reciprocal form RARα/PLZF, occuring in nearly

all PLZF/RARα cases, contains the RARα domain A1 or A2 and the last seven

PLZF zinc finger motifs (Fig. 1.7). Hence, the reciprocal form is able to bind to the

PLZF consensus sequence. Contrarily to the repressive PLZF, RARα/PLZF induces

target gene expression, enhances cell growth and proliferation and thereby contri-

butes to the PLZF/RARα-associated agressive APL phenotype. Like PML/RARα,

the PLZF/RARα fusion protein is dominant negative compared to PLZF and can
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Fig. 1.7: Protein structure of PML/RARα and PLZF/RARα. Primary struc-
ture of the leukaemic fusion proteins PML/RARα and PLZF/RARα (X-RARα) as well
as their reciprocal forms RARα/PML and RARα/PLZF derived by the APL-associated
translocations t(15;17) or t(11;17)(q23;q21), respectively. Both X-RARα fusion proteins
contain the RARα domains B to F, while the reciprocal forms contain the RARα domain
A. The PML portion of the fusion protein contains in all patients the RING finger do-
main, the B boxes and at least the first two coiled-coil domains. Three major PML/RARα
isoforms arise because of variable breakpoints in the PML gene: the long - PML/RARα
L, the short PML/RARα S and the rarer variable - PML/RARα V (not shown). The
reciprocal form RARα/PML can be found in the majority of patients, but its function
in APL development remains unclear. The PLZF/RARα fusion protein always contains
the N-terminal POZ/BTB-homodimerisation domain and either the first two or first three
zinc fingers of the PLZF portion. The reciprocal fusion RARα/PLZF contains the last six
or seven PLZF zinc fingers and is able to bind PLZF DNA target sites. Furthermore, it is
fused to the RARα AF-1 activation domain. For protein domains also v.s. Fig. 1.6. The
figure is adopted from Melnick & Licht (1999).

also sequester PLZF and other factors like TIF1 or CBP. Hence, PLZF is unable to

regulate its target genes and to bind its co-factors. The dominant negative effect

of PLZF/RARα depends on the BTB/POZ domain. Moreover, the BTB/POZ do-

main mediates the heterodimerisation with RXR and enables thereby the binding

to RAREs like PML/RARα. Furthermore, the fusion protein inhibits the forma-

tion of the RXR/RARα heterodimer and its DNA binding ability. In contrast to
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PML/RARα, which has two co-repressor docking sites located at the RARα por-

tion, the homodimerisation of PLZF/RARα through the BTB/POZ domain creates

four co-repressor binding sites at the RARα and PLZF portion. SMRT, N-CoR,

HDAC1, mSin3a and ETO belong to the co-repressors bound by PLZF/RARα.

Furthermore, the fusion protein inhibits RARα and VitD3 receptor activity. Al-

though PLZF/RARα is able to bind PML through the first two PLZF zinc finger

domains, there is no co-localisation with PML. Furthermore, the fusion protein ex-

pression preserves NB formation. Accordingly, the NB destruction is not critical for

the development of APL. The leukaemic fusion protein promotes cell growth in mu-

rine HPCs. This is accompanied by an increase of c-Myc expression and a decrease

of DUSP6 and Cdkn2d. ATRA treatment caused a decline of c-Myc expression.

Cells, which survived ATRA treatment, still showed the upregulated c-Myc and the

downregulated DUSP6 expression. Hence, these two factors play an important role

in the self-renewal capacity of APL cells (Rice et al., 2009). ATRA treatment in-

deed causes the degradation of PLZF/RARα, but fails to release the differentiation

block. Additionally, As2O3 has no effect on PLZF/RARα degradation or apopto-

sis induction. In contrast to PML/RARα the PLZF/RARα fusion protein is said

to be resistant to ATRA treatment. This resistance is not absolute, since ATRA

treatment functions in combination with chemotherapy. The additional co-repressor

binding sites of the PLZF portion are considered to cause the ATRA resistance, since

ATRA only releases the co-repressor complexes of the RARα portion. Hence, an

additional treatment with HDAC inhibitors like TSA is able to detach the remaining

co-repressor complexes and to resolve the PLZF/RARα-derived differentiation block

(reviewed in Melnick & Licht, 1999 and Zelent et al., 2001). Recently it was publi-

shed by Yang & Shih (2012) that the ubiquitin-specific peptidase 37 (USP37) binds

to the PLZF portion of PLZF/RARα and prolongs the half-life of the protein. The

degradation of PLZF/RARα is mediated by poly-ubiquitination. Hence, the inhib-

tion of USP37 could provide a new therapeutic target for PLZF/RARα-dependent

APL.
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Fig. 1.8: APL treatment. Shanghai APL trial. DA, DNR+Ara-C; DNR, Daunorubicin;
HA, HH+Ara-C; HH, Homoharringtonine; HU, Hydroxyurea; 6-MP, 6-Mercaptopurine;
MTX, Methotrexate. (Figure adopted from Mi et al., 2012.)

Therapeutic approaches to APL with ATRA and As2O3

The history of APL treatment started 1973 with chemotherapeutic (CT) approaches

using anthracyclines (daunorubicin, idarubicin) and cytarabine (Ara-C). Thereby, a

complete remission (CR) was achieved in 75% to 80% of newly diagnosed patients,

but of these only 35% to 45% were cured. In 1985 differentiation therapy was

started by a combined treatment with CT and all-trans retinoic acid (ATRA). This

resulted in a CR of 90% to 95% and a five-year disease-free survival (DFS) of 74%

of the patients. In the 1990s the use of arsenic trioxide (As2O3) also in combination

with ATRA further improved APL treatment. The combined ATRA/As2O3 therapy

shortens time to CR and leads to a four-year DFS and an overall survival (OS) in

94% and 98% of the cases, respectively.

All-trans retinoic acid On the cellular level 10−6 to 10−7 M ATRA changes

PML/RARα conformation, which in turn causes the release of the co-repressor

complexes and the recruitment of co-activator complexes including histone acetyl-

transferases (HATs) activating target gene expression. The reactivated target gene

expression induces the differentiation of the APL cells and the abrogation of the
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differentiation block. Furthermore, ATRA induces the degradation of PML/RARα

and wild-type RARα by an ubiquitin/proteasome-dependent mechanism. Thus,

ATRA causes in contrast to As2O3 the degradation of the PML/RARα fusion pro-

tein via targeting the RARα moiety. For the degradation, a functional receptor

molecule with DNA binding abilitiy, as well as an intact AF-2 domain and RXR

dimerisation domain is highly important. Moreover, the binding of SUG-1 to the

AF-2 domain of the RARα portion is critical (Zhu et al., 1999). ATRA treatment

is able to induce differentiation, but it increases proliferation and/or self-renewal of

leukaemia-inducing cells (LICs). Hence, ATRA alone fails to completely eradicate

LICs (reviewed in Wang & Chen, 2008, Mi et al., 2012 and de Thé et al, 2012).

Arsenic trioxide As2O3 is a toxic compound used in the traditional chinese me-

dicine. In the medical application for APL treatment it causes no bone marrow

depression and shows only little adverse effects like grade I to II hepatotoxicity, gas-

trointestinal discomfort, neurotoxicity and a risk for ventrical arrhythmia. Hence,

an additional treatment with liver protective agents is recommended. As2O3 is able

to achieve complete remission as a single agent with a two-year DFS of 64% and a

three-year DFS of 87%. It furthermore targets LICs, which explains the lower relaps

rate compared to ATRA. Thereby, the influence on PML, Gli2 and NFκB is critical,

since they are involved in LIC maintenance. Furthermore, in APL cells As2O3 in-

duces apoptosis at high doses (1-2 x 10−6 M) and partial differentiation at low doses

but longer treatment (0.25-0.5 x 10−6 M). The mitochondrial-based apoptosis induc-

tion is accompanied by the down-regulation of the anti-apoptotic Bcl-2. Another

pathway including ATR, PML, Chk2 and p53 was i.a. proposed for As2O3 apoptosis

induction. Like ATRA, As2O3 is able to cause PML/RARα degradation. Thereby,

an amount of 10−7 M As2O3 is adequate to induce degradation. As2O3 is further able

to recruit the fusion protein and wild-type PML as well as other NB proteins to NBs.

Thereby, As2O3 can directly interact with PML via the zinc finger and coiled-coil

domain or induces oxidative stress, which leads to PML cross-linking by disulfide

bonds followed by nuclear matrix interaction and NB formation. Upon stress signals

PML recruits other proteins to NBs also by interactions through sumoylation motifs.

In the NBs, PML/RARα and wild-type PML are degraded in wild-type and APL

cells. Contrarily to ATRA, As2O3-induced PML/RARα degradation is mediated by
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targeting the PML portion. During PML/RARα and PML degradation PML is su-

moylated at the lysine residue K160 by SUMO1/2/3 and directly interacts with the

SUMO E2 ligase UBC9 via the RING finger domain. Subsequently, the ubiquitin E3

ligase RFN4 is recruited to the hypersumoylated PML dimer and mediates polyubi-

quitination. At last, PML is degraded by the 11S-activated proteasome machinery

recruited to the NBs. As2O3 further regulates a subset of genes also regulated by

ATRA, but the adjustments mediated by As2O3 are much less compared to ATRA.

Hence, As2O3 is rather involved in proteomic modulations than gene regulation.

As2O3 is able to extend remission even in ATRA-insensitive patients (reviewed in

Wang & Chen, 2008, Mi et al., 2012 and de Thé et al, 2012).

Combined therapy For treatment ATRA and As2O3 are often used in combina-

tion. There exist no interference between both agents. The combined medication

increases retinoic acid signalling and induces the ubiquitin/proteasome pathway.

On the contrary, it inhibits cell cycle progression and cell proliferation. Moreover,

ATRA and As2O3 cooperate in the induction of apoptosis and PML/RARα degra-

dation. ATRA further increases As2O3 cell permeability via upregulation of the ar-

senic channels aquaporin-9 (AQP9). Interestingly, the cAMP analog 8-CPT-cAMP

in combination with low-dosed As2O3 is able to achive complete differentiation of

ATRA-sensitive and -insensitve APL cells. On the other hand, ATRA increases in-

tracellular cAMP levels and PKA activity. Thus, the regulation of cAMP and PKA

could enable a dialogue between As2O3 and ATRA signalling. A current treatment

schedule for ATRA-sensitive APLs with ATRA, As2O3 and CT is shown in Fig.

1.8. Unfortunately, PLZF/RARα-derived APL is resistant to ATRA. Thereby, 10−5

M ATRA are unable to release co-repressor complexes, because the complexes are

not only recruited by the RARα but also by the PLZF moiety. Hence, combined

therapies with ATRA and HDAC inhibitors (e.g. TSA, SAHA), which are able to

release all co-repressor complexes and induce terminal differentiation, are under exa-

mination. Currently, PLZF/RARα APLs are treated with ATRA, As2O3, CT and

Ara-C as described by Rohr et al. (2012). Besides ATRA and As2O3 other agents

are used also for APL treatment like humanised anti-CD33 monoclonal antibody

or Flt3 inhibitors. Another compound is As4S4, which can be orally administered,

causes less side-effects and by itself achieves CR in 80% of the cases (extensively
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reviewed in Wang & Chen, 2008, Mi et al., 2012 and de Thé et al, 2012).

1.7.2 HMW complexes of leukaemic fusion proteins

It was identified via size exclusion high performance liquid chromatography (HPLC)

that oncogenic fusion proteins like PML/RARα, PLZF/RARα and AML1/ETO

build high molecular weight (HMW) complexes. These complexes consist of oligo-

mers of the fusion proteins and other co-factors. RARα wild-type does not build such

complexes. For the long and short isoform of PML/RARα size exclusion HPLC re-

vealed peaks of the HMW complexes with MW of 1,300,000 and 670,000 or 1,000,000

and about 500,000, respectively. In comparison, PLZF/RARα HMW complexes

were measured with a MW of 950,000 and 500,000 and AML1/ETO complexes with

a MW of over 670,000 (Nervi et al., 1992; Benedetti et al., 1997; Minucci et al.,

2000).

Homomerisation Critical for the assembling of those HMW complexes is a func-

tional homomerisation domain. In the case of PML/RARα and AML1/ETO oligo-

merisation occurs through a coiled-coil domain in the PML or ETO portion, respec-

tively. Contrarily, PLZF/RARα is able to oligomerise through the PLZF BTB/POZ

domain (Wang et al., 1998).

Heteromerisation Besides homomerisation these regions further mediate hetero-

merisation and recruitment of co-repressor complexes. So far the complete composi-

tion of the fusion protein-associated HMW complexes are not known, but ETO wild-

type and AML1/ETO recruit co-repressor complexes containing N-CoR, mSin3a and

HDAC1 through the coiled-coil domain for transcriptional repression (Wang et al.,

1998). As mentioned before, PML/RARα and PLZF/RARα also recruit these co-

repressor complexes through the RARα CoR box and PLZF/RARα additionally

through the BTB/POZ domain and another binding site downstream of POZ. For

both fusion proteins recruitment of co-repressor complexes are essential for their

transforming potential (Gringiani et al., 1998; Puccetti et al., 2001). Moreover, a

functional DNA binding ability, mono- but not heteromerisation and the creation

of HMW complexes through the coiled-coil domain are crucial for the retinoic acid

sensitivity of PML/RARα. Thereby, proteins binding to the PML moiety could play
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an important role (Grigniani et al., 1999). The oligomerisation of oncogenic fusion

proteins provides by itself enough transforming potential. It enables an altered re-

cruitment of co-repressor complexes but also other protein binding partners, which

contributes to leukaemogenesis. Hence, it could represent a common oncogenic me-

chanism (Minucci et al., 2000).

Interestingly, the aberrant recruitment of HDACs seems to play a minor role in

PLZF/RARα leukaemogenesis, since treatment with the HDAC inhibitor TSA alone

has only a negligible effect on cell differentiation (He et al., 1998). The HDAC inhi-

bitors are able to target APL blasts but not the LICs, which leads only to a slight

increase of overall survival. The formation of HMW complexes seems to be more

crucial for PLZF/RARα leukaemogenesis. Hence, the PLZF BTB/POZ domain but

also the PML coiled-coil region provide excellent therapeutic targets (Puccetti et al.,

2005). As evaluated by crystallisation experiments, the BTB domain of PLZF and

also Bcl-6 builds an obligate homodimer with an extensive hydrophobic interface

containing a charged pocket. The dimerisation leads to the building of a oligo-

mer with quarternary structure. The charged pocket is crucial for the recruitment

of co-repressors and thereby transcriptional repression but dispensable for protein

dimerisation. In detail the charged residues D35 and R49 mediate repression. Al-

teration of these residues to polar amino acids causes the release of co-repressors,

transcriptional activation and inhibition of the self-renewal capacity of PLZF/RARα

expressing HSCs. However, the charged pocket only slightly interferes with HMW

complex formation (Melnick et al., 2000 and 2002; Puccetti et al., 2005).

Sequestration The leukaemic fusion proteins not only bind co-repressor com-

plexes but also other proteins, which leads to the sequestration and inhibition of

these proteins. Thus, PML/RARα and PLZF/RARα bind and sequester the VitD3

receptor, which is the crucial factor for VitD3 signalling and propagates monocytic

differentiation. The interaction occurs through the RARα portion and leads to the

delocalisation of the receptor. Overexpression of the VitD3 receptor in APL cells

overcomes the differentiation block. The inhibition of the receptor occurs only on

protein level, since the VitD3 receptor transcription level is not influenced by the

presence of the leukaemic fusion proteins (Puccetti et al., 2002).

Moreover, AML1/ETO binds the transcription factor PU.1, which is an important
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factor for myeloid differentiation. The interaction inhibits PU.1 transcriptional acti-

vity via suppressing the interaction between PU.1 and its co-activator c-Jun. PU.1

DNA binding ability remains unaffected. Accordingly, a reduced expression of PU.1

target genes can be detected in patients with the AML1/ETO translocation. The

overexpression of PU.1 causes the differentiation of AML1/ETO-expressing Kasumi-

1 cells into early eosinophils (Vangala et al., 2003). AML1/ETO further inhibits the

acetylation of GATA-1 by p300/CBP, which is critical for GATA-1 transcriptional

activity and represents a critical step in early erythropoiesis. Thereby, the fusion

protein directly interacts with GATA-1 through the AML1 portion (Choi et al.,

2006).

Targeting Finally, oligomerisation and building of HMW complexes are critical

for the leukaemic potential of fusion proteins like PML/RARα and PLZF/RARα.

The fusion proteins not only recruit co-repressor complexes for chromatin remodel-

ling and transcriptional repression but also bind and sequester other factors im-

portant for normal haematopoiesis. Hence, targeting of the oligomerisation do-

main of the fusion proteins could be an effective therapeutic approach. First ex-

periments with interfering peptides targeting the PLZF/RARα BTB/POZ and the

PML/RARα coiled-coil domain have been performed. Thereby, peptide expression

caused the release of the differentiation block. Furthermore, the peptides chan-

ged the composition of the HMW complexes and induced degradation of the fusion

proteins PML/RARα and PLZF/RARα (Beez et al., 2012).

1.7.3 Pathways in leukaemia

The correct regulation of several pathways is critical for normal haematopoiesis (v.s.

subsection 1.1.2). Hence, an aberrant signalling caused by leukaemogenic factors

(e.g. X-RARα fusion proteins) contributes to the development of the disease. In

the following section the Wnt, Rho GTPase, PI3K/Akt and MEK/Erk pathways

are described in their role in leukaemogenesis.

The Wnt pathway As published by Nemeth & Bodine (2007) and Luis et al.

(2012), the deregulation of the Wnt pathway is implicated in haematological patho-

logies. Thereby, mutations cause the overexpression of Wnt genes or affect factors
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engaged in the signalling. Furthermore, epigenetic changes of Wnt are considered to

contribute to the disease development. The promoter hypermethylation of canonical

Wnt antagonists like secreted frizzled-related protein-1 (sFRP-1), Wif-1 or Dkk-3

occurs in AML and ALL and is associated with a decreased relapse free survival

and overall survival. The inhibition of Wnt antagonists leads to the upregulation

of canonical pathway genes like Wnt16, Frizzled 3, Tcf-3 or Wnt signalling target

genes like cyclin D1. Moreover, the hyperactivated Wnt pathway is accompanied

by an increased nuclear localisation of β-catenin. The expression of β-catenin is

associated with a poor prognosis in AML. The somatic mutation of Flt3-ITD can

be found in 30% of AML cases and results in the constitutive activation of the Flt3

receptor. This leads to the upregulation of Wnt signalling and an increased amount

of β-catenin, which is missing in AML cells with wildtype Flt3. The constitutive

activation finally enhances cell proliferation and survival. In ALL 3% of the adult

patients express the E2A/Pbx1 leukaemic fusion protein, which causes a B cell-

associated differentiation block and is accompanied by an increased expression of

Wnt16b. Furthermore, the canonical Wnt pathway is hyperactivated in CML. In

CML 95% of the patients carry the translocation t(9;22) also called Philadelphia

chromosome, which leads to the expression of the fusion protein BCR/ABL. Wild-

type BCR normally inhibits β-catenin via direct binding. Contrarily, BCR/ABL

fails to inhibit β-catenin, which is probably due to the autophosphorylation by the

tyrosine kinase portion ABL. β-catenin is critical for the survival of the CML cells.

Moreover, it is assumed that Wnt confers stem cell capacity to the LICs. Hence,

targeting of the aberrant Wnt signalling could result in the direct targeting of LICs

and removal of the disease burden (reviewed in Nemeth & Bodine, 2007, and Luis

et al., 2012).

The Rho GTPase signalling Rho GTPases are involved in gene regulation, or-

ganisation of the cytoskeleton, cell survival and adhesion. Moreover, the deregula-

tion of Rho GTPase-associated signalling pathways are implicated in haematological

diseases (reviewed in Mulloy et al., 2010). Thereby, either inhibition or activation

of the signalling pathways contributes to the development of the pathology. Gene-

rally, the inhibition of the Rho GTPase signalling pathways rather cause anemias

and immune deficiency diseases. Thus, the Rac2 D57N mutant is dominant ne-



1. Introduction 47

gative towards Rac1 and Rac2 and thereby causes an abrogation of Rac activity

in haematopoietic cells. This results in a decrease of cell growth and survival as

well as the inhibition of engraftment and migration. Moreover, the bone marrow

failure syndrome Fanconi anaemia is accompanied by a downregulation of Cdc42

activity caused by the loss of the Fanc-A gene. In this regard, the overexpression of

Cdc42 reestablishes cell adhesion, which is important for the homing of HSCs and

HPCs. Furthermore, mutations of the Cdc42 effector WASP are associated with the

rare immune deficiency disease Wiscott-Aldrich syndrome. The WASP mutations

lead to the inactivation of the protein and cause a defect in cell migration. This

disease is further characterised by opportunistic infections due to the deprived im-

mune system. In this regard, Rho GTPases influence further haematological diseases

associated with viral infections (e.g. HIV). In contrast to the inhibited signalling,

hyperactivation of the Rho GTPase pathways often causes increased cell prolifera-

tion and survival, which results in the development of leukaemia. In non-Hodgkin

lymphomas and B cell CLL RhoH is overexpressed. In non-Hodgkin lymphomas the

overexpression is influenced by the translocations t(3;4) or t(4;14) as well as somatic

hypermutations. The development of these translocations and mutations are not

fully understood. Nevertheless, RhoH is discussed to be involved in these mecha-

nisms, since it influences cell survival, adhesion and migration. Furthermore, Rho

GTPases are upregulated in AML. Thus, the fusion protein MLL/LARG, of which

LARG is a Rho GEF, induces RhoA actvity. Another fusion protein constitutively

activating RhoA consists of MLL and the GAP GRAF. Under normal circumstances

GRAF inhibits RhoA activity, but is inhibited as part of the fusion protein. GRAF

seems to be an important factor for AML development, since the promoter is hyper-

methylated in 38% of AML patients. RhoA has to be tightly regulated for normal

haematopoiesis, since also the inhibition of RhoA by the Rho inhibitor bacterial

toxin C3 transferase causes an aggressive thymic lymphoblastic lymphoma in mice.

The AML caused by the fusion protein MLL/AF9 further is accompanied by an

upregulation of Rac and Cdc42 GTPases. Inhibition of those GTPases leads to the

induction of apoptosis and delays disease progression. Moreover, Rac GTPases like

Rac1 and Rac2 are critical for the development of CML, in which they act downs-

tream of BCR/ABL. For treatment purposes, agents like NSC23766 are used, which
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target the GTPase-inducing GEFs (reviewed in Mulloy et al., 2010).

The PI3K/Akt/mTORC1 pathway It is generally thought that HSCs or HPCs

cannot only be transformed to LICs by a single event but with secondary hits.

These secondary hits include mutations of Flt3, Ras or c-Kit, which subsequently

activate different pathways like the PI3K/Akt/mTORC1. Thereby, also the muta-

tion or deletion of transcription factors like Runx1, PU.1, PML or Rb cooperate

with the other hits in leukaemogenesis. Furthermore, mutations of factors of the

PI3K/Akt/mTORC1 signalling pathway contribute to leukaemogenesis, as extensi-

vely described by Martelli and colleagues (2010). Thus, the activating mutation of

p110α PI3K causes an acute leukaemia-like disease in mice. Furthermore, the rare

activating mutation E17K in the PH domain of Akt1 causes leukaemia in a mouse

model and is found in pediatric patients with T cell ALL. Moreover, it occurs also

in solid tumors of the breast, colon or ovaries. The inhibition of PTEN, which is

accompanied by the induction of PI3K/Akt/mTORC1 signalling, causes a myelopro-

liferative disease showing characteristics of an AML/ALL. Thereby, the HSC homing

is disturbed, which forces the HSCs to migrate to distant organs. The treatment

with rapamycin targeting mTORC1 reverts the pathologic phenotype. Myristolated

Akt1 is further able to induce in 10% of the cases an AML and in 90% of the cases

a myeloproliferative disease, which subsequently transforms to a T cell lymphoma

in 65% of the cases. The modified Akt1 increases cycling and disturbs normal en-

graftment, which leads finally to a depletion of the HSC pool. In this case also

the treatment with rapamycin increases survival of the mice. Another mechanism

leading to the activation of the PI3K/Akt/mTORC1 pathway and the initiation of

a myeloproliferative disease is the inhibition of TSC1, which normally suppresses

mTORC1 activity. For normal haematopoiesis mTORC1 has to be tightly regula-

ted, since mTORC1 overexpression increases the survival of leukaemic stem cells.

Moreover, FOXOs play an important role in PI3K/AKt/mTORC1-associated hae-

matopoietic diseases. Normally, FOXOs are inhibited by Akt. However, the deletion

of FOXOs fails to induce AML, but leads to a phenotype comparable with the one

caused by myristolated Akt1. It is assumed that on the one hand FOXOs are invol-

ved in HSC maintenance and homeostasis, but on the other hand are dispensable

for leukaemogenesis. However, the TGFβ/Akt/FOXO3a signalling is important for



1. Introduction 49

LSC maintenance in a CML-like mouse model (reviewed in Martelli et al., 2010).

Interestingly, the role of FOXOs in AML was further analysed in a paper published

by Sykes and collegues (Sykes et al., 2011). As mentioned before, in malignancies

FOXOs are normally suppressed by activated Akt. Contrariwise, in 40% of AML

patients with no favourable subtype FOXOs are upregulated. Thus, in MLL/AF9

leukaemia the induction of Akt and the subsequent repression of FOXO1/3/4 caused

a decrease of LICs and leukaemic cell growth. Furthermore, it induced maturation

and cell death of leukaemic cells. Sykes and coworkers further discovered a correla-

tion of the induction of FOXOs and an inhibition of JNK and c-Jun signalling and

proposed a role for Akt/FOXO and JNK/c-Jun in the development of the differen-

tiation block of different AMLs. Thereby, the inactivation of Akt and the induction

of FOXOs are required to maintain immaturity of LICs. Although the induction of

Akt causes the inhibition of FOXOs and induces differentiation and apoptosis, there

exist resistant mechanisms including the activation of JNK/c-Jun signalling. The-

reby, the activation of the JNK/c-Jun pathway leads to the inhibition of apoptosis

of AML cells. Hence, a combined inhibition of FOXOs and JNK/c-Jun signalling

could induce apoptosis in the resistant AML cells and lead to the abrogation of the

leukaemic phenotype (Sykes et al., 2011).

The Ras/Raf/MEK/Erk signalling The Ras/Raf/MEK/Erk pathway is criti-

cal for the regulation of proliferation, survival and differentiation of haematopoietic

cells. Aberrant regulation of the pathway occurs often in solid tumors and haemato-

logic pathologies (Grant, 2008). Hyperactivation of the pathway is accompanied by

the upregulation of important factors like CREB-1, ATF-1 and c-Myc. Furthermore,

it cooperates with the antiapoptotic Bcl-2 during leukaemogenesis. Activating Ras

mutations can be found in about 30% of all cancers. K-Ras oncogenes are detectable

in 90% of pancreatic cancers, in 50% of colon cancers, in 25% of lung adenocarci-

nomas and in 10% to 15% of AML cases. So far prostate and breast tumors are

not associated with oncogenic K-Ras mutations. An activating K-Ras mutation like

G12D is enough to induce an oncogenic transformation, but disease development is

cell type- and isoform-dependent. Furthermore, oncogenic K-Ras is able to propa-

gate a myeloproliferative disease in mice, which is comparable to a chronic myelo-

monocytic leukaemia (CMML) and juvenile myelomonocytic leukaemia (JMML) in
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humans. It further causes in 60% of the cases a T cell lymphoma or T cell leukae-

mia. In a mouse model the pathogenic phenotype is not transferrable to secondary

recipients, which supports the need for a second hit to induce leukaemogenesis. For

the development of acute leukaemias also other mechanisms have to be involved,

since not all cases show a hyperactivation of MEK1/2 or Erk1/2. The expression

of oncogenic K-Ras induces maturation of cells of the granulocytic and macrophage

lineage. Moreover, it increases the amount of EMPs in the bone marrow and the

spleen. This is accompanied by a differentiation block at the proerythrocytic stage

and a downregulation of mature platelets, which causes anaemia. Mutations of N-

Ras are associated with lymphoid and myeloid malignancies and are present in 20%

to 25% of AML cases, in 30% of JMMLs and 10% of T cell lymphomas or T cell

leukaemias. Thereby, in 50% of the cases the mutations lead to an increased Ras

signalling. The oncogenic potential of these mutations correlates with the expres-

sion of the mutated N-Ras. Interestingly, activated Erk occurs only in 9% of AML

patient samples with N-Ras mutations. This supports the opinion that N-Ras si-

gnalling functions through another pathway than the canonical MAPK pathway. In

general, Erk activation occurs in 51% to 83% of the AML cases and is a prognostic

factor for B and T cell ALL. Thereby, activated Erk is correlated with an engraft-

ment of leukocytes and a decrease of complete remission. However, Erk1/2 activity

is regulated via multiple pathways, which are able to contribute to leukaemogene-

sis. On the other hand, Raf mutations also play a role in cellular transformation.

Thus, B-Raf mutations can be found in 70% of malignant melanomas and 15% of

colorectal cancers, but were so far not identified in haematological malignancies. In

this regard, also MEK mutations are implicated in cell transformation and induce

proliferation, while apoptosis is inhibted. Moreover, mutations of the Flt3 receptor

occur in 30% of all AML patients. The mutations cause an increase of the MEK/Erk

signalling. In turn activated Erk inhibits the function of C/EBPα via a phospho-

rylation at serine 21, which contributes to the development of the differentiation

block. Treatment with an MEK1 inhibitor induced granulocytic differentiation. Ac-

tivation of the Ras/Raf/MEK/Erk pathway also occurs in BCR/ABL-derived CML

and the rare Nk cell leukaemia. In both cases the treatment with MEK inhibitors or

other agents (e.g. STI571) increases apoptosis. Furthermore, the treatment leads to
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the inactivation of BCR/ABL and the suppression of Erk1/2 as well as Bcl-XL and

Mcl-1. For further treatment purposes the Ras/Raf/MEK/Erk pathway can i.a. be

targeted with farnesyltransferase inhibitors. The farnesylation of Ras enables its

recruitment to the cell membrane and thereby its activation. The inhibitors fail

to inhibit K-Ras and N-Ras activation, which can be due to geranylgeranylation.

The combined treatment with inhibitors against farnesylation and geranylgeranyla-

tion is not possible, because of the strong cytotoxic effects. Furthermore, pathway

inhibition can be performed with the MEK inhibitors PD098059 or PD184352 as

well as the Erk inhibtor U0126, which decrease growth of AML and CML cell lines

and AML primary blasts. The disadvantage of these compounds are pharmaceutical

limitations. Hence, other MEK inhibitors like CI-1040 and its more stable analogon

PD032590 are tested, which cause the inactivation of Erk and a G1 cell cycle block.

Furthermore, these compounds suppress angiogenesis and are able to repress tumor

growth in vivo. Interestingly, the MEK inhibitor PD098059 blocked the induction of

differentiation of the APL cell line NB4, which expresses endogenous PML/RARα,

and cells of the AML FAB M2 cell line HL-60 (for HL-60 cell line see Dalton et al.,

1988). These results support a positive role for the Ras/Raf/MEK/Erk pathway in

the induction of differentiation of APL and AML cells (reviewed in Platanias, 2003,

Geest & Coffer, 2009, and Chung & Kondo, 2011).

1.8 Aims of this Thesis

Acute myeloid leukaemia (AML) is characterised by an aberrant self renewal of

the haematopoietic stem cells and a differentiation block of the myeloid progenitor

cells. The AML is most frequently initiated by specific chromosomal transloca-

tions resulting in the expression of chimera proteins, such as PLZF/RARα and

PML/RARα (X-RARα), which cause the development of acute promyelocytic leu-

kaemia (APL). These leukaemic fusion proteins form high molecular weight (HMW)

complexes consisting of their oligomers and other proteins. Formation of these com-

plexes is indespensable for the leukaemic potential of the X-RARα fusion proteins.

For this reason, examination of the composition of the X-RARα HMW complexes is

highly important to fully understand the mechanisms leading to the development of

APL. The initial position of this work was a screen using tandem affinity purification
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(TAP) and matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-

MS), which led to the identification of potential binding proteins of PLZF/RARα

and PML/RARα.

The purpose of this work was to validate the interaction partners of the X-RARα fu-

sion proteins, which thereby could be components of the high molecular weight com-

plexes. At first, the validation of the interaction with the leukaemic fusion proteins

should be performed via GST in vitro binding, co-immunopecipitations and cellular

localisation analyses. Subsequently, the leukaemogenic potential and contribution

of the binding partners should be examined with further experiments investigating

protein activity and functionality in regard to the development of X-RARα-derived

APL. Moreover, analyses with the Ingenuity pathway analysis software should give

information on pathways affected by the X-RARα binding partners, since these pa-

thways could be implicated in the development of APL.

This work aims to provide an insight in the composition of the PLZF/RARα-

associated high molecular weight complexes and connect them with proteins, which

could be involved in regulatory mechanisms of the aberrant cell proliferation and

the differentiation block of acute promyelocytic leukaemia cells. The identification of

the components of the X-RARα-associated high molecular weight complexes would

contribute to a more detailed understanding of the mechanisms causing the deve-

lopment of APL and may be translated to other AML types. Moreover, this aims

to set basis to the development of new therapeutic agents, which could lead to a

better treatment of those haematological diseases.



Chapter 2

Material and Methods

2.1 Material

2.1.1 Instruments

8-channel pipette Brand, Wertheim
Amaxa NucleofectorTM 2b Device Lonza, Köln
Analytical balance Sartorius, Göttingen
Axiovert 25 CFL inverted microscope Zeiss, Oberkochen
BBD 6220 CO2 incubator Thermo Scientific, Waltham, USA
BD FACSCaliburTM BD, Heidelberg
BD PathwayTM 855 system BD, Heidelberg
Cell Strainer, 40 µm, blue BD, Heidelberg
Clip carrier, for cytospin Thermo Scientific, Waltham, USA
Cyto-container, cylindrical bores for Thermo Scientific, Waltham, USA
1.5 mL samples
Dako Pen Dako, Hamburg
Filter cards, for cyto-container Thermo Scientific, Waltham, USA
Gel Drying Film Promega, Mannheim
GS-800 calibrated densitometer Bio-Rad, München
Heraeus Fresco 17 microcentrifuge Thermo Scientific, Waltham, USA
Heraeus Multifuge 3SR Plus Thermo Scientific, Waltham, USA

Imobilonr-P (PVDF) membrane Millipore, Schwalbach/Ts.
Impulse hand sealer Mercier Corporation, Taipei,

Taiwan
Incubation shaker Multitron Standard Infors, Bottmingen-Basel,

Switzerland
Incubation/inactivation water bath GFL, Burgwedel
Leica DM LB Leica Microsystems, Wetzlar
Leica DM IRE2 / SP2 Leica Microsystems, Wetzlar
LS Columns Miltenyi Biotec,

Bergisch Gladbach
Microtubes, 0.75 mL with 0.5 mm opening Thermo Scientific, Waltham, USA
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MidiMACSTM Separator Miltenyi Biotec,
Bergisch Gladbach

Mini-PROTEAN Tetra electrophoresis system Bio-Rad, München
Mithras LB 940 multimode microplate reader Berthold Technologies,

Bad Wildbach
Mx3000P QPCR System Agilent, Frankfurt (Main)

NALGENEr Cryo 1◦C Freezing Container Thermo Scientific, Waltham, USA

NanoDropr ND-1000 spectrophotometer Thermo Scientific, Waltham, USA
Nitrocellulose membrane AppliChem, Darmstadt
PIPETMAN ClassicTM pipettes Gilson, Middelton, USA
PowerPac HC power supply Bio-Rad, München
Pre-Separation Filters, 30 m Miltenyi Biotec,

Bergisch Gladbach

RCT basic magnetic stirrer IKAr, Staufen

Rotir-Store cryo vials Carl Roth GmbH & Co,
Karlsruhe

SevenEasyTM pH meter S20 Mettler Toledo, Gieen
Sorvall GSA Rotor Sorvall, Newtown, USA
SRX-101A medical film processor Konica Minolta, Langenhagen

Stuartr SSL3 gyratory rocker Sigma-Aldrich, Steinheim
ThermoStat plus Eppendorf, Hamburg
Trans-Blot SD semi-dry transfer cell Bio-Rad, München
Tube rotator Philipp University of Marburg
Ultrospec 2000 UV/visible spectrophotometer GE Healthcare, München
UV transilluminator 2000 Bio-Rad, München
VersaDoc MP 5000 imaging system Bio-Rad, München

VORTEX 3 vortex shaker IKAr, Staufen
Water bath GFL, Burgwedel
Whatman Whatman, Dassel
Wheaton Glass Staining Dish Thermo Scientific, Waltham, USA
X-ray film Fuji RX Fujifilm, Düsseldorf

2.1.2 Chemicals

In the following utilised chemicals are listed with their respective manufacturer.
Chemicals not mentioned here are distributed by the companies Acros Organics,
Berthold Technologies, Biomol, BioRad, Brand, Calbiochem, CellSystems, Eppen-
dorf, Fermentas, GE Healthcare, GFL, Gilson, Greiner Bio One, Infors, Invitro-
gen, Konica Minolta, Macherey Nagel, Merck, Mettler Toledo, Millipore, Mo Bi
Tec, NEB, PAA Laboratories, Roche, Roth, R&D Systems, Santa Cruz, Sarstedt,
Sigma-Aldrich, Starlab, Thermo scientific, VWR, Whatman and Zeiss.

2-Mercaptoethanol Carl Roth GmbH & Co, Karlsruhe
2-Methyl-1-propanol VWR, Darmstadt
5-Sulfosalicylic acid dihydrate Merck, Darmstadt
Acetic acid Carl Roth GmbH & Co, Karlsruhe
Acrylamid/bisacrylamid 30% (37.5:1) Merck, Darmstadt
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Agar-Agar Carl Roth GmbH & Co, Karlsruhe
Agarose SeaKem LE Lonza, Basel, Switzerland
Albumin fraction V (BSA) Carl Roth GmbH & Co, Karlsruhe
all-trans Retinoic acid (ATRA) Sigma-Aldrich, Steinheim
Ammonium chloride Acros Organics, Geel, Belgium
Ammonium persulfate (APS) Merck, Darmstadt
Ampicillin sodium salt Carl Roth GmbH & Co, Karlsruhe
Arsenic trioxide Acros Organics, Geel, Belgium
BactoTM Agar Carl Roth GmbH & Co, Karlsruhe
BactoTM Tryptone Carl Roth GmbH & Co, Karlsruhe
BactoTM Yeast Extract Carl Roth GmbH & Co, Karlsruhe
Bis-tris free base Carl Roth GmbH & Co, Karlsruhe
Bromophenol blue AppliChem, Darmstadt
Calcium chloride dihydrate Merck, Darmstadt
Choramphenicol Carl Roth GmbH & Co, Karlsruhe
Chloroform Acros Organics, Geel, Belgium
Chloroquine diphosphate salt Sigma-Aldrich, Steinheim
Coomassie Brilliant Blue R-250 Sigma-Aldrich, Steinheim
Diethylpyrocarbonate (DEPC) AppliChem, Darmstadt
Dimethyl sulfoxide (DMSO) VWR, Darmstadt
di-Potassium hydrogen phosphate AppliChem, Darmstadt
di-Natrium hydrogen phosphate Carl Roth GmbH & Co, Karlsruhe
Dithiothreitol (DTT) AppliChem, Darmstadt
Doxycycline hydrochloride Thermo Scientific, Waltham, USA
EDTA Sigma-Aldrich, Steinheim
EGTA VWR, Darmstadt
Ethanol Carl Roth GmbH & Co, Karlsruhe
Ethidium bromide (1% solution) Carl Roth GmbH & Co, Karlsruhe
Giemsa stock solution Carl Roth GmbH & Co, Karlsruhe
Glutathione Sepharose 4B GE Healthcare, München
Glycerin 98% Carl Roth GmbH & Co, Karlsruhe
Glycine Carl Roth GmbH & Co, Karlsruhe
Hoechst 33342 AAT Bioquest, Sunnyvale, USA
HEPES Carl Roth GmbH & Co, Karlsruhe
Hydrochloric acid 37% Carl Roth GmbH & Co, Karlsruhe
Hydrogen peroxide 35% Merck, Darmstadt
Immersion oil Carl Roth GmbH & Co, Karlsruhe
IPTG Carl Roth GmbH & Co, Karlsruhe
Isoamyl alcohol Carl Roth GmbH & Co, Karlsruhe
Isofluran Baxter, Unterschleißheim
Isopropanol Acros Organics, Geel, Belgium
Kanamycin Carl Roth GmbH & Co, Karlsruhe
Lithium chloride Carl Roth GmbH & Co, Karlsruhe
Luminol Carl Roth GmbH & Co, Karlsruhe
Lysozyme 5000 U/mg Merck, Darmstadt
Magnesium chloride hexahydrate Carl Roth GmbH & Co, Karlsruhe
Magnesium sulfate heptahydrate Carl Roth GmbH & Co, Karlsruhe
Manganese(II) chloride tetrahydrate Carl Roth GmbH & Co, Karlsruhe
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May-Grünwald stock solution Carl Roth GmbH & Co, Karlsruhe
Methanol Carl Roth GmbH & Co, Karlsruhe
Mowiol 4-88 mounting medium Carl Roth GmbH & Co, Karlsruhe
Nitrogen, liquid Linde, München
N,N,N’,N’-tetramethylethylen-diamin Carl Roth GmbH & Co, Karlsruhe
(TEMED)
NP-40 10% Calbiochem, Darmstadt
Orthophosphoric acid VWR, Darmstadt
Paraformaldehyde Carl Roth GmbH & Co, Karlsruhe

PIPES PUFFERANr Carl Roth GmbH & Co, Karlsruhe

Polybrene Millipore, Schwalbach/Ts.
Ponceau S Merck, Darmstadt
Potassium acetate VWR, Darmstadt
Potassium chloride Carl Roth GmbH & Co, Karlsruhe
Potassium hydrogen carbonate Carl Roth GmbH & Co, Karlsruhe
Potassium hydrogen phosphate Mallinckrodt Baker, Griesheim
Potassium dihydrogen phosphate Carl Roth GmbH & Co, Karlsruhe
Puromycin PAA Laboratories, Cölbe

RetroNectinr Takara, Saint-Germain-en-Laye,
France

Rotir Phenol Carl Roth GmbH & Co, Karlsruhe
Saccharose Merck, Darmstadt
Skimmed milk powder Carl Roth GmbH & Co, Karlsruhe

SNAP-Cellr TMR-Star NEB, Frankfurt/Main
Sodium acetate Merck, Darmstadt
Sodium azide Merck, Darmstadt
Sodium carbonate VWR, Darmstadt
Sodium chloride Carl Roth GmbH & Co, Karlsruhe
Sodium deoxycholate AppliChem, Darmstadt
Sodium dodecyl sulfate Carl Roth GmbH & Co, Karlsruhe
Sodium hydroxide VWR, Darmstadt
Sodium thiosulfate pentahydrate Merck, Darmstadt

SYBRr safe Invitrogen, Darmstadt
Trichloroacetic acid (TCA) Carl Roth GmbH & Co, Karlsruhe
Tris (Tris-(hydroxymethyl)-aminomethan) Acros Organics, Geel, Belgium
Tris-HCl Carl Roth GmbH & Co, Karlsruhe
Triton X-100 Carl Roth GmbH & Co, Karlsruhe

Trizmar base Sigma-Aldrich, Steinheim
Trypan blue Carl Roth GmbH & Co, Karlsruhe
Tryptone/peptone from casein Carl Roth GmbH & Co, Karlsruhe

Tweenr 20 AppliChem, Darmstadt

Tweenr 80 AppliChem, Darmstadt
Xylene VWR, Darmstadt
Xylene cyanol Carl Roth GmbH & Co, Karlsruhe
Zinc sulphate VWR, Darmstadt
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2.1.3 Media, Buffers and Solutions

Agarose loading buffer 10x 0.25 % Bromphenol blue (w/v)
0.25 % Xylene cyanol (w/v)
33 % 150 mM Tris pH 7.6 (v/v)
60 % Glycerin (v/v)

Bradford solution 0.01 % Coomassie Brilliant Blue (w/v)
5 % EtOH 95% (v/v)
10 % Orthophosphoric acid 85 % (v/v)

Buffer A for cell fractionation 10 mM HEPES pH 7.9
10 mM KCl
1.5 mM MgCl2
0.5 % NP-40 10 % (v/v)
(0.5 mM) DTT

Phosphatase Inhibitors
Protease Inhibitors

CaCl2 2 M CaCl2 x 2 H2O
2.5 M CaCl2 x 2 H2O

Cell buffer in PBS 2 % Pen/Strep (v/v)
2 % FCS (v/v)

Chloroquine 0.1 M Chloroquine diphosphate salt

CI 96 % Chloroform (v/v)
4 % Isoamyl alcohol (v/v)

Coomassie Blue destaining solution 45 % MeOH (v/v)
10 % Acetic acid (v/v)

Coomassie Blue staining solution 0.25 % Coomassie Brilliant Blue R-250
(w/v)

45 % MeOH (v/v)
10 % Acetic acid (v/v)

DTT 0.01 M Sodium acetate pH 5.2
1 M DTT

FACS Rehydration/Staining buffer HBSS
4 % FCS (v/v)

Freezing solution I RPMI medium
30 % FCS

Freezing solution II RPMI medium
20 % DMSO
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Gel drying solution 40 % MeOH (v/v)
10 % Glycerin (v/v)
7.5 % Acetic acid (v/v)

GST lysis buffer 20 mM Tris-Cl pH 8.0
200 mM NaCl
1 mM EDTA
0.5 % NP-40 10 % (v/v)

Phosphatase Inhibitors
Protease Inhibitors

H2ODEPC 0.1 % DEPC (w/v)
- 12 h incubation at 37◦C or RT
- autoclave 15 min at 120◦C
- for Tris buffers no direct DEPC
- dilute Tris in H2ODEPC

Hank’s Buffered Salt Solution 10 % Solution # 1 (v/v)
(HBSS) 1 % Solution # 2 (v/v)

1 % Solution # 3 (v/v)
86 % dH2O (v/v)
1 % Solution # 4 (v/v)
1 % Solution # 5 (v/v)

HBS for lentiviral production 280 mM NaCl (w/v)
7.11 ≤ pH ≤ 7.13 100 mM HEPES (w/v)

1.5 mM Na2HPO4 (w/v)

HBS for normal transfection 2 % NaCl (w/v)
pH 6.95/7.00/7.05 1.625 % HEPES (w/v)

2.5 % Na2HPO4 1.05 % (v/v)

IPTG 1 M IPTG

LB agar LB medium pH 7.2
1.5 % Agar-Agar (w/v)

LB medium pH 7.0 1 % Bacto Tryptone (w/v)
0.5 % Bacto Yeast Extract (w/v)
1 % NaCl (w/v)

MACS buffer in PBS 0.5 % BSA (w/v)
0.15 % EDTA (w/v)
1 % Pen/Strep (v/v)

PBS pH 7.4 0.8 % NaCl (w/v)
0.02 % KCl (w/v)
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0.18 % NaHPO4 x 2 H2O (w/v)
0.024 % KH2PO4 (w/v)

PCI 50 % Phenol (v/v)
48 % Chloroform (v/v)
2 % Isoamyl alcohol (v/v)

Ponceau solution 0.2 % Ponceau S (w/v)
3 % Trichloroacetic acid (w/v)
3 % 5-Sulfosalicylic acid (w/v)

Potassium phosphate solution 0.17 M KH2PO4

0.72 M K2HPO4

RIPA lysis buffer 50 mM Tris pH 8.0
150 mM NaCl
1 % NP-40 10 % (v/v)
0.5 % Sodium deoxycholate (w/v)
0.1 % SDS 20 % (v/v)
1.5 mM MgCl2 1 M (v/v)

Benzonase
Phosphatase Inhibitors
Protease Inhibitors

SDS loading buffer 3x SDS lysis buffer
0.3 % Bromphenol blue (w/v)
5 % 2-Mercaptoethanol (v/v)

SDS lysis buffer 50 mM Tris-HCl pH 6.8 1 M
2 % SDS 20 % (v/v)
10 % Glycerin (v/v)
0.1 % DTT 1 M (v/v)
1.5 mM MgCl2 1 M (v/v)

Benzonase

SDS running buffer 0.3 % Trizma base (w/v)
1.88 % Glycine (w/v)
1 % SDS 20 % (v/v)

SOB medium 2 % Bacto Tryptone (w/v)
0.5 % Bacto Yeast Extract (w/v)
10 mM NaCl
10 mM MgSO4

10 mM MgCl2 x 6 H2O

Sodium azide 5% Sodium azide (w/v)

Solution # 1 (HBSS) 8 % NaCl (w/v)
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0.4 % KCl (w/v)

Solution # 2 (HBSS) 0.358 % Na2HPO4 (w/v)
0.6 % KH2PO4 (w/v)

Solution # 3 (HBSS) 1.44 % CaCl2 (w/v)

Solution # 4 (HBSS) 2.46 % MgSO4 x 7 H2O (w/v)

Solution # 5 (HBSS) 3.5 % NaHCO3 (w/v)

Stripping buffer 6.25 mM Tris pH 6.8
0.2 % SDS 20 % (v/v)
0.1 M 2-Mercaptoethanol (v/v)

TAE buffer 0.484 % Tris (w/v)
0.114 % Acetic acid (v/v)
0.2 % Na2EDTA 0.5 M (v/v)

TB medium pH 7.4 1.2 % Bacto Tryptone (w/v)
2.4 % Bacto Yeast Extract (w/v)
0.4 % Glycerin (v/v)
10 % TB phosphate 10x (v/v)

TB phosphate 10x 0.17 M KH2PO4

0.72 M K2HPO4

TBS-T pH 7.5 50 mM Tris
150 mM NaCl
0.2 % Tween 20

TE pH 8.8 0.1x 1 mM Tris
0.1 mM EDTA

Transfer buffer for semi-dry blots 20 mM Trizma base
150 mM Glycine
20 % MeOH (v/v)

Transformation buffer 250 mM KCl
55 mM Manganese(II) chloride

tetrahydrate
15 mM CaCl2
10 mM PIPES pH 7.0

Trypan blue solution 0.5 % Trypan blue (w/v)

ZnSO4 solution 100 mM ZnSO4
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2.1.4 Synthetic Oligonucleotides

The oligonucleotides are produced by the companies Metabion (Martinsried), Euro-
fins MWG Operon (Ebersberg) and Sigma-Aldrich (Steinheim).

Tab. 2.1: Synthetic Oligonucleotides for qPCR

Name Sequence (5’→3’) Project
hBax 5’ ATGTTTTCTGACGGCAACTTC TFII-I target gene
hBax 3’ ATCAGTTCCGGCACCTTG TFII-I target gene
hCcnd3 5’ TCACTGGCACTGAAGTGGAC TFII-I target gene
hCcnd3 3’ GGCTGGAGCTGGTCTGAG TFII-I target gene
hCfl-1 5’ ACCCCAGTTGCCAAACAG TFII-I target gene
hCfl-1 3’ GAAGGCCAGAACCGTCAA TFII-I target gene
hcfos 5’ CTACCACTCACCCGCAGACT TFII-I target gene
hcfos 3’ AGGTCCGTGCAGAAGTCCT TFII-I target gene
hFgf11 5’ AAGTCCCTTTGCCAGAAGC TFII-I target gene
hFgf11 3’ ACGATGCCTTTGAGCTGAG TFII-I target gene
hHDAC1 5’ CGGTGCTGGACATATGAGAC TFII-I target gene
hHDAC1 3’ TGGTCCAAAGTATTCAAAGTAGTCA TFII-I target gene
hLhx1 5’ ATGCAACCTGACCGAGAAGT TFII-I target gene
hLhx1 3’ CAGGTCGCTAGGGGAGATG TFII-I target gene
huPI4Kα 5’ TTTGGACCGCCATGTTCT mBM cell infection
huPI4Kα 3’ TCCGGGTGTCCTGATTATCT mBM cell infection
L 27 for AAAGCCGTCATCGTGAAGAAC internal control
L 27 rev GCTGTCACTTTCCGGGGATAG internal control
mPI4Kα 5’ ATTTGGGCGTGCTCATTC RNAi
mPI4Kα 3’ CTTCTTTGATGGGTGGCAAT RNAi
mSRPX 5’ CTGCCGAAAGGGCTATGAGC RNAi
mSRPX 3’ AGGGTAGGACATCGCTTCTG RNAi
mTFII-I 5’ AAGAATCAGCCGAGGCAAG RNAi
mTFII-I 3’ GTCTGGCTCCTGCTTGATCTG RNAi
PLZF-RARa fw GGGTCGAGCTTCCTGATAAC mBM cell infection
PLZF-RARa rev GTTCTTGTCCCGGTGACACG mBM cell infection
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Tab. 2.2: Synthetic Oligonucleotides for Cloning

Name Sequence (5’→3’) a Endonucleases
CRABPII 5’ ATGCCCAACTTCTCTGGCAAC
CRABPII 3’ GACATAGATGCCTCGAGTTTT XhoI
DLC1 5’ CGATGCCATGGCTGTAGCTATC NcoI
DLC1 3’ CCATGACAGCAGTCAGGTAG Box I (PshAI)
ERBB4 5’ ATGAAGCCGGCGACAGGAC
ERBB4 3’ GAATGCTCCATATGTGTAC NdeI
GTF2-Id5’(b5’) CCACAGTGGTACCTGTACCATA Acc65I
GTF2-Id3’ CTGAAGAATGGTGGCTTCCTTG
GTF2-Ig5’ CAAGGAAGCCACCATTCTTCAG
GTF2-Ig3’(b3’) CCTTCAGGAAGTCCTTCTAC XmnI
Rab-23 5’ ATGTTGGAGGAAGATATGGAAG
Rab-23 3’ CAGGAGAAGCTTCGTCTAATG HindIII

aRestriction sites are underlined and start codons are in bold.

2.1.5 Plasmid Vectors

All plasmids were preserved via CloneSaver Cards with FTAr technology (What-

man).

Name Characteristics Producer

paulo AmpR, PuroR, modified pinco

∆lngfr

paulo-SNAP-RFA/-RFB/-RFC AmpR, PuroR, Hagemeyer,

SNAP-Tag, ∆lngfr IMT Marburg

pBibi AmpR, PuroR Uniklinikum, Frankfurt

pBibi-silacZ AmpR, PuroR Uniklinikum, Frankfurt

siRNA against lacZ

pC3 AmpR Invitrogen, Darmstadt

pC3-RFA/-RFB/-RFC AmpR Uniklinikum, Frankfurt

pC3-HA-RFA/-RFB/-RFC AmpR, HA-Tag Uniklinikum, Frankfurt

pDONR221 KanaR, ChlorR Invitrogen, Darmstadt

pENTR1A KanaR Invitrogen, Darmstadt

pENTR∆ccdB KanaR Invitrogen, Darmstadt

pGEX AmpR, GST-Tag Kaelin et al. (1992)
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Cell

pGL3-Basic AmpR, P-, luc+ Promega, Mannheim

pGL3-Control AmpR, PSV 40, luc+ Promega, Mannheim

pide AmpR, PuroR Uniklinikum, Frankfurt

pide-SNAP-RFA/-RFB/-RFC AmpR, PuroR, Hagemeyer,

SNAP-Tag IMT Marburg

pinco AmpR, PuroR, gfp+ Grignani et al. (1998)

Cancer Res

pinco-HA-RFA/-RFB/-RFC AmpR, PuroR, Uniklinikum, Frankfurt

HA-Tag, gfp+

pinco-RFA/-RFB/-RFC AmpR, PuroR, gfp+ Uniklinikum, Frankfurt

pLKO.1-puro Control Vector AmpR, PuroR Sigma-Aldrich,

(SHC001) Steinheim

pLKO.1-puro non-target AmpR, PuroR Sigma-Aldrich,

shRNA (SHC016) non-target shRNA Steinheim

pRL-TK AmpR, PTK , Renilla+ Promega, Mannheim

pSNAP-Cox8A Control AmpR, NeoR, NEB, Frankfurt/Main

SNAP-Tag

pSNAP-RFA/-RFB/-RFC AmpR, NeoR, Hagemeyer,

SNAP-Tag IMT Marburg

pSNAP-tagr(m) AmpR, NeoR, NEB, Frankfurt/Main

SNAP-Tag

siew Uniklinikum, Frankfurt

2.1.6 Used Constructs

Name Characteristics Producer

pBluescriptR-TFII-Iα AmpR, hu tfii-iα BioCat, Heidelberg

pCFOS-d2EGFP KanaR/NeoR, Bi et al., 2001

Phu c−fos, degfp+

pCMV6-XL5-TFII-Iγ AmpR, hu tfii-iγ OriGene, Rockville,

USA
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pCMV-SPORT.6-DLC1 AmpR, hu dlc1 BioCat, Heidelberg

pCMV-SPORT.6-PI4Kα AmpR, hu pi4kα Open Biosystems,

Lafayette, USA

pCR4-TOPO-MSH3 KanaR, hu msh3 BioCat, Heidelberg

pCR-BluntII-TOPO-BMP3 KanaR, hu bmp3 BioCat, Heidelberg

pCR-XL-TOPO-ERBB4 KanaR, hu erbb4 BioCat, Heidelberg

pDNR-LIB-SRPX ChlorR, hu srpx BioCat, Heidelberg

pE-RAB23+5’UTR KanaR, , hu rab23 Seshire, Uniklinikum

Frankfurt

pE-VASP+5’UTR KanaR, , hu vasp Seshire, Uniklinikum

Frankfurt

pFoslcf AmpR, Johansen & Prywes

Phu c−fos, luc+ (1994)

pGL3-cfos-short AmpR, Prywes, Columbia

P∆ hu c−fos, luc+ Univesity

pKCFG KanaR/NeoR, Bi et al., 2002

Phu c−fos, egfp+

pOTB7-COMMD5 ChlorR, hu commd5 BioCat, Heidelberg

pOTB7-CRABPII ChlorR, hu crabpii BioCat, Heidelberg

pOTB7-TFII-Iδ ChlorR, hu tfii-iδ BioCat, Heidelberg

BMP3 (this paper)

For pE-BMP3 synthesis pCR-BluntII-TOPO-BMP3 and pENTR∆ccdB were cut

with EcoRI and ligated. Afterwards the plasmid was cut with Acc65I and religa-

ted. The BMP3 expression vectors were created by LR GATEWAY recombinations

between pE-BMP3 and the respective destination vectors: pC3, pC3-HA, pinco,

pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

COMMD5 (this paper)

The pE-COMMD5 was created by BP GATEWAY recombination between pOTB7-

COMMD5 and pDONR221. The COMMD5 expression vectors were created by LR
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GATEWAY recombinations between pE-COMMD5 and the respective destination

vectors: pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

CRABPII (this paper)

To create pE-CRABPII a PCR (program standard) was performed with the primer

pair P-5’-CRABPII/3’-CRABPII from template pOTB7-CRABPII. Subsequently

the PCR product was cut with XhoI. In parallel pENTR∆ccdB was cut with

DraI/XhoI and dephosphorylated. Subsequently the cut PCR product and the

vector fragment were ligated. The CRABPII expression vectors were created by LR

GATEWAY recombinations between pE-CRABPII and the respective destination

vectors: pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

DLC1 (this paper)

To produce pE-DLC1 a BP GATEWAY recombination was performed between

pCMV-SPORT.6-DLC1 and pDONR221. Afterwards a PCR (program standard)

was performed with the primer pair DLC1 5’/DLC1 3’ from template pE-DLC1.

The PCR product was phosphorylated and cut with Box I. In parallel pE-DLC1 was

cut with SmaI/Box I and dephosphorylated. Subsequently the cut PCR product and

the vector fragment were ligated blunt. The correct orientation was validated by

restriction analysis. The DLC1 expression vectors were created by LR GATEWAY

recombinations between pE-DLC1 and the respective destination vectors: pC3, pC3-

HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

ERBB4 (this paper)

For pE-ERBB4 synthesis pCR-XL-TOPO-ERBB4 and pENTR∆ccdB were cut

with Eco52I. After vector dephosphorylation the two fragments were ligated to pro-

duce pE-ERBB4+5’UTR. Afterwards a PCR (program standard) was performed

with the primer pair ERBB4 5’/ERBB4 3’ from template pE-ERBB4+5’UTR. The

PCR product was cut with NdeI and phosphorylated. Concurrently pE-ERBB4+

5’UTR was cut with SalI, blunted via Mung Bean Nuclease, cut with NdeI and

dephosphorylated. The prepared amplicon and vector fragment were ligated. The

ERBB4 expression vectors were created by LR GATEWAY recombinations between
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pE-ERBB4 and the respective destination vectors: pC3, pC3-HA, pinco, pinco-HA,

siew, paulo, pSNAP, paulo, pide-SNAP.

MSH3 (this paper)

For pE-MSH3 creation pCR4-TOPO-MSH3 was cut with BcuI/Bpu10I/NcoI. Af-

terwards Klenow Fragment was used to create blunt ends. pENTR∆ccdB was cut

with DraI and dephosphorylated. Insert and vector fragment were ligated. After-

wards the plasmid was cut with Cfr42I/MssI, blunted via Klenow Fragment and

religated. The MSH3 expression vectors were created by LR GATEWAY recombi-

nations between pE-MSH3 and the respective destination vectors: pC3, pC3-HA,

pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

PI4Kα (this paper)

The pE-PI4Kα was created by BP GATEWAY recombination between pCMV-

SPORT.6-PI4Kα and pDONR221. The PI4Kα expression vectors were created by

LR GATEWAY recombinations between pE-PI4Kα and the respective destination

vectors: pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

RAB23 (this paper)

To create pE-RAB23 a PCR (program standard) was performed with the primer

pair Rab23-5’/Rab23-3’ from template pE-RAB23+5’UTR. Subsequently the PCR

product was cut with HindIII and phosphorylated. In parallel pE-RAB23+5’UTR

was cut consecutively with HindIII and SmaI and dephosphorylated. Subsequently

the cut PCR product and the vector fragment were ligated. The RAB23 expression

vectors were created by LR GATEWAY recombinations between pE-RAB23 and the

respective destination vectors: pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP,

paulo, pide-SNAP.

SRPX (this paper)

For pE-SRPX creation pDNR-LIB-SRPX was cut with NdeI/XbaI. Afterwards

Klenow Fragment was used to create blunt ends. pENTR∆ccdB was cut with DraI

and dephosphorylated. Insert and vector fragment were ligated blunt. The correct
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orientation was validated by restriction analysis.The SRPX expression vectors were

created by LR GATEWAY recombinations between pE-SRPX and the respective

destination vectors: pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo,

pide-SNAP.

TFII-Iα, β, γ, δ (this paper)

For pE-TFII-Iα creation pBluescriptR-TFII-Iα was cut with NdeI/BglII. After-

wards the TFII-Iα fragment was exchanged with the TFII-Iδ fragment of pE-TFII-

Iδ over the same restriction sites. Subsequently a stop codon in the 5’-UTR was

removed by NotI restriction and religation.

To create pE-TFII-Iβ two PCRs (program standard) were performed 1) with the

primer pair GTF2-Id5’(b5’)/GTF2-Id3’ from template pE-TFII-Iδ and 2) with the

primer pair GTF2-Ig5’/GTF2-Ig3’(b3’) from template pCMV6-XL5-TFII-Iγ. Sub-

sequently these two products were used for fusion PCR (program gradient1 ) with

the primer pair GTF2-Id5’(b5’)/GTF2-Ig3’(b3’). The fusion PCR product was cut

with NdeI/BglII. Afterwards the TFII-Iβ fragment was exchanged with the TFII-Iδ

fragment of pE-TFII-Iδ over the same restriction sites. Subsequently a stop codon

in the 5’-UTR was removed by NotI restriction and religation.

The pE-TFII-Iδ was created by BP GATEWAY recombination between pOTB7-

TFII-Iδ and pDONR221. Subsequently a stop codon in the 5’-UTR was removed

by NotI restriction and religation.

For pE-TFII-Iγ synthesis pCMV6-XL5-TFII-Iγ was cut with NdeI/BglII. After-

wards the TFII-Iγ fragment was exchanged with the TFII-Iδ fragment of pE-TFII-Iδ

over the same restriction sites. Subsequently a stop codon in the 5’-UTR was remo-

ved by NotI restriction and religation.

The TFII-IIα, β, γ, δ expression vectors were created by LR GATEWAY recombi-

nations between pE-TFII-IIα, β, γ, δ and the respective destination vectors: pC3,

pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

VASP (this paper)

To create pE-VASP pE-VASP+5’UTR was cut with SmaI. Afterwards the 4622

bp fragment was religated. The VASP expression vectors were created by LR GA-
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TEWAY recombinations between pE-VASP and the respective destination vectors:

pC3, pC3-HA, pinco, pinco-HA, siew, paulo, pSNAP, paulo, pide-SNAP.

2.1.7 Markers

GeneRulerTM 1kb DNA Ladder Fermentas, St. Leon-Rot

GeneRulerTM DNA Ladder Mix Fermentas, St. Leon-Rot

PageRulerTM Prestained Protein Ladder Fermentas, St. Leon-Rot

Prestained Protein Molecular Weight Marker Fermentas, St. Leon-Rot

2.1.8 Antibodies

β-Tubulin, MAB3408 Millipore, Schwalbach

Akt, 9272 NEB, Frankfurt/Main

CD271(LNGFR)-PE, 557196 BD, Heidelberg

C-Fos, SC-52 Santa Cruz, Heidelberg

Donkey anti-Goat IgG-HRP, SC-2020 Santa Cruz, Heidelberg

Erk1/2, 9102 NEB, Frankfurt/Main

GAPDH, SC-25778 Santa Cruz, Heidelberg

GFP, SC-8334 Santa Cruz, Heidelberg

Goat anti-Mouse IgG-Alexa Fluorr 488, Invitrogen, Karlsruhe

A-11001

Goat anti-Mouse IgG-Alexa Fluorr 647, Invitrogen, Karlsruhe

A-21235

Goat anti-Rabbit IgG-Alexa Fluorr 488, Invitrogen, Karlsruhe

A-11008

Goat anti-Rabbit IgG-Alexa Fluorr 647, Invitrogen, Karlsruhe

A-21244

Goat anti-Mouse IgG-HRP, AP308P Millipore, Schwalbach

Goat anti-Rabbit IgG-HRP, AP307P Millipore, Schwalbach

Goat anti-Rabbit IgG-PerCP, SC-45090 Santa Cruz, Heidelberg

Goat anti-Rat IgG-HRP, AP136P Millipore, Schwalbach

GST, 3186-1 Biomol, Hamburg
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GTF2i/TFII-I, A303-330A Biomol, Hamburg

GTF2i/TFII I (phospho Y248), ab63344 Abcam, Cambridge, UK

H2B, ab1790 Abcam, Cambridge, UK

HA, SC-57592 Santa Cruz, Heidelberg

Histone H4, SC-10810 Santa Cruz, Heidelberg

Isotype control IgG2a-PE, 559317 BD, Heidelberg

Isotype control IgG2b-PE, 556925 BD, Heidelberg

Isotype control IgG2b-PE-Cy7, 552849 BD, Heidelberg

mB220-PE, 553089 BD, Heidelberg

mC-kit-PE-Cy7, 558163 BD, Heidelberg

mGr-1-PerCP-Cy5.5, 552093 BD, Heidelberg

mMac-1-PE, 557397 BD, Heidelberg

mSca-1-PE, 553108 BD, Heidelberg

mTer119-PE, 553673 BD, Heidelberg

Normal goat IgG, SC-2028 Santa Cruz, Heidelberg

Normal mouse IgG, SC-2025 Santa Cruz, Heidelberg

Normal rabbit IgG, SC-2027 Santa Cruz, Heidelberg

Phalloidin-Alexa Fluorr 647 Invitrogen, Karlsruhe

Phospho-Akt (Ser473), 9271 NEB, Frankfurt/Main

Phospho-Erk1/2 (Thr202/Tyr204), 9101 NEB, Frankfurt/Main

Phosphoserine, 0022-100/PSER-7F12 Biomol, Hamburg

Phosphoserine, P5747 Sigma-Aldrich, Steinheim

Phospho-VASP (Ser157), 3111 NEB, Frankfurt/Main

Phospho-VASP (Ser239), 3114 NEB, Frankfurt/Main

PI4KIIα, SC-130231 Santa Cruz, Heidelberg

PI4Kα, SC-10799 Santa Cruz, Heidelberg

PLZF, OP128 Calbiochemr, Darmstadt

PML, SC-966 Santa Cruz, Heidelberg

PU.1, SC-352 Santa Cruz, Heidelberg

Rabbit anti-Goat IgG-HRP, AP106P Millipore, Schwalbach

RARα, SC-551 Santa Cruz, Heidelberg

RARα, R1691-01A.100 Biomol, Hamburg
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SNAP, CAB4255 Thermo Scientific, Waltham, USA

SRPX, HPA001256 Sigma-Aldrich, Steinheim

SRPX, SC-10701 Santa Cruz, Heidelberg

VASP, 3132 NEB, Frankfurt/Main

2.1.9 Enzymes and Kits

ABsolute QPCR SYBRr Green Mix Thermo Scientific, Waltham, USA

Amersham ECL Plus GE Healthcare, Freiburg

Amersham ECL Prime GE Healthcare, Freiburg

Antarctic Phosphatase NEB, Frankfurt/Main

Anti-HA Affinity Matrix Roche, Mannheim

Benzonaser Nuclease Novagenr, Darmstadt

Calf Intestinal Alkaline Phosphatase (CIAP) Fermentas, St. Leon-Rot

Clean-BlotTM IP Detection Reagent (HRP) Thermo Scientific, Waltham, USA

DNA Polymerase I, Large (Klenow) Fragment NEB, Frankfurt/Main

DNase I AppliChem, Darmstadt

DNase I, RNase-free Fermentas, St. Leon-Rot

dNTP Set Bioline, Luckenwalde

Dual-Luciferaser Reporter Assay Promega, Mannheim

FastAPTM Thermosensitive Alkaline Fermentas, St. Leon-Rot

Phosphatase

Gatewayr BP ClonaseTM II Enzyme Mix Invitrogen, Karlsruhe

Gatewayr LR ClonaseTM II Enzyme Mix Invitrogen, Karlsruhe

Immobilon Western HRP Substrate Millipore, Schwalbach

Klenow Fragment Fermentas, St. Leon-Rot

Lineage Cell Depletion Kit, mouse Miltenyi Biotec,

Bergisch Gladbach

LS Columns Miltenyi Biotec,

Bergisch Gladbach

M-MLV Reverse Transcriptase Invitrogen, Karlsruhe

Mung Bean Nuclease NEB, Frankfurt/Main
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NucleoBondr Xtra Midi Machery-Nagel, Düren

NucleoSpinr Gel and PCR Clean-up Machery-Nagel, Düren

NucleoSpinr Plasmid Machery-Nagel, Düren

peqGOLD TriFast Peqlab, Erlangen

Pfu DNA Polymerase Fermentas, St. Leon-Rot

Primer Random p(dN)6 Roche, Mannheim

Proteinase K, Recombinant Roche, Mannheim

Protein G Plus/Protein A Agarose Calbiochemr, Darmstadt

Protinor Glutathione Agarose 4B Machery-Nagel, Düren

Restriction Endonucleases Fermentas, St. Leon-Rot and

NEB, Frankfurt/Main

RNase A AppliChem, Darmstadt

RNeasy Mini Kit Qiagen, Hilden

T4 DNA Ligase Fermentas, St. Leon-Rot;

NEB, Frankfurt/Main

T4 Polynucleotide Kinase Fermentas, St. Leon-Rot

T7 Exonuclease NEB, Frankfurt/Main

Taq DNA Polymerase, Recombinant Invitrogen, Karlsruhe

TnTr Quick Coupled Transcription/ Promega, Mannheim

Translation System

2.1.10 Cytokines, Inhibitors and Activators

Epidermal Growth Factor (EGF), human Sigma-Aldrich, Steinheim

Forskolin AppliChem, Darmstadt

Granulocyte Colony Stimulating Factor CellSystems, Troisdorf

(G-CSF), mouse recombinant

Granulocyte Macrophage Colony Stimulating CellSystems, Troisdorf

Factor (GM-CSF), mouse recombinant

Interleukin-3 (Il-3), mouse recombinant CellSystems, Troisdorf

Interleukin-6 (Il-6), mouse recombinant CellSystems, Troisdorf

KT5720 (PKA inhibitor) Calbiochem, Darmstadt
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KT5823 (PKG inhibitor) Calbiochem, Darmstadt

MG132 Calbiochem, Darmstadt

Phosphatase Inhibitor Cocktail Set II Calbiochem, Darmstadt

Protease Inhibitor Cocktail Set I Calbiochem, Darmstadt

RiboLockTM RNase Inhibitor Fermentas, St. Leon-Rot

Stem Cell Factor (SCF), mouse recombinant CellSystems, Troisdorf

Thapsigargin Biomol, Hamburg

2.1.11 Microorganisms

Escherichia coli HB101 Boyer & Roulland-Dussoix

(1969) J Mol Biol

Escherichia coli DB3.1TM Invitrogen, Karlsruhe

Escherichia coli DH5αTM Invitrogen, Karlsruhe

2.1.12 Cell Culture Media and Supplements

Dulbeccos Modified Eagle Medium (DMEM): GIBCO Invitrogen, Karlsruhe

+ 4,5 g/l Glucose, + L-Glutamine

Fetal Bovine Serum (FCS) GIBCO Invitrogen, Karlsruhe

L-Glutamine PAA Laboratories, Cölbe

MethoCultr GF M3534 StemCell Technologies, Köln

Penicillin/Streptomycin PAA Laboratories, Cölbe

Roswell Park Memorial Institute (RPMI) GIBCO Invitrogen, Karlsruhe

1640, GlutaMAXr

Trypsin EDTA PAA Laboratories, Cölbe

2.1.13 Cell Lines

Established Cell lines

293 human embyonal kidney cells;



2. Material and Methods 73

Graham et al. (1977)

J Gen Virol

293T human embyonal kidney cells;

Rio et al. (1985) Science

BA/F3 murine pro B cells; Il-3 dependent;

Palacios et al. (1984) Nature

NB-4 human acute promyelocytic

leukaemia cells; Lanotte et al.

(1991) Blood

NIH-3T3 murine embryonal cells;

Aaronson & Todaro (1968)

J Cell Physiol

Phoenix-Eco based on 293T cells;

Invitrogen, Karlsruhe

Platinum-A, amphotrophic Retroviral packaging cell line,

based on 293T cells;

BioCat, Heidelberg

U-2 OS human osteosarcoma cells;

Ponten & Saksela (1967)

Int J Cancer

U937 MT (mock), 4bR (PLZF/RARα),

PR9 (PLZF/RARα), A/E

(AML1/ETO); human histiocytic

lymphoma cells; Sundstrom &

Nilsson (1976) Int J Cancer

Primary Cell Lines

Lin- lineage-negative cells from

C57BL6-J mouse bone marrow

Spleen cells WT C57BL6-J mouse

Spleen cells AML1/ETO C57BL6-J mouse; Uniklinikum Ffm
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Spleen cells BCR/ABL C57BL6-J mouse; Uniklinikum Ffm

Spleen cells DEK/CAN C57BL6-J mouse; Uniklinikum Ffm

Spleen cells DEK/CAN Flt3 ITD C57BL6-J mouse; Uniklinikum Ffm

Spleen cells PLZF/RARα C57BL6-J mouse; Uniklinikum Ffm

Spleen cells PML/RARα C57BL6-J mouse; Uniklinikum Ffm

2.1.14 Mice

C57BL6-J Harlan, Rossdorf

♀, 10 weeks old

2.2 Methods

2.2.1 Growth Conditions

E. coli

E. coli liquid cultures were grown under aerob conditions in LB, TB or SOC medium

(v.s. section 2.1.3) in a test tube or Erlenmeyer flask at 37◦C and 200 rpm in

an incubation shaker. The cultivation on solid LB agar (v.s. section 2.1.3) was

performed at 37◦C in an incubator (Sambrook & Russel, 2001).

E. coli conservation

To prepare an E. coli glycerol stock 8.5 ml of a liquid culture in the mid-log growth

phase were mixed with 1.5 ml of glycerol. The cells were stored at 1 ml aliquots at

-80◦C.

2.2.2 Standard Procedures

Hydrolytic cleavage

The hydrolytic cleavage of DNA with endonucleases was executed according to the

manufacturer’s instructions.
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Agarose gel electrophoresis

For the electrophoretic separation of DNA fragments 1% agarose gels were used in

0.5x TAE buffer (v.s. section 2.1.3) at 100 V. Because of the negatively charged

phosphate backbone the nucleic acids wander to the anode. Upon their different

sizes the fragment show different migration times and are separated, respectively

(Sambrook & Russel, 2001). The samples were mixed with 10x loading buffer (v.s.

section 2.1.3) and applied to the agarose gel with a DNA ladder (GeneRuler DNA

Ladder Mix, Fermentas). To visualise the DNA fragments 0.01% SYBR safe was

added to the gels. SYBR safe binds to dsDNA. This complex was detected on an

UV transilluminator with 254 nm.

Gel extraction

The gel extraction of DNA from agarose gels was executed with the NucleoSpinr

Gel and PCR Clean-up Kit (Machery-Nagel) according to the manufacturer’s in-

structions.

Phosphorylation

Linear plasmid DNA or oligonucleotides were phosphorylated with the enzyme T4

Polynucleotide Kinase. The reaction was performed with 1 mM ATP for 20 min at

37◦C. Afterwards the enzyme was heat inactivated for 10 min at 75◦C.

Dephosphorylation

In preparation for a ligation DNA fragments were dephosphorylated with the enzyme

Antarctic Phosphatase or Calf Intestinal Alkaline Phosphatase for 1 h at 37◦C.

Antarctic Phosphatase was heat inactivated for 5 min at 65◦C.

Ligation

The ligation of DNA fragments or plasmid vectors with compatible ends was per-

formed with the enzyme T4 DNA Ligase. Compatible ends were created by hydro-

lysis with endonucleases or blunting with different enzymes. Additionally the vector

was dephosphorylated to inhibit religation and, if necessary, the insert part was

phosphorylated. The molar ration between insert to vector was 3:1. The ligation
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reaction was incubated O/N at 16◦C. After this the enzyme was heat inactivated

for 15 min at 65◦C.

DNA purification

DNA purification was performed with the NucleoSpinr Gel and PCR Clean-up Kit

(Machery-Nagel) according to the manufacturer’s instructions, e.g. after a PCR or

blunting reaction.

Producing DNA blunt ends

To produce blunt ends after a hydrolytic cleavage with endonucleases the enzymes

Klenow Fragment and Mung Bean Nuclease were used. Thereby, the Klenow Frag-

ment fills in 5’ overhangs and removes 3’ overhangs, while the Mung Bean Nuclease

removes 5’ and 3’ extensions. The Klenow Fill-in reaction was executed with 0.05

mM dNTPs for 10 min at 37◦C. The reaction was stopped by heating for 10 min at

75◦C. The Mung Bean Nuclease reaction was incubated for 30 min at 30◦C. After-

wards the enzyme was removed by DNA purification. The blunted DNA fragments

were applied to ligation.

2.2.3 Gateway Recombination (Invitrogen)

The Gateway Recombination Technology is based on the site-specific recombination

reactions of the bacteriophage λ in E. coli. During its lysogenic cycle λ can integrate

site-specifically into the genome of E. coli. Contrary, if the lytic cycle is activated,

λ is excised from the genome. The integration and excision of phage λ are recom-

bination reactions, which are enabled by λ and E. coli proteins. The integration

is mediated by the proteins Int (integrase, λ) and IHF (integration host factor, E.

coli) and takes place at the recombination sites attB and attP (attachment sites B

and P). On the other hand the excision reaction takes place at the recombination

sites attL and attR (attachment sites L and R) and is enabled by the proteins Int,

IHF, and Xis (excisionase, λ). The proteins bind to sites encoded in the four att

sites. By means of the Gateway technology a gene of interest (GOI) can be cloned

bidirectional via BP and LR recombinations. For the recombination reactions dif-

ferent vectors are needed. To add a GOI to the Gateway system, at first an entry
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clone is created. Thereby, the GOI is integrated in a pENTR vector via restriction

sites with endonucleases and ligation or by BP recombinations. The pENTR vector

contains attL sites. For the BP recombination an expression clone with attB sites

and a donor vector with attP sites, e.g. pDONR221, are used. Instead of the ex-

pression clone one can also use a PCR product flanked by attB sites. Once an entry

clone for a GOI is created, it can be easily cloned into the designated destination

vector (attR sites) via LR recombination to create an expression clone. During the

cloning the GOI orientation is conserved, because the upstream and downstream att

sites differ. The number of positive E. coli clones after transformation is guaranteed

because of an active ccdB gene, which is excised in case of a correct recombination.

The LR and BP recombinations were performed with the Gatewayr LR ClonaseTM

II Enzyme Mix and the Gatewayr BP ClonaseTM II Enzyme Mix according to the

manufacturer’s instructions, respectively. After the recombinations E. coli HB101

or DH5α were transformed with 5 µl of the LR or BP reaction.

2.2.4 Polymerase Chain Reaction (PCR)

Regular PCR

The Polymerase Chain Reaction (PCR) (Saiki et al., 1988) was used to amplify DNA

fragments for cloning. Therefore, different primer pairs were utilised (cf. Tab. 2.3),

also to induce new restriction sites. The PCRs were performed in 50 µl volumes in

a PCR Cycler. The amplicons were evaluated via 1% Agarose gel electrophoresis

and purified per gel extraction.

PCR composition:

0,4 µl DNA template (0.4-2 ng)

5 µl 10x Reaktion buffer

5 µl dNTP mix (2 mM each)

3/4/5µl MgSO4 (25 mM)

1 µl 5’ primer (20 pmol/µl)

1 µl 3’ primer (20 pmol/µl)

1.25 U Pfu DNA Polymerase

ad 50 µl Nuclease-Free Water
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PCR conditions standard :

1. Cycle: 95◦C 2 min

48◦C 1 min

72◦C 1.5 min

2.-34. Cycle: 95◦C 30 sec

50◦C 1 min

72◦C 1.5 min

35. Cycle: 95◦C 30 sec

50◦C 1 min

72◦C 5 min

Storage: 4 ◦C ∞

Fusion PCR

The Fusion PCR was applied to connect two amplicons. Therefore, the downstream

primer of the 5’ fragment has to be complementary to the upstream primer of the

3’ fragment. In this manner the two fragments hybridise during the PCR reaction.

Then, the upstream primer of the 5’ fragment and the downstream primer of the 3’

fragment are used to amplify the fusion construct in full-length. The Fusion PCRs

were performed in 50 µl volumes in a PCR Cycler. The amplicons were evaluated

via 1% Agarose gel electrophoresis and purified per gel extraction.

PCR composition:

5 µl 5’ amplicon (50-150 ng)

5 µl 3’ amplicon (50-150 ng)

5 µl 10x Reaktion buffer

5 µl dNTP mix (2 mM each)

4 µl MgSO4 (25 mM)

1 µl upstream primer (20 pmol/µl)
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1 µl downstream primer (20 pmol/µl)

1.25 U Pfu DNA Polymerase

ad 50 µl Nuclease-Free Water

PCR conditions gradient1 :

Initial denaturation: 95 ◦C 5 min

1.-33. Cycle: 94 ◦C 1 min

44-55 ◦C 1 min

72 ◦C 2 min

Final elongation: 72 ◦C 5 min

Storage: 4 ◦C ∞

2.2.5 Sequencing

Plasmid DNA sequencing was commissioned to Seqlab, Göttingen or LGC Genomics,

Berlin. Chromatograms were evaluated with the Chromas software (Technelysium).

2.2.6 Production of ultra-chemocompetent E. coli

To produce ultra-chemocompetent E. coli (Inoue et al., 1990) 5 ml of a preparatory

culture were inoculated with an E. coli glycerol stock. The incubation was carried

out for 5-8 h at 37◦C and 200 rpm. The preparatory culture was utilised to create

a purity plate on LB agar (v.s. section 2.1.3). The cells grew O/N at 37◦C in an

incubator and were stored afterwards at 4◦C. From the purity plate an E. coli colony

was inoculated in 10 ml of LB medium (v.s. section 2.1.3) O/N at 37◦C and 200

rpm. The 10 ml culture was transfered into 250 ml of SOB medium (v.s. section

2.1.3). The incubation was performed for approx. 5-6 h at 25◦C and 250 rpm until

an OD600 (optical density 600 nm) 0.5-0.6. The culture was divided up into 50 ml

falcons and incubated for 10 min on ice. Subsequently, the cells were centrifuged
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for 10 min at 4◦C and 3,650 rpm and resuspended altogether in 80 ml of ice-cold

transformation buffer (v.s. section 2.1.3). The cells were incubated for 10 min on

ice and settled for 10 min at 4◦C and 3,650 rpm. The cell pellets were resuspended

all in all in 20 ml of ice-cold transformation buffer with 7.5 % (v/v) DMSO and

incubated for 10 min on ice. Finally, the cells were frozen at 100 µl aliquots in

liquid nitrogen and stored at -80◦C.

2.2.7 Transformation

To transform bacteria with plasmid DNA 100 µl of ultra-chemocompetent E. coli

HB101, DH5α or DB3.1 were thawed for 20 min on ice. Afterwards, the cells were

mixed with 1 µg of chilled plasmid DNA and incubated for 30 min on ice. The

following heat-shock was performed for 2 min at 42◦C. Subsequently, the cells were

incubated under agitation in 500 µl of prewarmed LB medium (v.s. section 2.1.3)

for 1 h at 37◦C and 300 rpm. In case of a difficult transformation, e.g. after a

ligation, the cells were centrifuged for 3 min at 8,000 rpm. The supernatant was

nearly completely discarded and the cells were resuspended in the remaining 100

µl of medium, plated on prewarmed LB agar with the particular antibiotic and

incubated O/N at 37◦C. The bacterial plates were stored at 4◦C.

2.2.8 Isolation of Plasmid DNA

The preparation of plasmid DNA was performed with the NucleoSpinr Plasmid

(Machery-Nagel) and NucleoBondr Xtra Midi (Machery-Nagel) according to manu-

facturer’s instructions. Thereby, 4 ml or 100 ml of bacterial O/N culture were used,

respectively. The plasmid DNA was resuspended in Aqua ad iniectabilia (Braun) ad

1 µg/µl and stored at -20◦C.

2.2.9 Quantitative Determination of Nucleic Acids

The determination of the nucleic acid concentration was performed with a

NanoDropr ND-1000 spectrophotometer and the Nucleic Acid Measurement of the

NanoDropr software V3.0.1. The determination of the plasmid DNA concentra-

tion was carried out with the Sample Type: DNA-50 and the determination of the
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mRNA with the Sample Type: RNA-40. To determine the concentration of nucleic

acids, the mean absorption maxima of the heterocyclic bases at 260 nm and the

Beer-Lambert law is used:

A = absorbance

A = ε · c · d ε = molar extinction coefficient

c = molar concentration

d = path length

Hence, an absorbance 1 with path lenght 1 cm equals a DNA concentration of 50

µg/ml and a RNA concentration of 40 µg/ml.

2.2.10 Cell Culture

All cell culture works were carried out under sterile conditions under a laminar air

flow hood. All cell culture dishes and solutions were autoclaved for 20 min at 121◦C

and 2 bar, if not sterile by production. Glasware was heat-sterilised for at least 5 h

at 250◦C.

Freezing and Thawing

The cryopreservation of the cells was carried out in liquid nitrogen. The cells were

thawed at 37◦C, transfered to 10 ml of medium and centrifuged for 5 min at RT and

1,200 rpm. The supernatant was discarded and the cells were resuspended in 10 ml

of fresh medium and cultivated.

For freezing, 5-10 x 106 cells were sedimented for 5 min at RT and 1,200 rpm,

resuspended in 0.5 ml of Freezing solution I (RPMI medium + 30% FCS) and

transfered to a cryogenic vial. Afterwards, 0.5 ml of Freezing solution II (RPMI

medium + 20% DMSO) was added dropwise. The cells were frozen O/N at -80◦C in

a Cryo 1◦C Freezing Container (NALGENEr) and finally stored in liquid nitrogen.

Cultivation of Cells

The suspension cells, BA/F3, NB-4 and U937, were cultivated in RPMI 1640 + 10%

FCS + 1% Pen/Strep + 1% L-Glutamine and the adherent cells, 293, 293T, NIH-
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3T3, Phoenix-eco, Platinum A and U2OS, in DMEM + 10% FCS + 1% Pen/Strep +

1% L-Glutamine. The BA/F3 medium additionally contained 20 ng/ml Il-3 and the

Platinum A medium 1 µg/ml puromycin and 10 µg/ml blasticidin. The culturing

was performed in a cell incubator at 37◦C, 5% CO2 and 95% H2O. Every 2-3 d the

cells were split. Suspension cells were diluted 1:2 to 1:3 and cultivated in cell culture

flasks. Adherent cells were washed with PBS (v.s. section 2.1.3) and detached with

trypsin/EDTA. The reaction was stopped with medium and the cells were plated

1:5 to 1:10 onto cell culture dishes.

Primary murine bone marrow and spleen cells were cultivated in DMEM + 10%

FCS + 1% Pen/Strep + 1% L-Glutamine + 20 ng/ml Il-3 + 20 ng/ml Il-6 + 100

ng/ml SCF. For differentiation of the primary murine bone marrow cells the medium

additionally contained 60 ng/ml G-CSF and 20 ng/ml GM-CSF. Medium changes

were performed by careful aspiration of the medium and addition of fresh medium.

2.2.11 Calcium Phosphate Transfection

The calcium phosphate transfection is used to insert exogenous plasmid DNA into

adherent cells. Thereby, HBS-derived phosphate ions and CaCl2 derived chloride

ions build a CaPO4 complex, which binds the plasmid DNA. The cells incorporate

this CaPO4/plasmid DNA precipitate by endocytosis. The transfection efficiency

can be increased with chloroquine, which inhibits lysosomal DNases.

1.0-1.5 x 106 cells were seeded in 10 ml of medium onto a 100 mm dish and incubated

O/N at 37◦C, 5% CO2 and 95% H2O. The cell medium was exchanged with 9 ml of

fresh medium supplemented with 25 µM chloroquine (v.s. section 2.1.3).

Transfection composition:

2,308 fmol pasmid DNA

62 µl CaCl2 (2 M)

ad 500 µl ddH2O

500 µl 2x HBS

The HBS (v.s. section 2.1.3) was added slowly dropwise while vortexing. The 1 ml

of CaPO4/plasmid DNA precipitate was dispensed dropwise allover the cells and
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mixed by careful shaking. After 8 h incubation medium was changed. The cells

were harvested 48 h after transfection with a cell scraper. For transfection control,

the cells were additionally transfected with the GFP-expressing pinco vector. To

determine the transfection efficiency, the GFP expression was verified 24 h after

transfection by light microscopy with the Mercury lamp and after cell harvesting by

FACS analysis.

2.2.12 Nucleofection (Amaxa)

Suspension and hard-to-transfect cells were transfected via NucleofectionTM

(Amaxa). This technology is based on electroporation. The electric pulse leads to

the formation of small pores in cell membranes. Cell type-specific NucleofectorTM

programs and solutions lead to the direct insertion of nucleic acids through the cell

membrane and nuclear membrane into the nucleus.

For the NucleofectionTM, 2 x 106 cells were sedimented and resuspended in 100 µl of

the RT NucleofectorTM solution with supplement. The cells should not stay longer

than 15 min in that solution. Subsequently, 100 µl of the cells were mixed with

2 µg of plasmid DNA or 20 pmol of siRNA and transfered to a special cuvette.

The NucleofectionTM was executed with the cell type-specific NucleofectorTM pro-

gram. Afterwards the cells were resuspended in 1.5 ml of prewarmed medium and

cultivated on a 12-well plate at 37◦C, 5% CO2 and 95% H2O.

2.2.13 Virus Production

Retroviral Production

Ecotrophic and amphotrophic retrovirus was produced by transfection of Phoenix

or Platinum A cells, respectively. During transfection and the virus production

Platinum A medium was used without puromycin, blasticidin and Pen/Strep. After

the transfection with pinco, pide or paulo constructs the cells were incubated for 8

h. For virus production, medium was exchanged with 7 ml of fresh medium. The

viral supernatant 1 (VSN1) was harvested after 24 and the VSN2 after 48 h, filtered

through a 0.45 µm mesh, frozen in liquid nitrogen and stored at -80◦C. After 48 h,

cells were harvested to test protein expression.
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Lentiviral Production

For the lentiviral production, 1.1 x 106 293T cells were seeded in 10 ml of medium

onto a 100 mm dish and incubated O/N at 37◦C, 5% CO2 and 95% H2O. Medium

was exchanged with 9 ml of fresh medium 2 h before transfection.

293T transfection composition:

9 µg pasmid DNA, pLKO.1 construct

3.2 µg envelop pasmid, pEF1α-ENV(Mo-MLV)

5.8 µg packaging pasmid, pCMV∆R8.91

45.2 µl CaCl2 (1.5 M)

264 µl 0.1x TE pH 8.8

ad 500 µl ddH2O

500 µl 2x HBS

The HBS (v.s. section 2.1.3) slowly was added dropwise while vortexing, followed by

a 5-30 min incubation. The 1 ml of CaPO4/plasmid DNA precipitate was dispensed

dropwise allover the cells and mixed gently by rotating the plate. For the production

of viral supernatant (VSN), medium was exchanged with 6 ml of fresh medium after

14-16 h incubation. Afterwards VSN was harvested after 8, 24 and 32 h and stored

at 4◦C. After the first and second harvesting, 6 ml of fresh medium were added.

All 3 VSNs were pooled, centrifuged for 5 min at 4◦C and 1,500 rpm and filtered

through 0.45 µm. The VSN was stored in liquid nitrogen at 1 ml aliquots.

2.2.14 Infection

Regular Infection

The infection was performed on retronectin-coated 24-well non-treated cell culture

plates. Retronectin (Takara) is used to increase the retroviral gene transduction into

mammalian cells. It probably mediates the co-localisation of retroviral particles and

target cells. 200 µl of 0.2x retronectin per well were incubated for 1 h at RT. The

wells were washed twice with PBS (v.s. section 2.1.3), blocked with 2 % BSA/PBS
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for 30 min at RT and washed again with PBS. The wells were filled with PBS and the

plate was stored at 4◦C until infection. Target cells were plated on the retronectin-

coated 24-well plate and cultivated O/N. Thereby, BA/F3 and U937 were seeded

at 1 x 105 cells/well, NIH3T3 at 3 x 104 cells/well and primary bone marrow cells

at 1-2 x 105 cells/well. For infection 4 µg/ml polybrene and the required cytokines

were added to VSN. No polybrene was used for primary bone marrow cell infection.

Polybrene, a low molecular weight cationic polymer, is used to enhance transduction

by mediating charge shielding between target cell and virus (Davis et al., 2004). For

cell infection, medium was aspired and a centrifugation was performed with 500 µl

of VSN per well. The cell lines were centrifuged for 45 min at 32◦C and 2,500 rpm

and primary cells at 2,200 rpm. The incubation was performed for at least 3 h at

37◦C, 5% CO2 and 95% H2O before the next infection round. This second round

was executed without polybrene and the incubation was performed O/N. The third

infection was identical to the first round. After 3 h incubation, VSN was discarded

and fresh medium was added. The target cells were cultured 48-72 h before the

infection efficiency was determined by light microscopy or FACS measurement and

before the execution of experiments.

Infection with Virus-Coated Plates

Retronectin-coated 24-well non-treated cell culture plates (v.s. Regular Infection)

were loaded with 200 µl of VSN per well and centrifuged for 15 min at 15◦C and

4,000 rpm. The supernatent was discarded and the procedure was repeated 2-3x.

No polybrene was used. The wells were washed once with PBS. The target cells

were plated (v.s. Regular Infection) and incubated for 1-2 d at 37◦C, 5% CO2 and

95% H2O.

Selection of Cellines

A puromycin selection was perform to establish stable cell clones. The cells were

thereby transduced with pLKO.1-derived lentivirus, which contains a puromycin

resistance. For selection, the cells were cultivated with 1.5 µg/ml puromycin for 6 d.

The infection efficiency was tested and the cells were propagated, frozen and stored

in liquid nitrogen.
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2.2.15 Cell Treatment

For cell induction or inhibition the following substances were used:

Tab. 2.3: Activators and Inhibitors.

Name Conc. Stimulation Effect
EGF 25-50 ng/ml 5, 30 min Ind. of Erk1/2 phosphorylation

Ind. of Akt phosphorylation
Ind. of C-fos expression

Forskolin 10 µM 5 min Ind. of PKA and PKG
KT5720 (PKA) 952 nM 30 min Inh. of PKA
KT5823 (PKG) 2 µM 30 min Inh. of PKG
MG132 10 µM 16 h Inh. of proteasomal degradation
Thapsigargin 300 µM 6 h Ind. of TFII-I expression

Induction of Cells with PMT Expression

In the U937 clones PLZF/RARα, PML/RARα and AML1/ETO, the expression of

the fusion proteins is under control of a metal-inducible metallothionein promoter

(PMT ). The expression was induced by addition of 100-200 µM ZnSO4 for 6-16 h.

U937 MT cells, mock transfected, were used as a control.

2.2.16 Cell Harvesting

For adherent cell harvest, the cells were washed with PBS (v.s. section 2.1.3).

Afterwards the cells were detached either by trypsin/EDTA treatment or with the

cell scraper. Trypsin/EDTA was equally distributed allover the cells. The plate

was incubated for 5 min at 37◦C, 5% CO2 and 95% H2O until detachment. Fresh

medium was added to stop the reaction. The cells were resuspended and sedimented

for 5 min at 4◦C and 1,200 rpm. For the second detachment method, 500 µl of

PBS were added to a 100 mm dish. The cells were dissociated with a cell scraper,

resuspended in PBS and centrifuged for 5 min at 4◦C and 1,200 rpm. In both cases

the cells were afterwards washed with PBS and sedimented again. The cell pellet

was supplemented with the protease and phosphatase inhibitor mix, frozen in liquid

nitrogen and stored at -80◦C. Suspension cells were sedimented for 5 min at 4◦C and

1,200 rpm and washed with PBS. The cell pellet was supplemented with the protease

and phosphatase inhibitor mix, frozen in liquid nitrogen and stored at -80◦C.
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2.2.17 Isolation of RNA

The isolation of RNA was performed with RNeasy Mini Kit (Qiagen) according to

the manufacturer’s instructions. The the cells were thereby counted and harvested.

After the washing, the cells were resuspended in the appropriate volume of RLT

buffer (RNA later), frozen in liquid nitrogen and stored at -80◦C until further pre-

paration. The elution from the membrane of the column was executed twice with

36 µl of dH2ODEPC (v.s. section 2.1.3).

2.2.18 RNA and Protein Isolation with peqGOLD TriFastTM

PeqGOLD TriFastTM (Peqlab) was used according to the manufacturer’s instructions

to isolate RNA and protein simultaneously from the cells. The cells were counted

and 5-10 x 106 cells were resuspended in 1 ml of peqGOLD TriFastTM. Afterwards

the cells were frozen in liquid nitrogen and stored at -80◦C until further use.

2.2.19 Quantitative Real-Time PCR (qRT-PCR)

The isolated RNA was further purified by DNase I, RNase-free (Fermentas) treat-

ment:

DNase I composition:

36 µl RNA

3 µl 10x reaction buffer with MgCl2

1.6 u DNase I, RNase-free

64 u RiboLockTM RNase Inhibitor

The incubation was performed for 30 min at 37◦C. The reaction was finished by

addition of 5 mM EDTA for 10 min at 65◦C. The RNA concentration was determi-

ned via NanoDropr measurement. Afterwards Moloney Murine Leukaemia Virus

Reverse Transcriptase (M-MLV RT) (Invitrogen) was used for cDNA synthesis:
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M-MLV RT composition (3x):

4.5 µg RNA

ad 19.5 µl dH2ODEPC

15 µl dNTPs, each 2mM

1.5 µl random hexamer primer [d(N)6 ]

→ 5 min, 65◦C

12 µl 5x First-Strand Buffer

6 µl DTT (0.1 M)

120 u RiboLockTM RNase Inhibitor

→ 10 min, RT

600 u M-MLV RT

→ 50 min, 37◦C

→ 15 min, 70◦C

⇒ 60 µl cDNA

The cDNA was stored at -20◦C until further use. The qPCR primer were designed

with the Universal ProbeLibrary (Roche) and the qPCR reaction was executed with

the Fast SYBRr Green Master Mix (Invitrogen):

4x qPCR composition:

2 µl upstream primer (5 pmol/µl)

2 µl downstream primer (5 pmol/µl)

40 µl 2x Fast SYBRr Green Master Mix

ad 76 µl ddH2O

4 µl cDNA or ddH2O for no template control (NTC)

The samples were loaded in triplicates onto a 96-well plate. Additionally, a no

template control (NTC) was loaded for each primer pair. The PCR reaction was

performed in a Mx3000P QPCR System (Agilent) with the MxPro QPCR Software

(Agilent) and the experiment type SYBRr Green (with Dissociation Curve).
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qPCR conditions:

Segment 1, 1 Cycle: 95 ◦C 15 min

Segment 2, 40-52x Cycles: 95 ◦C 15 sec

60 ◦C 20 sec → Endpoint data collection

72 ◦C 15 sec

Segment 3, 1 Cycle: 95 ◦C 1 min

55 ◦C 30 sec
... → All points data collection

95 ◦C 30 sec

For evaluation of the fold change Ct values were exported to a Microsoft Excel

worksheet. The calculation was performed via the comparative Ct method. The

60S ribosomal L27 housekeeping gene was used for normalisation with the 2−∆∆Ct

method.

2.2.20 RNA interference (RNAi)

The knockdown of murine PI4Kα was achieved by RNA inteference (RNAi) with

shRNAs. The following MISSIONr shRNA Plasmid DNA (Sigma-Aldrich) in the

pLKO.1 vector was used for PI4Kα knockdown experiments:

shRNA Sequence (5’→3’)

shmPI4Kα 2 CCGGCCAGTTTATTTGGAACATGAACTCGAGTTCATGT

TCCAAATAAACTGGTTTTTG

The shRNA against PI4Kα is commercially distributed and is designated as valida-

ted by Sigma-Aldrich. In order to confirm the knockdown ability of the lentiviral

shRNA against murine PI4Kα, the shRNA was propagated in 293T cells (v.s. 2.2.13)

and used for knockdown experiments in murine BA/F3 cells. During the experiment

BA/F3 cells were transduced with the shmPI4Kα 2 directed against murine PI4Kα
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and with the pLKO.1-puro non-target shRNA (SHC016) (Sigma-Aldrich) as a ne-

gative control (v.s. subsection 2.2.14). RNA and protein samples were collected two

days after the infection and two days after the puromycin selection, which in turn

was started two days after the infection. The puromycin selection enriches positive

infected cells. Hence, the knockdown efficiency of the shRNA could be determined

superiorly. The shmPI4Kα 2 caused two days after the infection as well as two days

after the puromycin selection a more than 50% knockdown of the murine PI4Kα

transcript and was used for the knockdown experiments in murine Lin− cells.

2.2.21 Protein Isolation

SDS Cell Lysis

For the SDS cell lysis the frozen cell pellets were thawn on ice. The cells were lysed

with 5x volume of SDS lysis buffer (v.s. section 2.1.3) for 30 min at RT in a tube

rotator. The concentration was determined by NanoDropr measurement.

RIPA Cell Lysis

The cells were thawn on ice and lysed with 400 µl of RIPA lysis buffer (v.s. section

2.1.3) per 100 mm cell culture dish. The cells were either incubated for 30 min at

RT in a tube rotator or 4x alternately frozen for 30 sec in liquid nitrogen and thawn

for 5 min at 37◦C. Cell debris was removed by centrifugation for 15 min at 4◦C and

8,000 rpm. The supernatant was transfered to a new reaction tube and the protein

concentration was measured by Bradford analysis.

Cell Fractionation

To analyse nuclear and cytoplasmic proteins seperately a cell fractionation was per-

formed. Adherent cells of a 150 mm dish or at least 35 ml of suspension cells were

harvested, were washed twice with PBS (v.s. section 2.1.3) and were resuspended in

1 ml or 500 µl of buffer A (see section 2.1.3), respectively. The cells were incubated

for 20 min on ice and mixed for 20 sec on a vortexer. Afterwards the cells were

sedimented for 3 min at 4◦C and 4,000 rpm. The supernatant was transfered to a

new reaction tube, centrifuged again and stored as cytoplasmic extract. The pellet,

containing the nuclei, was washed twice in 250 µl of PBS and resuspended in 80 µl
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of RIPA lysis buffer (v.s. section 2.1.3). The incubation was performed for 40 min

at RT in a tube rotator. Afterwards the sample was centrifuged for 7 min at 4◦C

and 13,300 rpm. The supernatant was transfered to a new reaction tube and stored

as nuclear extract. To examine nuclear matrix-associated proteins the nuclear pellet

was incubated in 30 µl of SDS lysis buffer (v.s. section 2.1.3) for 45-55 min at RT in

a tube rotator and stored as nuclear matrix extract. The protein concentration was

determined by NanoDropr measurement for SDS samples and by Bradford analysis

for RIPA samples.

2.2.22 Determination of the Protein Concentration

Spectrophotometer Analysis

The determination of the protein concentration was performed with a NanoDropr

ND-1000 spectrophotometer and the Protein A280, Sample Type: IgG of the

NanoDropr software V3.0.1. For measurement 1 µl of the protein sample was

applied to the NanoDropr pedestal. The respective lysis buffer was used for blank

measurement.

Bradford Analysis

To determine the protein concentration via Bradfort analysis 2 µl of the protein

sample or pure lysis buffer for blank were applied to a semi-micro cuvette. After-

wards, 100 µl of 0.15 M NaCl and 898 µl of the Bradford solution (v.s. section 2.1.3)

were added and mixed. The absorption was measured with a spectrophotometer at

595 nm and the concentration was calculated with a BSA calibration series from

1-16 µg/µl. During the Bradford assay the red variant of Coomassie Brilliant Blue

with an absorption maximum at 470 nm shifts under acidic conditions to its blue

form with an absorption maximum at 595 nm. The acidic form binds proteins and

thereby is stabilised. The protein concentration can be estimated by absorption

measurement of the dye/protein complexes at 595 nm.
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2.2.23 Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-

phoresis (SDS-PAGE)

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was

used for the electrophoretical protein separation. For that purpose, Lämmli’s dis-

continuous tris-glycine buffer system was used (Lämmli, 1970), with a 5% stacking

gel (pH 6.8) and 6-17% resolving gels (pH 8.8). Hand cast of the gels and electro-

phoretic run were executed with the Mini-PROTEAN Tetra system (Bio-Rad).

Tab. 2.4: Tris-glycine gel composition.

Material 5% Stacking gel 8% Resolving gel
dH2O 3.5 ml 4.6 ml

Acrylamid/bisacrylamid 30% (37.5:1) 830 µl 2.6 ml
1.5 M Tris, pH 8.8 - 2.6 ml
1 M Tris, pH 6.8 630 µl -

20% SDS 25 µl 50 µl
10% APS 50 µl 100 µl
TEMED 5 µl 6 µl

Σ 5 ml 10 ml

For the SDS-PAGE, 50 µg of total protein were loaded per sample. The protein

sample was mixed with 3x SDS loading buffer (v.s. section 2.1.3) and denatured

for 5 min at 95◦C. Additionally, a protein standard was applied, PageRulerTM Pres-

tained Protein Ladder or Prestained Protein Molecular Weight Marker. For the

electrophoretical run 120V were applied for 1-2 h.

2.2.24 Western Analysis

The separated proteins were transfered to a PVDF membrane per semi-dry blot. The

gels were equilibrated in transfer buffer (v.s. section 2.1.3) for at least 30 min on an

incubation shaker. The PVDF membrane was hydrated for 1 min in methanol and 2

min in H2O. Afterwards, thick filter paper and PVDF membrane were incubated in

transfer buffer for at least 10 min. The semi-dry blot was performed with a Trans-

Blot SD semi-dry transfer cell (Bio-Rad) for 35-50 min at 25V. Subsequently the

protein standard bands were marked. For transfer control the membrane was stained

with Ponceau S (v.s. section 2.1.3) for 10 min at RT on an incubation shaker. The

membrane was destained with H2O until appearance of the protein bands. For total
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destaining the membrane was washed in TBS-T (v.s. section 2.1.3).

2.2.25 Protein Immunodetection

For immunodetection the membrane was blocked in 5% skim milk (SM) or 5% bovine

serum albumin (BSA) in TBS-T (v.s. section 2.1.3) for at least 30 min at RT on an

incubation shaker. Incubation with the respective primary antibody was performed

O/N at 4◦C under agitation. The antibodies were diluted in 0.5% or 5% SM or 5%

BSA. Afterwards, the membrane was washed 3x in TBS-T for 10 min at RT on an

incubation shaker to remove supernumerous antibody. The membrane was incubated

with the secondary antibody for at least 2 h at RT under agitation. The secondary

horse radish peroxidase (HRP)-tagged antibody was diluted 1:8,000 in 0.5% SM.

Afterwards the membrane was washed 3x in TBS-T for 10 min at RT under shaking

to remove non-specifically bound antibody. Detection of the bound antibodies was

performed with ECL Plus or ECL Prime (Amersham). The membrane was thereby

incubated with the chemiluminescent substrate for 5 min at RT. The exposure was

performed via x-ray film or the VersaDoc (Bio-Rad) for the respective time intervals

depending on signal intensity.

2.2.26 Membrane Recovery

To detect proteins with another antibody the membrane was washed 5 min in TBS-

T (see chapter 2.1.3) after ECL detection. Afterwards the membrane was incubated

in stripping buffer (v.s. section 2.1.3) for 30 min at 60◦C in a water bath under

agitation. The membrane was washed 3x in TBS-T for 10 min at RT under shaking.

Thereafter the membrane was used for another immunodetection (v.s.).

2.2.27 Glutathione S-Transferase (GST) in vitro Binding

Propagation of GST Fusion Protein

At first a plasmid coding for a glutathione S-transferase (GST) fusion protein was

propagated in E. coli. For that purpose, 50 ml of LBAmp (v.s. section 2.1.3) were

inoculated with 1 colony containing the designated construct. Incubation was per-

formed O/N at 37◦C at 200 rpm. The culture was transfered to 1 l of LBAmp and
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cultivated until an A550 = 0.5-1.0. The GST fusion protein expression was induced

with 1 mM IPTG (v.s. section 2.1.3) for 4 h at 37◦C and 200 rpm. The cells were

sedimented at 100 ml with a Sorvall GSA Rotor for 15 min at 4◦C and 5,500 rpm.

The cell pellet was resuspended in 20 ml of PBS (v.s. section 2.1.3), supplemented

with protease inhibitors and 400 µl of lysozyme (1 mg/ml) and incubated for 60

min on ice. Afterwards 50 ml of 0.2% Triton X-100 and 70µl of DNaseI and RNase

(5 µg/ml) were added. The incubation was performed for 20 min at 4◦C in a tube

rotator. Afterwards the cell extract was centrifuged for 30 min at 4◦C and 3,000g.

The supernatent was filtrated through 0.45 µm and supplemented with 1 mM DTT

(v.s. section 2.1.3). Protinor Glutathione Agarose 4B (Macherey-Nagel) beads

were washed twice in 10x volume of ice-cold PBS and centrifuged for 5 min at 4◦C

and 500g. Subsequently, 20 ml of the GST fusion protein supernatant were supple-

mented with 1 ml of 50% Protinor Glutathione Agarose 4B and incubated O/N at

4◦C. The beads were sedimented for 5 min at 4◦C and 500g and washed 3x with 1

ml of ice-cold PBS to remove non-bound proteins. The GST fusion protein amount

was determined via a 10% SDS-PAGE. 25-30 µl of GST fusion protein slurry and a

BSA standard series (0.5-15 µg) were loaded on the gel for that matter. The GST

fusion protein were eluted from the beads before loading via denaturation for 5 min

at 95◦C. The remaining beads were stored in 1 ml of PBS at 4◦C.

Preparation of the Putative Binding Partner

The putative binding partners were synthesised via in vitro translation with the

TNTr Quick Coupled Transcription/Translation System (Promega):

In vitro transcription/translation (IVT) composition:

4 µl TNTr Quick Master Mix

1 µl Methionine (1 mM)

1 µg plasmid DNA with PT7

ad 50 µl Nuclease-Free Water

The reaction was performed for 90 min at 37◦C. For input 1.5 µl of IVT were mixed

with 3 µl of SDS loading buffer (v.s. section 2.1.3). The remaining IVT was used

for the GST in vitro binding.
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GST in vitro Binding

For the GST in vitro binding 20 µg of GST-mock beads or equimolar amounts of

the GST fusion protein beads were mixed with 1 IVT. GST lysis buffer (v.s. section

2.1.3) was added ad 1 ml. The binding reaction was executed for 2 h at 4◦C in a tube

rotator. The beads were centrifuged for 2 min at 4◦C and 13,300 rpm and washed

3x with 1 ml of ice-cold GST lysis buffer (1 min, 4◦C, 13,300 rpm). Afterwards, the

beads were resuspended in 50 µl of 3x SDS loading buffer (v.s. section 2.1.3). The

bound proteins were eluted for 5 min at 95◦C and centrifuged for 2 min at 4◦C and

13,300 rpm. For analysis, 30 µl of the supernatant were applied together with the

input to a 10% SDS-PAGE. Western analysis and immunodetection with the respec-

tive antibodies were performed to detect the binding partners. GST fusion proteins

were detected via either Western analysis or Coomassie Brilliant Blue staining.

2.2.28 Coomassie Brilliant Blue Staining

For Coomassie Brilliant Blue staining the gels were incubated in Coomassie Blue

staining solution (see chapter 2.1.3) after SDS-PAGE or semi-dry blotting. The

incubation was performed for at least 1 h. For destaining the gels were incubated for

2 h to O/N in Coomassie Blue destaining solution (see chapter 2.1.3) with scientific

cleaning wipes. Subsequently the gels were dried with Gel Drying Films (Promega)

according to manufacturer’s protocoll.

2.2.29 Co-Immunoprecipitation (CoIP)

Regular Co-Immunoprecipitation

The cells were lysed with RIPA lysis buffer (v.s. section 2.1.3). At first 500-750 µg of

protein were diluted in 500 µl of RIPA and supplemented with 1 µg of normal IgG.

For equilibration, the Protein G Plus/Protein A Agarose Suspension (Merck) was

washed 3x with RIPA (1 min, 13,000 rpm). For preclearing, 30 µl of equilibrated

G/A agarose beads were added and incubated for 30 min at 4◦C in a tube rotator.

Afterwards, the beads were sedimented for 5 min at 4◦C and 5,000 rpm. The pellet

was discarded and the supernatant was mixed with 1 µg of the specific antibody and

incubated O/N at 4◦C in a tube rotator. For the negative control, the supernatant
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was mixed with the respective normal IgG instead of the antibody. 30 µl of the

equilibrated G/A agarose beads were added to each sample and incubated for 2 h at

4◦C in a tube rotator. The beads were centrifuged for 5 min at 4◦C and 5,000 rpm

and washed twice with 500 µl of RIPA. Subsequently, the beads were resuspended

in 25 µl of SDS loading buffer (v.s. section 2.1.3). The samples and 10% input were

denaturated for 5 min at 95◦C. The samples were centrifuged for 5 min at 4◦C and

5,000 rpm to remove the beads. Finally, the samples and 10% input were examined

via SDS-PAGE and Western analysis.

Co-Immunoprecipitation with the Anti-HA Affinity Matrix (Roche)

For the co-immunoprecipitation with the Anti-HA Affinity Matrix (Roche) cells

expressing an HA-tagged protein were lysed with RIPA lysis buffer (v.s. section

2.1.3). The matrix was equilibrated by two washing steps with RIPA buffer (1 min,

8,000 rpm). For the co-immunoprecipitation, 600 µg of total protein were diluted in

500 µl of RIPA, supplemented with 30 µl of the equilibrated beads and incubated

O/N at 4◦C in a tube rotator. The beads were sedimented for 5 min at 4◦C and

8,000 rpm and washed 3x with RIPA. Finally, they were resuspended in 25 µl of SDS

loading buffer (v.s. section 2.1.3). In preparation for SDS-PAGE the samples and

10% input were denaturated for 5 min at 95◦C. The samples were centrifuged again

to remove the matrix and loaded together with the input on a gel. The examination

was performed via Western analysis.

2.2.30 Fluorescence Microscopy

For fluorescence microscopy, adherent cells (e.g. NIH3T3) were transfected. After

24 h cultivation the cells were grown on coverslips in 24-well plates and washed

with PBS. Suspension cells like U937 were transfered to microscope slides via the

cytospin filter method from Heraeus. 1 x 105 cells were resuspended in 250 µl of

PBS (v.s. section 2.1.3). Two 0.75 ml microtubes were placed in a cyto-container.

A filter card was placed between the microscope slide and the cyto-container in the

clip carrier. The cells were applied to a 0.75 ml microtube and centrifuged for 5

min at RT and 800 rpm. The cells on the microscope slides were dried for 30 min

at RT and surrounded with a Dako Pen to create a barrier to solutions. For the
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immunostaining, the cells were fixed with 3.7% paraformaldehyde (PFA) in PBS

for 15 min at RT. Afterwards they were incubated twice with 0.1 M glycine/PBS

for 10 min and 0.1% NP-40/PBS for 5 min at RT. This was followed by a PBS

washing step. The blocking was performed with 5% FCS in 0.1% NP-40/PBS for 45

min at RT. The primary antibody was diluted in 5% FCS/ 0.1% NP-40/PBS and

applied for 45 min at 37◦C. For negative control 5% FCS/ 0.1% NP-40/PBS was

added without antibody. After the incubation, the cells were washed 3x with 5%

FCS/ 0.1% NP-40/PBS. The secondary antibody was labeled with the fluorescent

dye Alexa647 or Alexa488. The antibody was diluted in combination with the

fluorescent dye Hoechst33342 for DNA staining 1:1,000 and 1:2,500 in 5% FCS/

0.1% NP-40/PBS, respectively. The incubation was executed in the dark for 45 min

at 37◦C. Subsequently the cells were washed 3x in 0.1% NP-40/PBS for 5 min at

RT. The slides or coverslips were dipped 3x in PBS and 1x in dH2O. At last the

cells were mounted with Mowiol. 5 µl of Mowiol were applied to the slides and the

coverslips were laid blister-free on the slides with Mowiol. Before analysis the slides

were stored at least for 16 h at 4◦C for settlement of the coverslips. Fluorescence

microscopy was performed with a BD PathwayTM 855 system and the Atto Vision

software (BD, Heidelberg). Confocal images were also acquired with a Leica DM

IRE2 / SP2 (Leica Microsystems, Wetzlar).

Cell Labeling with SNAP-Cellr TMR-Star (NEB)

Cells were treated as described in chapter 2.2.30. Before fixation the cells were

labeled with 3 µM SNAP-Cellr TMR-Star (NEB #S9105S) in medium for 30 min

at 37◦C according to the manufacturer’s instructions. Afterwards, the cells were

fixed and experiments were continued as mentioned before (see chapter 2.2.30).

2.2.31 Immunostaining for FACS Analysis

For the immunostaining procedure for FACS analysis 2 x 106 cells per sample were

harvested, transfered to a flow cytometry tube and sedimented for 10 min at 300g.

They were fixed in 1 ml of 2% PFA for 10 min at RT and washed in 1 ml and

3 ml of PBS (v.s. section 2.1.3). The brakeless centrifugation was performed for

5 min at RT and 1,800 rpm. Finally, the cells were slowly supplemented with 1
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ml of ice-cold 95% MeOH on a vortexer and incubated on ice for 20 min. Until

further use the samples were sealed with parafilm and stored at -20◦C. The cells

were supplemented with 2 ml of PBS and centrifuged for 5 min at RT and 2,500 rpm

without brake. Afterwards, they were washed twice with PBS, were resuspended

in 500 µl of FACS Rehydration/Staining buffer (v.s. section 2.1.3), were vortexed

and were incubated for 1 h at 4◦C. A centrifugation was performed for 5 min at

RT and 2,500 rpm without brake. Subsequently, 50 µl of the P-Erk1/2 antibody

(1:100 in FACS Rehydration/Staining buffer; 9101, NEB) were added to the cell

pellet and incubation was performed for 30 min at RT. For the negative control

only 50 µl of FACS Rehydration/Staining buffer were used. Then 1 ml of FACS

Rehydration/Staining buffer was added and the cells were sedimented for 5 min at

RT and 2,500 rpm without brake. For the incubation with the secondary antibody

50 µl of anti-rabbit IgG-PerCP (1:20 in FACS Rehydration/Staining buffer; SC-

45090, Santa Cruz) were added to the cell pellet for 30 min at RT in the dark.

Afterwards, the samples were mixed with 2 ml of PBS and centrifuged for 5 min at

RT and 2,500 rpm without brake. Finally, the cells were resuspended in 200 µl of

PBS and evaluated by FACS measurement. 1-2 x 105 cells were thereby measured

with channel Fl-3 for PerCP.

2.2.32 Fluorescence-Activated Cell Sorting (FACS)

For fluorescence-activated cell sorting (FACS), 0.1-1 x 106 cells were harvested, were

washed in PBS (v.s. section 2.1.3) and were fixated with 2% or 3.7% PFA. The

measurement was performed with a BD FACSCaliburTM and the FCS Express V3

software (De Novo Software, Los Angeles, USA) was used for examination.

2.2.33 Dual Luciferase Assay (Promega)

The reporter assay was performed using the Dual-Luciferaser Reporter Assay Sys-

tem (Promega). Thereby, a promoter activity is measured via expression and activity

of the firefly luciferase reporter. During the assay also the Renilla luciferase expres-

sion and activity is measured from the same sample. For the assay 1 x 105 NIH-3T3

cells per well were seeded in a 24-well plate and cultivated O/N. The cells were

transfected in triplicates with the following constructs in different combinations:
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Transfection constructs for Dual Luciferase Assay:

244 fmol pGL3-cfos-short, pGL3-Basic or pGL3-Control

75 fmol pRL-TK

216 fmol pC3-mock or pC3-TFII-I∆

108 fmol pC3-mock, pC3-PLZF/RARα or pC3-PML/RARα

Thereby, pRL-TK contains the Renilla luciferase under control of the PTK . The

pGL3 constructs contain the firefly luciferase gene. The pGL3-Control vector served

as a control for the transfection efficiency and an internal control and the pGL3-

Basic as a negative control. In the pGL3-cfos-short firefly luciferase is under control

of a truncated human Pc−fos. After 19 h fresh medium was added and the cells

were cultivated for 8 h. Then serum starvation was performed with 0.5% FCS

DMEM for 40 h. Afterwards, the cells were serum induced with 10% FCS DMEM

for 45 min. The cells were washed twice with PBS (v.s. section 2.1.3) and lysed

with 100 µl of Passive Lysis Buffer (PLB) (Promega) for 30 min at RT on an

incubation shaker. The lysates were transfered to a 96-well plate and centrifuged

for 5 min at 4◦C and 1,200 rpm to remove cell debris. Afterwards, 20 µl per sample

were applied to a white 96-well plate and centrifuged for 5 min at 4◦C and 1,200

rpm. In parallel, Luciferase Assay Buffer II and Stop & Glor Buffer/Substrate

(Promega) were prepared and warmed up to RT. The samples were analysed with

the Mithras LB 940 multimode microplate reader and the Microwin 2000 software

(Bethold Technologies), program: DLR50µl.par. The data were exported in Excel

(Microsoft) format. The firefly/Renilla ratios of the pGL3-cfos-short and pGL3-

Basic samples were normalised to the ratios of pGL3-Control and triplicates were

averaged.

2.2.34 Mouse Preparation

Bone Marrow

All work was accomplished at RT. C57BL6-J mice were narcotised with Isofluran

and killed by cervical dislocation. The mice were sprayed with 70% EtOH for

desinfection. Afterwards, the hindlimbs were cut off above the hip joint. Skin and

flesh of femora and tibiae were removed with a paper towel and stored in cell buffer



2. Material and Methods 100

(v.s. section 2.1.3) on ice. Under a laminar flow clean bench, femora and tibiae were

separated and the end of the bones were cut with a scalpel. The bones were flushed

with cell buffer, a syringe and a 26G needle to gain the bone marrow (BM). The

BM of 5 mice was collected in 45 ml of cell buffer in a 50 ml falcon and sedimented

for 10 min at 4◦C and 300g. Then it was resuspended carefully in 5 ml of cell buffer

with a syringe and needle. To remove large particles, the cells were passed through

a 30 µm Pre-Separation Filter (MACS). The filter was washed with 10 ml of cell

buffer. The cells were centrifuged for 10 min at 4◦C and 300g and resuspended in

2 ml of MACS buffer (v.s. section 2.1.3). Cell number was determined and each

1 x 107 cells were resuspended in 40 µl of MACS buffer. To deplete mature BM

cells and isolate Lin− cells, a magnetic cell sorting was performed with the mouse

Lineage Cell Depletion Kit, the MidiMACSTM Separator and LS Columns (MACS)

according to manufacturer’s instructions. The cell number was determined and each

2 x 106 cells were cultivated in 1 ml of DMEM + 10% FCS + 1% Pen/Strep + 1%

L-Glutamine + 20 ng/ml Il-3 + 20 ng/ml Il-6 + 100 ng/ml SCF in a 24-well plate

for 2 d at 37◦C, 5% CO2 and 95% H2O.

Spleen

For the spleen preparation, the mice were treated as for BM isolation (v.s.). The

visceral cavities of the dead mice were cut open and the spleens were removed with

foreceps. The spleens were cut in half. One half was stored in 5% formalin and

mounted and the other half was used for cell isolation. The spleen was thereby

mashed through a 40 µm Cell Strainer (BD) with the plunger of an 1 ml syringe.

The strainer was washed with cell buffer (v.s. section 2.1.3) and the cells were

cultivated in 1 ml of DMEM + 10% FCS + 1% Pen/Strep + 1% L-Glutamine + 20

ng/ml Il-3 + 20 ng/ml Il-6 + 100 ng/ml SCF at 37◦C, 5% CO2 and 95% H2O.

2.2.35 Infection of Primary Mouse Cells

For primary bone marrow cells three infection rounds were performed. For this, the

cells were infected with retrovirus and lentivirus (v.s. Retroviral Production and

Lentiviral Production). The infection with lentiviral supernatant was performed

in a S2 laboratory. The first infection equates to the infection with virus-coated
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plates (v.s.). For double infections the viral supernatants were added alternately.

Next day the two additional infections were performed. The cell supernatant was

thereby aspired except for 100 µl and instead 500 µl of VSN with the respective

cytokines were added. Here, for double infections the viral supernatants were mixed.

The centrifugation was performed for 45 min at 32◦C and 2,000 rpm. Between the

infection rounds the cells were incubated for 3 h and after the third round incubation

was performed O/N. The VSN was discarded and fresh DMEM + 10% FCS + 1%

Pen/Strep + 1% L-Glutamine + 20 ng/ml Il-3 + 20 ng/ml Il-6 + 100 ng/ml SCF

was added. Afterwards, the infected cells were cultivated at 37◦C, 5% CO2 and 95%

H2O and used for further experiments.

2.2.36 Colony Assay in Semi-solid Medium

At first, murine haematopoietic Lin− cells were infected with shPI4Kα, PI4Kα and

PLZF/RARα virus (v.s. Infection of Primary Mouse Cells). The infection efficiency

was evaluated by FACS measurement of the GFP or LNGFR expression. The cells

were seeded in duplicates at 5 x 104 cells in 1 ml of MethoCultr GF M3534 (Stem-

Cell Technologies) methyl cellulose with cytokines and cultivated at 37◦C, 5% CO2

and 95% H2O. Every 9-10 d the cells were replated. Thereby, the colonies were coun-

ted and photographed. The cells were resuspended in liquid medium and counted.

Again duplicates were seeded at 5 x 104 cells in 1 ml of methylcellulose. After the

first replating TriFastTM samples were taken. The cells were replated until growth

arrest. During the replatings further experiments were performed concerning the cell

surface markers and morphological aspects (described further below). The number

of replatings provides information about the differentiation status of the cells and

their stem cell capacity. Thereby, less replatings represent a more mature state,

while more replatings stand for a higher stem cell status.

2.2.37 G/GM-CSF Induced Cell Differentiation

To induce differentiation, infected Lin− cells were cultivated in DMEM + 10% FCS +

1% Pen/Strep + 1% L-Glutamine + 20 ng/ml Il-3 + 20 ng/ml Il-6 + 100 ng/ml SCF

with and without 60 ng/ml G-CSF and 20 ng/ml GM-CSF. After 9 d, differentiation

was evaluated by flow cytometrical cell differentiation analysis and May-Grünwald-
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Giemsa staining (v.i.).

2.2.38 Flow Cytometrical Cell Differentiation Analysis

For the flow cytometrical cell differentiation analysis, about 2 x 106 infected murine

cells per sample in 200 µl of medium were supplemented with 50 µl of the antibody

solutions against the differentiation markers. The solutions consist of 1.25 µl of anti-

body 1 and 1.25 µl of antibody 2 ad 50 µl of PBS, except the antibodies mTer119-PE

and Isotype control IgG2a-PE. These antibodies were diluted 1.25 µl of mTer119-PE

ad 50 µl of PBS and 20 µl of Isotype control IgG2a-PE ad 50 µl of PBS, respectively.

Antibody combinations:

Fl-2: Fl-3:

mMac-1-PE + mGr-1-PerCP-y5.5

mSca-1-PE + mC-kit-PE-Cy7

mB220-PE + mC-kit-PE-Cy7

mFlk-2-PE + mC-kit-PE-Cy7

mTer119-PE

Isotype control IgG2a-PE

Isotype control IgG2b-PE + Isotype control IgG2b-PE-Cy7

The incubation of the cell/antibody solutions was performed for 30 min at 4◦C.

Afterwards, the cells were centrifuged for 5 min at 4◦C and 1,200 rpm. The super-

natant was discarded and the cells were fixed via addition of 250 µl of 2% PFA and

stored at 4◦C in the dark. The FACS measurement for Fl-2 and Fl-3 was performed

with a BD FACSCaliburTM. Data analysis was executed with the FCS Express V3

software (De Novo Software, Los Angeles, USA).

2.2.39 May-Grünwald-Giemsa Staining

For morphological analysis via May-Grünwald-Giemsa (MGG) staining, less than

7.5 x 105 infected mLin− cells were superimposed on a microscope slide per cytospin

(v.s. Fluorescence Microscopy). The cells were dried O/N at 4◦C and stained with

50% May-Grünwald in dH2O pH 6.8 in a Wheaton Glass Staining Dish (Thermo

Scientific) for 7 min at RT. The slides were washed with dH2O pH 6.8 and incubated
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in 10% Giemsa in dH2O pH 6.8 for 25 min at RT. After a washing step with dH2O

pH 6.8 the slides were dried O/N and stored at RT until microscopic analysis.

Microscopy was performed with a Leica DM LB, the DFC420 camera kit and the

Leica Application Suite. For removal of immersion oil after microscopy the slides

were incubated in xylene for 20 min at RT under a fume hood and dried at RT.

2.2.40 Validation of the Exogenic Transcripts in Primary

Mouse Cells

To confirm the expression of the exogenic transcripts in the murine haematopoietic

stem cells (HSC) after infection (v.s.) different methods were used:

FACS Analysis

The viral constructs used for infection contain the genes gfp (pinco) and ∆lngfr

(paulo). Expression of these reporters were analysed by immunostaining with an

PE-conjugated anti-LNGFR antibody and FACS measurement. For this purpose,

0.1-1 x 106 cells were washed with 1% FCS in PBS (v.s. section 2.1.3) and centrifuged

for 5 min at 4◦C and 1,200 rpm. Afterwards 10 µl of anti-CD271(LNGFR)-PE (BD)

were added to the cell pellet and incubated for 30 min at 4◦C in the dark. The cells

were washed with 2 ml of PBS and resuspended in 500 µl of PBS. Subsequently,

FACS measurement (v.s.) was performed with Fl-1 for GFP and Fl-2 for PE. These

data provide information about the infection efficiency of the pinco- and paulo-

derived virus.

TriFastTM

A TriFastTM RNA and protein isolation was performed to confirm the expression of

the exogenic transcripts directly via RT-PCR and Western analysis.

RT-PCR

For RNA level analysis RT-PCRs were executed as described above with the follo-

wing primer pairs (v.s. Table 2.1):
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Primer pairs for exogenic transcripts:

Transcript: Primer pair:

huPI4Kα (overexpression) - huPI4Kα 5’/huPI4Kα 3’

mPI4Kα (knockdown) - mPI4Kα 5’/mPI4Kα 3’

PLZF/RARα (overexpression) - PLZF-RARα fw/PLZF-RARα rev

L27 (internal control) - L 27 for/L 27 rev

The qPCR Segment 2 was performed for 52x cycles (see p. 89).

Western Analysis

The Western analysis was executed as described before. 50 µg of total protein per

sample were thereby loaded on a 8-17% gradient SDS polyacrylamide gel. The

immunodetection of the exogenic transcripts was carried out with the antibodies

RARα (Biomol) for PLZF/RARα detection, PI4KIIα and PI4Kα (Santa Cruz) for

human and murine PI4Kα detection and H2B (Santa Cruz) as a loading control.

The exposition was realised via the VersaDoc (Bio-Rad) or a X-ray film (Fujifilm).

2.2.41 INGENUITYr Pathway Analysis (IPA)

Pathway analyses were accomplished with the INGENUITYr pathway analysis

(IPA) software (Ingenuity Systems, Redwood City, USA). New protein data sets

were uploaded as Excel files and examined by core analyses.



Chapter 3

Results

3.1 Composition of the PLZF/RARα High Mole-

cular Weight Complexes

3.1.1 Identification of Putative PLZF/RARα Binding Part-

ners (Preliminary Work)

The leukaemic fusion proteins PLZF/RARα, PML/RARα and AML1/ETO form

high molecular weight complexes, which consist of fusion protein homomers and

other proteins (e.g. nuclear co-repressor (N-CoR)-histone deacetylase complex)

(Nervi et al., 1992; Benedetti et al., 1997; Grignani et al., 1998). These com-

plexes are essential for the leukaemic potential of the fusion proteins (Grignani et

al., 1999; Minucci et al., 2000; Lin & Evans, 2000). To identify further components

of the PLZF/RARα complex, Anita Seshire executed a new screening method using

tandem affinity purification (TAP) with TAP-tagged PLZF/RARα preliminary to

this work (Seshire, dissertation 2006).

Tandem Affinity Purification (TAP) (A. Seshire)

TAP-tagged PLZF/RARα was stably expressed in CD34+ KG-1 cells and purified

by tandem affinity purification (TAP). A TAP-mock served as negative control to

exclude unspecific binding partners. The TAP-tag consists of two protein A (Prot

A) portions, binding IgG, a Tobacco Etch Virus (TEV) protease cleavage site as well

as a calmodulin binding protein (CBP) (Fig. 3.1). In the first TAP step KG-1 cell

105



3. Results 106

Fig. 3.1: Tandem affinity purification of PLZF/RARα complex proteins in KG-
1 cells. The tandem affinity purification was executed with TAP-tagged PLZF/RARα
and KG-1 cell lysates. Thereby, potential PLZF/RARα binding proteins are isolated
by the two-step tandem affinity purification. The isolated proteins were separated per
gel electrophoresis. The protein lanes were cut and digested with trypsin. To identify
the potential PLZF/RARα binding partners, matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry and MASCOT, NCBI and SWISS PROT search were used.
To exclude unspecific binding the experiment was also performed with TAP-mock. The
shown protein gel, stained with Coomassie Blue, was prepared by A. Seshire. The binding
partners highlighted in grey were used for further analyses.

lysates with TAP-PLZF/RARα or TAP-mock were incubated with IgG beads and

eluted via TEV protease cleavage. The second affinity purification step was perfor-

med with calmodulin beads, followed by a competitive elution with EGTA. Puri-

fied PLZF/RARα or mock and respective bound proteins were subjected to SDS-

polyacrylamide gel electrophoresis (PAGE) and stained with Coomassie Blue (Fig.

3.1). Protein bands were cut, trypsin digested and analysed per matrix-assisted

laser desorption/ionization mass spectrometry (MALDI-MS) and the protein data-

bases MASCOT, NCBI and SWISS PROT. Proteins also purified with TAP-mock

were excluded as false positives. Finally, 22 putative PLZF/RARα binding partners
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could be identified (Fig. 3.1) and were used for further analyses.

3.1.2 PLZF/RARα Interaction Partners influence Cellular

Processes associated with Cancer Development.

INGENUITY Pathway Analysis

To identify global protein networks, which could be involved in PLZF/RARα-

derived leukaemogenesis, analyses were performed with INGENUITY pathway ana-

lysis (IPA) software (Ingenuity Systems) (Rajagopalan & Agarwal, 2005). 20 pro-

teins with a MOWSE score over 37 identified by the TAP-PLZF/RARα screen were

utilised for that matter (Tab. 3.1). Table 3.1 provides information about subcel-

lular localisation, protein type, the respective MOWSE scores and p-values of the

putative binding partners.

Tab. 3.1: Potential PLZF/RARα binding partners. The putative PLZF/RARα
binding partners were identified by tandem affinity purification with subsequent MALDI
mass spectrometry. All proteins were used for pathway analyses with the Ingenuity soft-
ware. TF - transcription factor, GPCR - G-protein coupled receptor.

Symbol a ID Location Type Mowse Score P-value
AASS Q9UDR5 Cytoplasm Enzyme 41 0.95
APC P25054 Cytoplasm Enzyme 40 1.00
CNP P09543 Cytoplasm Enzyme 46 0.26

CRABP2 P29373 Cytoplasm Transporter 38 1.70
DDX3X O00571 Nucleus Enzyme 38 1.90
DLC1 Q96QB1 Cytoplasm Other 43 0.55
DST O94833 Plasma Membrane Other 37 2.20

GCC2 Q8IWJ2 Cytoplasm Other 65 3.7E−3

GOLGB1 Q14789 Cytoplasm Other 49 0.13
TFII-I P78347 Nucleus TF 65 4.0E−3

IFT74 Q96LB3 Cytoplasm Other 42 0.69
IQGAP1 P46940 Cytoplasm Other 137 2.3−10

KIAA0196 Q12768 Cytoplasm Other 43 0.60
MSH3 P20585 Nucleus Enzyme 38 1.70
NPR3 P17342 Plasma Membrane GPCR 38 1.80

PANK4 Q9NVE7 Cytoplasm Kinase 38 1.70
PI4KA P42356 Cytoplasm Kinase 62 8.1−3

RAB23 Q9ULC3 Cytoplasm Enzyme 40 1.30
TRRAP Q9Y4A5 Nucleus TF 40 1.30
VASP P50552 Cytoplasm Other 54 0.05

aProteins in bold were used for further experiments.
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Fig. 3.2: Ingenuity pathway analysis of PLZF/RARα binding partners. All
potential binding partners of PLZF/RARα with a MOWSE score over 37, identified by
tandem affinity purification and MALDI-MS, were used to perform pathway analyses
with the Ingenuity software. The two identified networks (lower panel) were overlapped.
Proteins used for pathway analysis are shaded in grey.
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Tab. 3.2: Ingenuity pathway analysis - Protein functions. The putative
PLZF/RARα binding partners are associated with Diseases and Disorders, Molecular and
Cellular Functions, and Physiological System Development and Function. Thereby, the
proteins influence important cellular functions like cell cycle, cellular growth and prolife-
ration. Furthermore they are connected to cancer development and genetic disorders.

For IPA a list with the respective UniProtKB/Swiss-Prot IDs (Tab. 3.1) was uploa-

ded and core analysis was performed. The dataset analysis resulted in two networks,

which were overlapped. Proteins of network 1 are associated with Cellular Move-

ment, Cellular Assembly and Organization, and Cell Death and proteins of network 2

deal with Cellular Assembly and Organization, Cellular Function and Maintenance,

and Gene Expression (Fig. 3.2). The merged networks show hotspot proteins like

APC, Actin, Erk1/2, TNF, TGFB1, FOS, HNF4A, SOX9 and ONECUT1, which

thereby represent interesting targets for further analysis.

The IPA analysis also showed that the potential X-RARα binding partners are
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Fig. 3.3: Canonical pathways affected by PLZF/RARα binding partners. Affec-
ted canonical pathways were identified via IPA analysis with the potential PLZF/RARα
binding proteins. The shades of red show the degree of significance, with red representing
higher significance and light pink representing lower significance.
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Fig. 3.4: Further analysed potential PLZF/RARα binding partners. Potential
PLZF/RARα binding partners with the highest MOWSE scores and proteins apparently
interesting for leukaemogenesis were chosen for further analyses. Known functions are
depicted for every protein.

connected with Cancer, Cellular Growth and Proliferation as well as the Cell Cycle,

which are important aspects for leukaemogenesis (Tab. 3.2).

The top canonical pathways affected concern Rac Signalling, RhoA Signalling, Cdc42

Signalling, RhoGDI Signalling and Lysine Biosynthesis (Fig. 3.3). Rac, Roh and

Cdc42 represent the three subfamilies of the mammalian Rho GTPase family.

3.1.3 Validation of PLZF/RARα Binding Partners

To validate the PLZF/RARα binding partners identified by TAP screen, the pro-

teins shown in Fig. 3.4 were chosen for further analyses. TFII-I, PI4Kα, VASP,

DLC1, MSH3 were chosen, because they got the highest MOWSE scores in the

TAP screen. Furthermore they are associated with hotspot proteins evaluated with

the Ingenuity pathway analysis (Fig. 3.2) or important cellular functions, which

could contribute to leukaemia development. TFII-I is a transcription factor that

regulates the hotspot protein FOS and VASP is known to regulate Actin polyme-

risation. DLC1 is a putative tumor suppressor and Rho GTPase activator. MSH3

is involved in DNA repair, which could also be important for a leukaemia provoked

by the chrosomal translocation product PLZF/RARα. The kinase PI4Kα is regu-
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Fig. 3.5: COMMD5, BMP3, ERBB4, DLC1 and MSH3 interact with the X-
RARα fusion proteins. A-C. The immunoprecipitation (IP) of PLZF/RARα and
PML/RARα was performed with HA-tagged COMMD5, BMP3 (A), ERBB4 (B), DLC1
or MSH3 (C). The phoenix cells were transiently transfected with the indicated DNA
constructs and lysed after 24 h. For DLC1 and MSH3 CoIP the cells were additionally
treated with MG132. The IP was executed with the Anti-HA Affinity Matrix (Roche).
Precipitates and 10% input were analysed by Western blotting with the indicated antibo-
dies. As negative controls served IPs performed with HA-luciferase as well as mock and
WT phoenix lysates.

lated by TNF and plays an important part in regulation of Akt and Erk signalling.

COMMD5 represents a protein with a low MOWSE score of 24, but was chosen

because of its association with cell proliferation. BMP3, ERBB4 and SRPX were

identified with a TAP screen for PML/RARα. They were mainly chosen as controls

for PLZF/RARα, but also because of their functions in cell differentiation, viral

leukaemia and apoptosis induction, respectively, which are important functions for

leukaemogenesis.

COMMD5, BMP3, ERBB4, DLC1 and MSH3 bind PLZF/RARα and in

part PML/RARα.

At first co-immunoprecipitations (CoIPs) were performed to validate the binding

between PLZF/RARα or PML/RARα (X-RARα) and the putative binding partners

COMMD5, BMP3, ERBB4, DLC1 and MSH3 (Fig. 3.5). HA-tagged binding pro-

teins and X-RARα fusionproteins were co-expressed in phoenix cells. For HA-DLC1

and HA-MSH3 CoIPs, cells were additionally treated with the proteasomal inhibi-

tor MG132, because the proteins were degraded in the presence of PML/RARα.

The CoIPs confirmed the binding between PLZF/RARα and all five tested binding
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Fig. 3.6: Localisation of DLC1, MSH3 and COMMD5 in phoenix cells expres-
sing PLZF/RARα. A. Phoenix cells were transiently transfected with SNAP-tagged
DLC1, MSH3 and COMMD5 ± PLZF/RARα. After 24 h the cells were transferred and
cultivated on coverslips for 24 h. The cells were stained with TMR-Star (SNAP-tag) and
Hoechst33342 (DNA). The images were electronical overlapped (merged). B. To detect
the PLZF/RARα expression in the transfected phoenix cells of A, the cells were lysed
48 h after transfection and subjected to Western analysis. An anti-SNAP antibodiy was
used to detect SNAP-DLC1, -COMMD5 and -MSH, and an anti-RARα antibody to detect
PLZF/RARα. A band of the Ponceau staining served as loading control.

partners. Accordingly, PLZF/RARα bound also HA-BMP3 and -ERBB4, which

were in fact identified via the PML/RARα TAP screen. However, PML/RARα
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bound HA-BMP3 and -ERBB4, but not -COMMD5. COMMD5 was only identified

per PLZF/RARα TAP screen. With the MG132 treatment, a positive binding could

also be acknowledged for PML/RARα and HA-DLC1 and -MSH3, which were also

evaluated per PLZF/RARα TAP screen. As expected, no binding could be detected

in the HA-luciferase, mock-transfected (mock) or wildtype (WT) negative controls.

Influence of PLZF/RARα expression on the cellular localisation of DLC1,

MSH3, COMMD5, ERBB4 and CRABPII.

It is known that PLZF/RARα expression destroys PLZF nuclear body formation

and is replaced by a microspeckled localisation (Koken et al., 1997; Ruthardt et

al., 1998). In order to examine if PLZF/RARα expression leads to a delocalisation

of its binding partners DLC1, MSH3 or COMMD5 into microspeckles, fluorescence

analyses were performed. Thereby, phoenix cells were transiently transfected with

SNAP-tagged DLC1, MSH3 or COMMD5 with and without PLZF/RARα. The

cells were incubated with TMRstar for SNAP staining and Hoechst33342 for DNA

counterstaining (Fig. 3.6 A). To prove PLZF/RARα and SNAP-tag protein ex-

pression, western analyses were performed (Fig. 3.6 B). The microscopic analyses

revealed that PLZF/RARα expression has neither an effect on the localisation of

the nuclear protein MSH3 nor on the cytoplasmic protein DLC1 (Fig. 3.6 A). In-

terestingly, COMMD5 is predicted for nuclear localisation (vide UniProt), but the

localisation analyses showed a cytoplasmatic localisation in phoenix cells expressing

SNAP-COMMD5. Upon PLZF/RARα co-expression, COMMD5 was located in the

whole cell, nucleus and cytoplasm (Fig. 3.6 A).

Further fluorescence localisation assays were performed with ERBB4 and CRABPII.

NIH3T3 cells were infected with SNAP-tagged CRABPII or ERBB4 with and with-

out PLZF/RARα or PML/RARα. The cells were immunostained with anti-SNAP

(CRABPII, ERBB4), -PLZF (PLZF/RARα) and -PML (PML/RARα) (Fig.3.7).

The DNA was counterstained with Hoechst33342. Mock-transfected cells served as

negative controls. The experiment showed no influence of X-RARα fusionproteins

on ERBB4 localisation. ERBB4 was with and without X-RARα expression predo-

minantly located in the cytoplasm. PLZF/RARα expression had also no effect on

CRABPII localisation. CRABPII is normally located in the cytoplasm, which can be
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Fig. 3.7: Localisation of CRABPII and ERBB4 in NIH3T3 cells expressing
the X-RARα fusion proteins. NIH3T3 cells were infected with SNAP-CRABPII (up-
per three rows) or SNAP-ERBB4 (lower three rows) ± X-RARα fusion proteins or mock.
The cells were stained with Hoechst33342 (third column; DNA) and the indicated anti-
bodies. The secondary antibodies were conjugated to Alexa488 (first column; anti-PLZF
and anti-PML) or Alexa647 (second column; anti-SNAP). The images were electronically
overlapped (merged). Places of co-localisation appear in a yellow colour.

seen in the mock staining (Fig.3.7 mock, upper panel). Contrary to PLZF/RARα,

the PML/RARα staining shows a translocation of CRABPII to the nucleus. In the

nucleus CRABPII (red staining) is co-localised with PML/RARα (green staning),

which shows the yellow colour in the merged picture (Fig.3.7 merged).

In summary, the fluorescence localisation experiments in phoenix and NIH3T3 cells
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revealed that PLZF/RARα has no effect on the cellular localisation of DLC1, MSH3,

CRABPII or ERBB4. In PLZF/RARα expressing cells, COMMD5 was partially

transfered to the nucleus. Moreover, PML/RARα expression has no influence on

ERBB4 localisation, but leads to a translocation of CRABPII to the nucleus, where

they co-localise. This could imply a sequestration of CRABPII by PML/RARα.

3.2 PLZF/RARα Binding Partner PU.1

(published)

The transcription factors PU.1, GATA-1 and c/EBPα, members of the ETS trans-

cription factor family, are essential for normal haematopoiesis (Koschmieder et al.,

2005). It was previously shown in a mouse model, that PU.1 inactivation leads

to the development of acute myeloid leukaemia (Metcalf, 2006; Rosenbauer et al.,

2004). Furthermore, expression of the leukaemic fusion proteins PML/RARα and

PLZF/RARα inhibited activity of differentiation-specific transcription factors like

VitD3R (Puccetti et al., 2002). PU.1 is known to be inhibited by another oncogenic

fusion protein AML1/ETO (Vangala et al., 2003). Hence it should be clarified, if

expression of X-RARα fusion proteins leads also to PU.1 sequestering.

The following data were already published in Seshire et al. (2012).

3.2.1 X-RARα fusion proteins co-localise with PU.1

Imunofluorescence localisation analyses were performed to validate binding between

X-RARα and PU.1. SNAP-tagged PU.1 and PLZF/RARα or PML/RARα were

expressed in NIH3T3 cells. Mock-transduced cells served as negative control for

protein expression. The experiments showed a co-localisation of SNAP-PU.1 (red

colour) and both X-RARα fusion proteins (green colour) in the NIH3T3 nuclei.

Places of co-localisation can be seen by means of the yellow colour in the overlap-

ped pictures (Fig. 3.8 merged). As expected, no SNAP-PU.1, PLZF/RARα or

PML/RARα expression could be detected in the mock-transfected cells (Fig. 3.8

control).
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Fig. 3.8: Influence of the X-RARα fusionproteins on PU.1 localisation in
NIH3T3 cells. NIH3T3 cells were transduced as indicated. Cells infected with empty
plasmids were used as control. Immunostaining was executed with Hoechst33342 (third
row; DNA) and the indicated antibodies. Secondary antibody against anti-SNAP was
conjugated to red fluorochrome (first row; anti-SNAP) and secondary antibody against
anti-PML and anti-PLZF was fused with green fluorochrome (second row; anti-PML and
anti-PLZF). Co-localisation images were produced by electronic overlapping of the images
(merged). Co-localisation of the red and green fluorochromes yields a yellow colour.

3.2.2 PU.1 self-regulation is inhibited by X-RARα leukae-

mic proteins

Another aspect of PU.1 examination was to investigate the effect of X-RARα expres-

sion on PU.1 activity. Since it is known that PU.1 self-regulation is important for its

proper expression, analyses were performed on this positive autoregulatory loop to

evaluate PU.1 transactivity (Okuno et al., 2005). U937 cells were zinc-induced for

24 hours to activate X-RARα expression. Quantitative real-time PCRs exhibited a

decrease of PU.1 transcripts with increasing time of exposure to the X-RARα fusion

proteins (Fig. 3.9 A). Also Western analyses confirmed these results as PU.1 protein

levels decreased after 24 hours zinc-induction (Fig. 3.9 B).

Together with other findings of the Seshire et al. (2012) paper these experiments
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Fig. 3.9: Influence of PLZF/RARα and PML/RARα on PU.1 expression. The
figure represents a time course of the expression of the PU.1 transcript and protein in the
presence of the X-RARα. The experiment was performed on extracts derived from U937
cells expressing the indicated fusion proteins after the given Zn2+ induction times. A. The
transcript was analysed by RT-qPCR and the expression levels are given as fold change
with respect to the control cells. Data are reported as the result of a single experiment
performed in triplicates ± SD. B. Protein expression was analysed by Western blot and
proteins were separated on SDS-PAGE, transferred onto nitrocellulose membranes and
probed with anti-RARα or anti-PU.1 antibodies. β-tubulin served as loading control.

support the assumption, that X-RARα fusion proteins sequester PU.1 and inhibit

its transactivation activity. This could represent a mechanism, how PLZF/RARα

and PML/RARα act not only on PU.1, but also on other binding partners during

development of acute promyelocytic leukaemia.

3.3 PLZF/RARα Binding Partner SRPX

The tumor suppressor SRPX was chosen for further analysis, because of its tumor-

suppressor function in colon, bladder, ovary, lung and prostate cancer as well as its

pro-apoptotic function in human tumor cell lines and its association with adult T

cell leukaemia as already mentioned in the introduction (subsection 1.3). Thereby,

it should be examined, if SRPX is bound and sequestered by PLZF/RARα, and if

this inhibition contributes to APL development.
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3.3.1 SRPX binds X-RARα directly and mainly via the

RARα section.

At first, binding between X-RARα and SRPX was validated via GST in vitro bin-

ding and co-immunoprecipitations (CoIPs). The in vitro binding was performed

with GST-SRPX, propagated in E. coli, and in vitro-translated PLZF/RARα or

PML/RARα (Fig. 3.10 A). To define the X-RARα binding site more precisely

the in vitro binding was executed with RARα (Fig. 3.10 A), a PLZF portion of

the fusion proteins with two zinc finger domains (PLZF2ZnF), PML(+ Exon 5)

or PML (Fig. 3.10 B). The constructs RARα, PLZF2ZnF and PML(+ Exon 5)

encode the sections found in the X-RARα fusion proteins. PML does not contain

exon 5. GST in vitro binding reactions performed with mock were used as negative

controls. Experiments exposed a direct binding of SRPX with PLZF/RARα but

not with PML/RARα. It also bound to RARα and showed weak binding to PML

± exon 5. No binding could be detected for PLZF2ZnF. As expected the controls

(mock) displayed no precipitates. Anti-HA co-immunoprecipitations (CoIPs) were

carried out to further validate these findings. HA-SRPX and X-RARα were there-

by co-expressed in phoenix cells. The experiments revealed that SRPX binds to

both fusion proteins, PLZF/RARα and PML/RARα (Fig. 3.10 C). As expected

HA-tagged luciferase was not able to precipitate the fusion proteins and was used

as negative control.

SRPX could be validated as a X-RARα binding partner. The binding seems to oc-

cure mainly over the RARα portion but for PML/RARα also via the PML section.

PLZF/RARα co-localises with SRPX and translocates it to the nucleus.

SRPX is normally located in the cytoplasm (Tambe et al., 2004). Hence, the next

question was, where this protein binds with the predominantly nuclear-located fu-

sion proteins. Indirect confocal immunofluorescence analyses in NIH3T3 cells were

accomplished to determine the subcellular localisation of SRPX in the presence of

PLZF/RARα. As expected, in cells not expressing the leukaemic fusion protein

(mock), SNAP-tagged SRPX could be detected exclusively in the cytoplasm (Fig.

3.11 A, lower). However, when PLZF/RARα was expressed, SRPX translocated
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Fig. 3.10: SRPX interacts directly with the X-RARα fusion proteins mainly via
the RARα portion. A-B. GST-SRPX was propagated in E. coli cells and PLZF/RARα,
PML/RARα, RARα, mock (A) or PLZF2ZnF, PML(+ Exon 5), PML, mock (B) were
synthesised by in vitro transcription/translation. GST-SRPX and the potential binding
proteins were subjected to a GST in vitro binding assay. The precipitates and 3% input
of the used in vitro synthesised proteins were immunoblotted and detected with the in-
dicated antibodies to identifiy co-precipitated proteins. C. For CoIPs phoenix cells were
transiently transfected with HA-SRPX and X-RARα fusionproteins, and lysed after 24 h.
Anti-HA Affinity Matrix (Roche) was used for immunoprecipitation. Precipitates and 10%
input were evaluated by Western analyses with the indicated antibodies. IPs performed
with HA-luciferase served as negative control.

to the nucleus, where it co-localised with the fusion protein (Fig. 3.11 A, upper).

These results were further supported by cell fractionation experiments. Fig. 3.11

B depicts a Western analysis of a U937 cell fractionation; PLZF/RARα expression

led to an accumulation of endogenous SRPX in the nuclear fraction. In contrast,

PML/RARα expression seemed to have no influence on the SRPX localisation. Fur-

thermore, both X-RARα fusion proteins did not affect overall SRPX expression,

which was proven by analyses of the whole cell lysates (Fig. 3.11 B).

Presumably, the binding between PLZF/RARα and SRPX takes place in the nu-

cleus. This seems to be enabled by a translocation of SRPX from the cytoplasm

to the nucleus induced by PLZF/RARα-expression. The data suggest that SRPX

binds to PLZF/RARα in the cytoplasm and shifts together with the fusion protein
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Fig. 3.11: SRPX translocates to the nucleus and co-localises there with
PLZF/RARα. A. NIH3T3 cells were infected with paulo-mock or paulo-PLZF/RARα
± paulo-SNAP-SRPX as indicated. Immunostaining was performed with Hoechst33342
(third column; DNA) and the indicated antibodies. The secondary antibody against mouse
anti-PLZF was conjugated to green fluorochrome Alexa488 (first column), while the rabbit
anti-SNAP secondary antibody was fused to red fluorochrome Alexa647 (second column).
Co-localisation images were recieved per electronic overlapping of the confocal images
(merged). Places of co-localisation show a yellow colour. B. U937 mock, PLZF/RARα
and PML/RARα cells were treated with MG132 and zinc for 16 h to inhibit proteasomal
degradation and induce X-RARα expression, respectively. Cell fractionation was perfor-
med and the lysates were subjected to immunoblotting. The proteins were probed with
the indicated antibodies to examine SRPX and X-RARα localisation. β-tubulin and a
Ponceau staining histone band served as internal controls for the cytoplasmic and nuclear
fractions, respectively.

to the nucleus, which is probably attended by functional inhibition of SRPX.
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3.4 PLZF/RARα Binding Partner VASP

Another interesting putative PLZF/RARα-binding partner is VASP, vasodilator-

stimulated phosphoprotein. VASP is a member of the Ena/VASP family of proteins

and involved in the reorganisation of the cytoskeleton, cell polarity, cell migration

and platelet activation. In this work VASP was chosen for further analysis because

it is a substrate for the leukaemic fusionprotein BCR/ABL and in this regard is

associated with chronic myeloid leukaemia (CML) (q.v. subsection 1.4).

3.4.1 VASP binds PLZF/RARα and PML/RARα predomi-

nantly via the RARα segment.

To validate the direct binding between VASP and PLZF/RARα, GST in vitro bin-

ding experiments and anti-HA co-immunoprecipitations were performed. The GST

in vitro binding was executed with GST-tagged VASP and in vitro synthesised

PLZF/RARα, PML/RARα, RARα (Fig. 3.12 A), PLZF2ZnF, PML(+ Exon 5) or

PML (Fig. 3.12 B). The analyses confirmed the binding with PLZF/RARα and

showed a weak signal for PML/RARα. Furthermore, the binding seems to occure

mainly via the RARα portion of the fusion protein, which was demonstrated by a

strong signal for RARα and weaker signals for PLZF2ZnF and PML with and wi-

thout exon 5 (Fig. 3.12 A and B). Additionally, HA-tagged VASP and PLZF/RARα

or PML/RARα were co-expressed in phoenix cells. The cell extracts were subjec-

ted to co-immunoprecipitations with an anti-HA matrix. The results of the Wes-

tern analysis further confirmed the interaction and showed an even if weak binding

between HA-VASP and both leukaemic fusion proteins comparable with the GST

in vitro binding assays (Fig. 3.12 C). The control with HA-luciferase depicted no

binding with the fusion proteins.

3.4.2 Influence of the X-RARα fusion proteins on VASP

phosphorylation and cellular localisation.

The next step was to analyse the influence of the X-RARα fusion proteins on VASP

localisation. NIH3T3 cells were transduced with SNAP-tagged VASP with and

without PLZF/RARα or PML/RARα. Afterwards, immunostainings were per-
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Fig. 3.12: Direct binding of VASP with the X-RARα fusion proteins is mainly
carried out via the RARα portion. A-B. GST-VASP was propagated in E. coli
cells and PLZF/RARα, PML/RARα, RARα, mock (A) or PLZF2ZnF, PML(+ Exon
5), PML, mock (B) were synthesised by in vitro transcription/translation. GST-VASP
and the potential binding proteins were subjected to a GST in vitro binding assay. The
precipitates and 3% input of the used in vitro synthesised proteins were immunoblotted
and detected with the indicated antibodies to identifiy co-precipitated proteins. C. Co-
immunoprecipitation (CoIP) of phoenix cells expressing X-RARα and HA-tagged VASP
as indicated. CoIP was performed with the anti-HA Affinity Matrix (Roche) and Western
blot analysis was executed using the indicated antibodies. Input, 10% of protein amount
used for CoIP reaction; control, mock-transfected phoenix cells, and HA-luciferase.

formed with antibodies directed against the SNAP-tag (red staining), the PLZF

or the PML portion (green stainings). Hoechst staining was used for visualisation of

DNA (blue staining). In the SNAP-VASP-expressing control cells SNAP-VASP was

predominantly localised at focal adhesions (white arrows) and the plasma membrane

(black arrows) (Fig. 3.13 SNAP-VASP). Upon PLZF/RARα expression SNAP-

VASP disappeared from focal adhesions and localised to stress fibres (arrowheads)

(Fig. 3.13 PLZF/RARα + SNAP-VASP). Likewise, in PML/RARα-expressing cells

VASP localisation at focal adhesions was reduced and rather transfered to the cyto-

sol and the perinuclear region (Fig. 3.13 PML/RARα + SNAP-VASP). VASP also

accumulated in the perinuclear region in PLZF/RARα-expressing cells (Fig. 3.13

PLZF/RARα + SNAP-VASP).

VASP is known to foster actin filament (F-actin) assembly (Chesarone & Goode,
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Fig. 3.13: Effect of X-RARα expression on VASP localisation in NIH3T3 cells.
NIH3T3 cells were infected with SNAP-tagged VASP ± PLZF/RARα or PML/RARα.
Cells were stained with Hoechst33342 (DNA; third lane) and the indicated antibodies.
Secondary antibody for anti-PML and anti-PLZF was conjugated to green fluorochrome
Alexa488 (α-PML and α-PLZF; first lane). Anti-SNAP secondary antibody was fused with
red fluorochrome Alexa647 (α-SNAP; second lane). Co-localisation images were obtained
by electronic overlapping of the images (merged; fourth lane). Co-localisation of the red
and green fluorochromes yields a yellow colour. Arrowheads indicate stress fibers, white
arrows indicate focal adhesions, and black arrows indicate plasma membranes.

2009; Bear & Gertler, 2009; Dominguez, 2009). In order to further investigate the

effect of X-RARα-expression on VASP activity, F-actin was visualised via phal-

loidin staining in NIH3T3 cells expressing the leukaemic fusion proteins. The X-

RARα fusion proteins were immunostained with an anti-PLZF or anti-PML anti-

body. Mock-infected cells were used as control. In both cases X-RARα-expression

(green staining) caused a decrease of phalloidin staining compared to control cells,

which represents a reduction of F-actin (red staining) (Fig. 3.14). This effect was

stronger for PML/RARα compared to PLZF/RARα. For comparison, NIH3T3

WT cells were stimulated with forskolin. Forskolin is an adenylate cyclase activator.

Treatment raises intracellular cAMP levels and thereby induces PKA activity. An

increased PKA activity leads i.a. to an increased VASP phosphorylation, which is

known to inhibit F-actin assembly (Benz et al., 2009). Hence, the reduced phalloidin

staining/F-actin could also be observed in NIH3T3 cells treated with forskolin (Fig.

3.14 NIH3T3 WT ± forskolin).
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Fig. 3.14: X-RARα fusion proteins inhibit actin polimerisation. NIH3T3 cells
were infected with PLZF/RARα or PML/RARα and induced ± Forskolin for 5 min.
Cells were stained with Hoechst33342 (DNA; third lane), Phalloidin tagged with the red
fluorochrom Alexa647 (second lane) and the indicated antibodies. Secondary antibody
for anti-PML and anti-PLZF was conjugated to green fluorochrome Alexa488 (α-PML
and α-PLZF; first lane). Merged pictures were obtained by electronic overlapping of the
images (merged; fourth lane).

In order to further investigate the influence of the X-RARα fusion proteins on VASP

activity, VASP phosphorylation was examined in U937 cells expressing the leukaemic

fusion proteins. Therefore, U937 mock, PLZF/RARα and PML/RARα cells were

zinc-induced for six hours for fusion protein expression. Cells without zinc-treatment

served as controls. Total protein extracts were examined per Western analyses with

the respective antibodies. As depicted in Fig. 3.15 A and B, VASP phosphorylation
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Fig. 3.15: Expression of the X-RARα fusion proteins influences PKA and PKG
VASP phosphorylation. A. U937 mock, PLZF/RARα and PML/RARα cells were in-
duced ± Zn2+ for 6 h for X-RARα expression. Total protein extracts were used for Western
analysis with the indicated antibodies. For X-RARα detection an anti-RARα antibody
was used. β-tubulin served as loading control. Shown is a representative Western analysis
of three indipendent experiments. B. P-VASP(Ser239) (upper panel), P-VASP(Ser157)
(lower panel) and VASP protein bands of A were quantified and normalised to quantified
β-tubulin bands. Bar graphs show mean ratios ± SD of phosphorylated VASP to total
VASP of three independent experiments. Mock data were set as one. A p-value < 0.05
(*) was considered significant.

was increased indeed in cells expressing PLZF/RARα. Thus, the Western analyses

confirmed the results of the phalloidin stainings for PLZF/RARα. On the other

hand, VASP phosphorylation in PML/RARα-expressing cells was comparable with

the mock-containing cells, which stands in contrast to the phalloidin stainings. Both

X-RARα fusion proteins had no influence on global VASP expression (Fig. 3.15 A).

To find an answer to the contradictory PML/RARα-associated results, U937 mock,

PLZF/RARα and PML/RARα cells were zinc-induced and treated with the pro-

teasomal inhibitor MG132 for 16 hours. PML/RARα was observed to induce pro-

teasomal degradation for several proteins in phoenix cells (v.s. subsection 3.1.3).

Hence, it should be evaluated if proteasomal degradation could be the reason for

these effects. Furthermore, the U937 cells were fractionated to further investigate

VASP phosphorylation in X-RARα-expressing cells. The Western analyses, depic-

ted in Figure 3.16 A, showed a predominantly cytoplasmic localisation of global

VASP (α-VASP). VASP protein amounts did not change upon X-RARα expression.

An interesting observation was that VASP phosphorylated at serine 157 could be

mainly detected in the nuclear fraction (α-P-VASP(Ser157), while VASP phospho-
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Fig. 3.16: Influence of X-RARα fusionproteins on VASP phosphorylation and
its localisation in U937 cells. A. U937 mock, PLZF/RARα and PML/RARα cells
were treated with MG132 and zinc for 16 h to inhibit proteasomal degradation and induce
X-RARα expression, respectively. The cells were fractionated and subjected to Western
analysis. The blots were probed with the indicated antibodies to examine cellular localisa-
tion of P-VASP(Ser157), P-VASP(Ser239), VASP and X-RARα. β-tubulin and a Ponceau
histone band served as internal controls for the cytoplasmic and nuclear fractions, respec-
tively. B. U937 mock, PLZF/RARα and PML/RARα cells were induced with Zn2+ for 16
h for X-RARα expression. Additionally the cells were treated with proteasomal inhibitor
MG132 for 16 h ± PKA inhibitor KT5720 (left panel) or PKG inhibitor KT5823 (right
panel) for 30 min. Total cell lysates were examined by Western analysis with the indicated
antibodies. GAPDH was used as loading control.

rylated at serine 239 localised mainly to the cytoplasm (α-P-VASP(Ser239). Truly,

VASP phosphorylation at serine 157 and 239 was not only increased in the presence

of PLZF/RARα but also in PML/RARα-expressing cells upon MG132 treatment.

These results are in line with the phalloidin stainings.

Further experiments were performed, to exclude the possibility that VASP is de-

graded by PML/RARα in cells not treated with MG132. Moreover, the role of
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Fig. 3.17: X-RARα fusion proteins deregulate VASP phosphorylation. A. U937
mock, PLZF/RARα and PML/RARα cells were serum starved O/N and Zn2+-induced
for 6 h for X-RARα expression. Cells were additionally treated with the adenylate cyclase
activator Forskolin for 5 min ± inhibitor of protein kinase G (PKG) KT5823 (left panel)
or inhibitor of protein kinase A (PKA) KT5720 (right panel) for 30 min as indicated.
Forskolin activates PKG and PKA via adenylate cyclase induction. PKG phosphorylates
VASP at Ser239 and PKA at Ser157. Total cell lysates were analysed by Western blot.
β-tubulin served as loading control. Shown is a representative Western analysis of three
independent experiments. B. P-VASP(Ser239) (left panel), P-VASP(Ser157) (right panel)
and VASP protein bands of A were quantified and normalised to quantified β-tubulin
bands. Bar graphs show ratios of phosphorylated VASP to total VASP. Mock data without
inhibitor and Forskolin were set as one.

the kinases PKA and PKG should be further examined in this regard. Therefore,

U937 mock, PLZF/RARα and PML/RARα cells were zinc-induced for 16 hours

for fusion protein expression. Additionally the cells were treated with MG132, the

PKA inhibitor KT5720 or the PKG inhibitor KT5823, as indicated in Figure 3.16

B. The results of the Western analyses confirmed the assumption that global VASP

is not degraded upon X-RARα expression (Fig. 3.16 B, VASP). Surprisingly, P-

VASPSer157 and Ser239 were not only reduced in PML/RARα-expressing cells but

also abolished in the presence of PLZF/RARα after 16 hours zinc-induction without

MG132. VASP phosphorylation was restored per MG132 treatment in these cells

(+ MG132). Thereby, VASP hyperphosphorylation in the presence of the X-RARα
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Fig. 3.18: ATRA treatment antagonises VASP dephosphorylation caused by
PLZF/RARα and PML/RARα expression. Influence of ATRA on the VASP phos-
phorylation in X-RARα expressing U937 cells. U937 cells were serum starved and stimu-
lated with Zn2+, for the X-RARα protein expression, and ATRA for the indicated times.
Treatment with EtOH served as control. Antibodies for Western analyses were used as
indicated. For X-RARα detection an anti-RARα antibody was used. GAPDH served as
loading control.

fusion proteins could be confirmed. On the other hand, treatment with the kinase

inhibitors KT5720 or KT5823 further decreased VASP phosphorylation at serine

157 or 239, respectively (Fig. 3.16 B; KT5720 - left panel, KT5823 - right panel).

The combination of MG132 and the kinase inhibitors resulted in an inhibition of the

phosphorylations at the respective sites in the mock control cells. Thereby, KT5720

decreased phosphorylation at Ser157 and KT5823 at Ser239. The inhibitors also

were able to reduce VASP phosphorylation at both serine sites in PML/RARα-

expressing cells, but not in PLZF/RARα-expressing cells (Fig. 3.16 B; MG132 +

KT5720 or MG132 + KT5823).

In order to further examine how the X-RARα fusion proteins influence these two

VASP phosphorylation sites, more experiments were executed in U937 cells. Accord-

ingly, serum-starved U937 mock, PLZF/RARα and PML/RARα cells were zinc-

induced for six hours for fusion protein expression and additionally treated with

forskolin and the PKA or PKG inhibitor KT5720 or KT5823, respectively. Cell ly-

sates were subjected to Western analyses with the indicated antibodies. The results

showed that VASP phosphorylation at the two serines residues could be increased

by forskolin treatment (Fig. 3.17 A and B, + Forskolin). Since forskolin induces

PKA activity the hyperphosphorylation was due to phosphorylation by PKA. As

previously published, PKA and PKG are able to phosphorylate both VASP sites.

Thereby, PKA preferentially phosphorylates VASP serine 157 and PKG VASP serine

239 (Butt et al., 1994; Zhuang et al., 2004). As expected, treatment with KT5720

or KT5823 caused a dephosphorylation of VASP at serine 157 or 239 in U937 cells
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with and without X-RARα expression (Fig. 3.17 A and B, - Forskolin). An inter-

esting fact was that both kinase inhibitors had no effect on VASP phosphorylation

at Ser239 and Ser157 in forskolin-induced U937 cells expressing PLZF/RARα (Fig.

3.17 A and B, PLZF/RARα + Forskolin). In comparison, phosphorylation at these

VASP sites was decreased by KT5720 and KT5823 in forskolin-induced mock control

and PML/RARα-expressing cells (Fig. 3.17 A and B, mock or PML/RARα + Fors-

kolin).

In the experiments described above, VASP was hyperphosphorylated after six hours

(v.s. Fig. 3.15) and hypophosphorylated after 16 hours (v.s. Fig. 3.16 B) PLZF-

/RARα-expression in U937 cells. Thus, another experiment should clarify how

the X-RARα expression influences the VASP phosphorylation dynamics over a

longer period. In this experiment serum-starved U937 mock, PLZF/RARα and

PML/RARα cells were zinc-induced for 24 hours. The cells were additionally trea-

ted with ATRA or ethanol (EtOH) as control. As previously described, ATRA

is used for treatment of PML/RARα-derived APLs and induces degradation of

this fusion protein. Hence, it was expected that ATRA treatment is able to re-

vert the effects of PML/RARα on VASP phosphorylation. During the time course

samples were taken after zero, six and 24 hours induction. Analyses were per-

formed via Western blot. As depicted in Figure 3.18, at time point zero VASP

was already hyperphosphorylated in U937 PLZF/RARα and hypophosphorylated

in U937 PML/RARα cells. This is presumably due to leakage of the metallothionin

promoter in these cells and leads to the expression of a small amount of X-RARα

protein. After six hours zinc-induction VASP was hyperphosphorylated at both

serines in the presence of PLZF/RARα and hypophosphorylated in PML/RARα-

expressing cells. After 24 hours VASP was also hypophosphorylated at serine 239

and 157 in U937 PLZF/RARα and PML/RARα cells. ATRA treatment led, as

expected, to the degradation of PML/RARα but not PLZF/RARα (Figure 3.18

left and right panel, compare X-RARα-expression in EtOH and ATRA at 6 h).

Six hours ATRA stimulation already increased VASP phosphorylation at serine

239 and 157 in PML/RARα-expressing cells. After 24 hours ATRA treatment

stimulated VASP phosphorylation at serine 239 in U937 mock and PML/RARα

cells and even more in PLZF/RARα cells (Figure 3.18 left panel, 24 h ATRA).
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Fig. 3.19: Influence of PKA and PKG on VASP cellular function. Schematic
representation of VASP activity as a function of PKA and PKG phosphorylation. Unphos-
phorylated VASP interacts with G- and F-actin and is important for F-actin polymerisa-
tion. Thereby, VASP tetramerisation is essential. In this regard VASP phosphorylation at
serine 239 and 157 by PKG and PKA inhibits F-actin polymerisation. In this process the
phosphorylation at serine 239 predominantly by PKG plays a major role. On the other
hand VASP phosphorylation at serine 157 predominantly by PKA is rather responsible
for VASP localisation (e.g. focal adhesions, nucleus). Forskolin induces adenylate cyclase
activity and thereby PKA activation. KT5720 and KT5823 are PKA or PKG inhibitors,
respectively.

At the same time, ATRA increased VASP phosphorylation at serine 157 in U937

cells expressing both X-RARα fusion proteins (Figure 3.18 right panel, 24 h ATRA).

Thereby, the inhibitory effect of PLZF/RARα and PML/RARα was reversed.

To sum up, VASP was bound by both X-RARα fusion proteins mainly via the RARα

portion and thereby could be part of the HMW complexes of these proteins. This

assumption is supported by the results of size exclusion chromatographies (SEC)

performed by Sabine Beez in the context of her dissertation. VASP and both X-

RARα fusion proteins eluted thereby in the same fractions of U937 cell lysates

(Beez, dissertation 2012). The leukaemic fusion proteins caused changes in the cel-

lular localisation of VASP, which is regulated by its phosphorylation status at serine

157. Furthermore, F-actin was reduced upon X-RARα expression. This is an im-

portant observation, since it is known that VASP is involved in F-actin synthesis.

VASP activity in actin polymerisation is inhibited by phosphorylation at serine 239

(Benz et al., 2009). Following Western analyses indeed revealed a changed phos-
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phorylation status of VASP at Ser157 and Ser239 in the presence of PLZF/RARα

or PML/RARα. Upon PLZF/RARα-expression VASP was hyperphosphorylated

at these two serine residues followed by a hypophosphorylation at these sites after

longer exposure to the fusion protein. PML/RARα led directly to VASP hypophos-

phorylation at these serine sites, which appears to be associated with proteasomal

degradation. With the proteasomal inhibitor MG132, VASP was also hyperphos-

phorylated at the serins. ATRA treatment could induce VASP phosphorylation at

serine 157 and 239 and thereby antagonise the inhibitory effects of the leukaemic

fusion proteins.

3.5 PLZF/RARα Binding Partner TFII-I

The transcription factor TFII-I was chosen for further analyses as part of the X-

RARα HMW complexes, because it is known to regulate the proto-oncogene c-fos

and is implicated in the proliferation and differentiation of blood cells. Moreover, size

exclusion chromatographies (SEC) showed that TFII-I co-elutes with both X-RARα

fusion proteins, which supports TFII-I as a component of the HMW complexes

(Beez, dissertation 2012). In the following studies should be clarified if TFII-I is

part of the X-RARα complexes and which impact this has on its cellular function.

Thereby, the main focus was on the two isoforms TFII-Iβ and δ, since the γ-isoform

is predominantly expressed in neurocytes and the α-isoform lacks in murine cells

(q.v. subsection 1.5).

3.5.1 TFII-I binds to PLZF/RARα and PML/RARα in

vitro and in vivo.

First off, it should be validated if TFII-I binds directly to the X-RARα fusion

proteins. For this purpose GST in vitro binding assays were performed with GST-

PLZF/RARα or -PML/RARα and TFII-Iβ or δ. Figure 3.20 A depicts the direct

binding between TFII-Iβ or δ and both leukaemic fusion proteins. Experiments with

GST-mock served as negative controls and showed no binding. Since TFII-I showed a

binding to both X-RARα fusion proteins, a reverse GST in vitro binding experiment

was executed with GST-tagged TFII-Iδ and in vitro-translated RARα. Thereby, it
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Fig. 3.20: TFII-I binds X-RARα fusion proteins mainly via RARα portion.
A. TFII-I isoforms β and δ bind directly to GST-tagged X-RARα fusion proteins. GST-
PLZF/RARα, -PML/RARα or -mock were propagated in E. coli cells, while TFII-I iso-
forms β and δ were translated in vitro. GST binding assays were realised with the GST-
tagged proteins and TFII-Iβ or δ. 4% input and precipitates were analysed via Western
analysis with the indicated antibodies. In vitro binding experiments with GST-mock ser-
ved as negative controls. B. TFII-Iδ binds RARα directly. GST-TFII-Iδ was multiplied
in E. coli cells. RARα and mock were produced by in vitro transcription/translation.
GST in vitro binding assays were performed with GST-tagged TFII-Iδ and the potential
binding partners. The precipitates and 3% input were immunoblotted and detected with
the indicated antibodies to identifiy co-precipitated proteins.

should be determined if TFII-I binds the leukaemic fusion proteins through the

RARα portion. The experiments showed indeed a direct binding between GST-

TFII-Iδ and the RARα portion (Fig. 3.20 B). Hence it is assumed that TFII-I binds

the X-RARα proteins principally through the RARα part.

The binding was further validated in vivo by anti-HA CoIPs. At first, HA-

PLZF/RARα or HA-PML/RARα were co-expressed with TFII-I isoform β or δ

in phoenix cells. Both HA-tagged fusion proteins were able to precipitate TFII-Iβ

and δ (Fig. 3.21 A). In addition, a reverse experiment was carried out with HA-

TFII-Iβ or δ and PLZF/RARα or PML/RARα. The Western analyses confirmed

the co-precipitation of the two HA-tagged TFII-I isoforms with both X-RARα fu-

sion proteins (Fig. 3.21 B). In both experiments CoIPs with HA-luciferase (HA-luc)

served as negative precipitation controls. Mock-transfected (mock) and wildtype

(WT) cells were used as expression controls. Another analysis in fusion protein-

expressing U937 cells should clarifiy if also endogenously expressed TFII-I binds

PLZF/RARα and PML/RARα. In the U937 cells X-RARα expression is regulated

by a metal-inducible metallothionein promoter. Thus, U937 cells were zinc-treated

for expression of the fusion proteins. Moreover, a cell fractionation was utilised to
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Fig. 3.21: Over- and endogenously expressed TFII-I binds X-RARα fusion
proteins. A-B. First, co-immunoprecipitation (CoIP) of overexpresssed TFII-Iβ or δ
and HA-PLZF/RARα, -PML/RARα and -luciferase in phoenix cells (A). Second, CoIP
of overexpresssed PLZF/RARα or PML/RARα and HA-TFII-Iβ, δ and -luciferase in
phoenix cells (B). IPs were performed with the anti-HA Affinity Matrix (Roche) follo-
wed by immunoblotting with the indicated antibodies. In the TFII-I input the upper
band corresponds to TFII-Iβ and the lower band to TFII-Iδ. Control samples are re-
presented by phoenix cells untransfected (WT), transfected with empty vector (mock) or
transfected with TFII-I isoforms + HA-luciferase (HA-luc). C. U937 mock, PLZF/RARα
and PML/RARα cells were induced with Zn2+ for 16 h for X-RARα expression. The
cells were fractionated and extracts were subjected to Western analysis. The blot was
probed with the indicated antibodies to examine fractionation efficiency. In the α-TFII-
I panel the upper band corresponds to TFII-Iβ and the lower to TFII-Iδ isoform. In
the α-RARα panel the upper band is concordant with PML/RARα and the lower with
PLZF/RARα. β-tubulin served as internal control for cytoplasmic extract and whole cell
lysate. D. CoIP of endogenous TFII-I and overexpressed PLZF/RARα or PML/RARα in
U937 cells. IPs were performed with U937 nuclear extracts (of C) with rabbit anti-RARα
antibody. Controls are represented by CoIPs with U937 mock extracts (mock) and CoIPs
with rabbit IgG (α-rabbit IgG).

isolate nuclear fractions containing X-RARα proteins and the main part of TFII-I

(Fig. 3.21 C). The cell fractionation showed an equal distribution of PLZF/RARα

in the cytoplasm and the nucleus, whereas PML/RARα was dominantly located

in the nucleus. The cytoplasmic protein β-tubulin was employed as fractionation
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Fig. 3.22: Overexpressed TFII-Iδ co-localises with X-RARα fusion proteins in
NIH3T3 cells. NIH3T3 cells were co-transduced with SNAP-TFII-Iδ and PLZF/RARα
or PML/RARα. Immunostaining was performed with Hoechst33342 (third lane; DNA)
and the indicated antibodies. Secondary antibody against anti-SNAP was conjugated to
red fluorochrome (second lane; anti-SNAP) and secondary antibody against anti-PML
and anti-PLZF was fused with green fluorochrome (first lane; anti-PML and anti-PLZF).
Co-localisation images were produced by electronic overlapping of the confocal images
(merged). Co-localisation of the red and green fluorochromes yields a yellow colour.

control. As expected, it could only be detected in the cytoplasmic fraction and in

the whole cell lysate. The nuclear fractions were subjected to anti-RARα CoIPs.

As depicted in figure 3.21 D both X-RARα fusion proteins were able to precipitate

endogenous TFII-I. Mock-transfected (mock) U937 cells and CoIPs performed with

normal IgG (α-rabbit IgG) served as negative controls, which showed no binding.

Subsequently, immunofluorescence localisation analyses were executed by confocal
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imaging to examine the influence of PLZF/RARα and PML/RARα on TFII-I loca-

lisation. SNAP-tagged TFII-Iδ was co-expressed with PLZF/RARα or PML/RARα

in NIH3T3 cells for that purpose. The immunostaining revealed a co-localisation

(yellow) of SNAP-TFII-I (red) and PLZF/RARα (green) in the whole nuclei (Fig.

3.22, upper). In comparison, co-localisation with PML/RARα (green) could only be

observed in the PML/RARα microspeckles (Fig. 3.22, lower). Both fusionproteins

did not seem to change subcellular localisation of TFII-I, but co-localised with the

protein in the nucleus.

In addition, localisation analyses were performed in U937 cells, expressing endoge-

nous TFII-I and the leukaemic fusion proteins PLZF/RARα, PML/RARα or HA-

tagged AML1/ETO. Contrary to the X-RARα fusion proteins, which lead to the

development of acute promyelocytic leukaemia (APL) FAB class M3, AML1/ETO

is mainly associated with acute myeloid leukaemia (AML) FAB type M2 or de novo

AMLs (Petersen et al., 2007). Like the X-RARα fusion proteins AML1/ETO forms

high molecular weight (HMW) complexes (Wang et al., 1998; Minucci et al., 2000).

Here, AML1/ETO was analysed in comparison with the X-RARα proteins to ques-

tion if TFII-I could also associate with other leukaemic fusion proteins and be part

of their complexes. Interestingly, the SEC experiments performed by Sabine Beez

showed that TFII-I elutes in the same fractions as AML/1ETO (Beez, disserta-

tion 2012). Figure 3.23 shows the results of the confocal localisation analyses in

U937 cells before (MT) and after zinc-induction (PLZF/RARα, PML/RARα, HA-

AML1/ETO) for fusion protein expression. The confocal localisation analyses sho-

wed clearly a co-localisation (yellow) of PLZF/RARα (green) and TFII-I (red) in

the nuclear microspeckles, which represent the regular pattern for PLZF/RARα lo-

calisation (Figure 3.23, upper). Before zinc-induction PML nuclear bodies (NBs)

were detected in the anti-PML stainings, which upon zinc-addition turn into the

classic nuclear microspeckle PML/RARα pattern (Figure 3.23, middle). PML and

PML/RARα showed a partial co-localisation with TFII-I in the NBs or in the micro-

speckles, respectively. Interestingly, TFII-I was co-localised with HA-AML1/ETO

in the nucleus as well (Figure 3.23, lower). Hence, TFII-I can not be excluded as

a component of the AML1/ETO HMW complexes.

In summary, the results of the GST in vitro binding experiments, CoIPs and confo-
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Fig. 3.23: Endogenous TFII-I co-localises with PLZF/RARα, PML/RARα and
AML1/ETO fusion proteins in U937 cells. U937 cells were treated 16 h with Zn2+ to
induce PLZF/RAR, PML/RARα and HA-AML1/ETO expression or with PBS as negative
control (MT). Cells were transferred to glass slides via cytospin. Immunostaining was
executed with Hoechst33342 for DNA staining and the indicated antibodies. Secondary
antibody against anti-TFII-I was fused to the red fluorochrome Alexa647 (second lane;
α-TFII-I) and the secondary antibody against anti-PLZF, -PML and -HA was conjugated
with the green fluorochrome Alexa488 (first lane; α-PLZF, -PML, -HA). Confocal pictures
were electronically overlapped (fourth lane; merged). Co-localisation of the green and red
fluorochrome complies with a yellow colour.
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cal localisation analyses confirmed the direct binding between TFII-I and both X-

RARα fusion proteins in vitro and in vivo. The binding seems to occure in the

nucleus. Furthermore, it appears that TFII-I binds the fusion proteins predomi-

nantly through the RARα portion. Confocal immunofluorescence analyses showed

also a co-localisation of TFII-I with AML1/ETO. Hence, TFII-I could be an essential

part of the HMW complexes of several leukaemic fusion proteins.

3.5.2 X-RARα expression leads to a deregulation of TFII-I

target genes.

To further analyse the influence of X-RARα on TFII-I activity, the regulation of

TFII-I target genes was investigated. Chimge et al. (2007) have identified TFII-I

target genes via microarray analyses overexpressing TFII-I in primary mouse em-

bryonic fibroblasts (MEFs). They validated their findings by screening the promo-

ters of the regulated genes for TFII-I consensus sequences and performed ChIP and

RNAi experiments (Chimge et al., 2008). Figure 3.24 A represents TFII-I target

genes confirmed by Chimge and coworkers with their associated cellular functions;

genes in bold were chosen for further examinations. The expression of the TFII-I

target genes fgf11, c-fos, bax, cfl-1, hdac1 and ccnd3 was examined per quantitative

RT-PCR. Therefore, U937 mock, PLZF/RARα and PML/RARα were zinc-induced

for fusion protein expression. RNA samples were taken after eight and 24 hours.

The results of the RT-qPCR demonstrated a significant deregulation of the TFII-I

target genes fgf11, c-fos and ccnd3 upon eight and 24 hours PLZF/RARα expres-

sion (Fig. 3.24 B). On the other hand, presence of the PML/RARα fusion protein

significantly influenced the expression of the TFII-I target genes fgf11, bax, hdac1

and ccnd3. It is important to emphasise that the PLZF/RARα expression deregu-

lated all tested TFII-I target genes except cfl-1 contrariwise to the normal TFII-I

regulation. Furthermore, ccnd3 is first down- and then upregulated by the fusion

protein. Besides fgf11, this applied also for the PML/RARα expression.

For validation of these findings NB4 cells were treated with ATRA or As2O3. NB4

is a human acute promyelocytic leukaemia cell line, which expresses PML/RARα

endogenously (Lanotte et al., 1991; Drexler et al., 1995). The treatment with ATRA

or As2O3 is known to provoke degradation of the leukaemic fusion protein (Raelson
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Fig. 3.24: X-RARα fusion proteins deregulate TFII-I target genes. A. Overview
of TFII-I target genes associated with important cellular functions, which could be dere-
gulated by X-RARα expression. Genes in bold were used for further analysis. B. U937
mock, PLZF/RARα and PML/RARα cells were Zn2+ induced for 24 h for X-RARα ex-
pression. Samples were taken after 8 and 24 h induction. Expression of the TFII-I target
genes fgf11, c-fos, bax, cfl-1, hdac1 and ccnd3 were analysed per quantitative RT-PCR
(n=3). Data were normalised to the houskeeping gene l27 and shown in fold changes
relative to U937 mock, whereupon mock is set to 1. Error bars represent s.e.m. of three
replica experiments; * p-value < 0.05. The normal TFII-I regulation is indicated below
the bar chart. Thereby, - stands for gene repression and + for gene induction.

et al., 1996; Zhu et al., 1997; Zhu et al., 1999). Hence, ATRA and As2O3 treat-

ment should abolish TFII-I target gene deregulation by releasing TFII-I through

PML/RARα degradation. NB4 cells were treated with ATRA or As2O3 for 24

hours maximum. RNA samples were taken after eight and 24 hours and subjected
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Fig. 3.25: Influence of ATRA and As2O3 on TFII-I target gene expression in
PML/RARα-expressing NB4 cells. A-B. NB cells, expressing PML/RARα endoge-
nously, were treated with ATRA (A) or As2O3 (B) for 24 h. Mock cells were treated with
EtOH for ATRA and PBS for As2O3. Samples were taken after 8 and 24 h treatment.
Expression of the TFII-I target genes fgf11, c-fos, bax, cfl-1, hdac1 and ccnd3 were analy-
sed per quantitative RT-PCR (n=3). Data were normalised to the houskeeping gene l27
and shown in fold changes relative to NB4 mock, whereupon mock is set to 1. Error bars
represent s.e.m. of three replica experiments; * p-value < 0.05.

to RT-qPCRs. At first sight, ATRA and As2O3 seem to influence TFII-I target gene

expression differently (Fig. 3.25 A and B, respectively). ATRA treatment caused

significant changes in the transcript levels of fgf11, c-fos, hdac1 and ccnd3 after

24 hours. Except c-fos, which was upregulated upon 24 hours ATRA treatment,

the other target genes, fgf11, hdac1 and ccnd3, were contrarily regulated to cells

expressing PML/RARα. Fgf11 transcripts, for example, were downregulated by

PML/RARα in U937 cells but upregulated by ATRA treatment in NB4 cells (Fig.

3.24 B and Fig. 3.25 A, respectively). In this context it is also worth mentioning

that ATRA and arsenic treatment influenced c-fos mRNA levels directly opposed;

ATRA led to a significant upregulation, while As2O3 caused a significant downre-
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gulation (Fig. 3.25). The other TFII-I target genes showed no significant changes

upon treatment with ATRA or arsenic.

3.5.3 X-RARα fusion proteins induce c-fos promoter

activity.

C-fos as a TFII-I target gene was extensively studied before and is known to be

repressed and induced by this transcription factor (Haikimi et al., 2003; Roy, 2012).

In addition, the c-Fos protein is part of the activating protein-1 (AP-1) transcrip-

Fig. 3.26: Overexpression of TFII-I isoforms β, γ and δ inhibits the basal c-fos
promoter activity in NIH3T3 cells. A. Schematic of the reporter plasmid containing
firefly luciferase driven by the human cfos promoter (short). The human cfos promoter
(short) consists of the regions -355 to -297 and -53 to +45 of the WT c-fos promoter. The
two TFII-I binding regions (green) are overlapping with the SIE and SRE binding region
(blue), respectively. TCF, E-box and TATA box are shaded in grey. The transcriptional
start point is marked with +1. B. Dual luciferase assay. NIH3T3 cells were transfected
with the reporter plasmid pGL3-cfos-short shown in A ± the TFII-I isoforms α, β, γ
or δ. A construct containing renilla luciferase under the control of a TK promoter was
included as an internal control. The pGL3-control vector was used as positive control
and expresses the firefly luciferase gene under control of a SV40 promoter. The pGL3-
basic vector contains no promoter and served as negative control. Effects on the reporter
gene expression of pGL3-cfos-short or pGL3-basic are expressed as ratios of firefly and
renilla luciferase. Data are reported as the mean ratio ± SD of a experiment performed
in triplicate; * p-value < 0.05.
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Fig. 3.27: X-RARα fusion proteins inhibit TFII-I transcription factor arctivity.
For the dual luciferase assay NIH3T3 cells were transfected with the reporter plasmid
pGL3-cfos-short ± TFII-Iδ ± PLZF/RARα or PML/RARα. As internal control served
a construct containing renilla luciferase under the control of a TK promoter. The pGL3-
control vector was used as positive control and expresses the firefly luciferase gene under
control of a SV40 promoter. The pGL3-basic vector contains no promoter and served as
negative control. Effects on the reporter gene expression of pGL3-cfos-short or pGL3-basic
are expressed as ratios of firefly and renilla luciferase. Data are reported as the mean ratio
± SD of two independent experiments performed in triplicate; * p-value < 0.05.

tion factor, which regulates cell differentiation, proliferation and apoptosis, which

are important cellular functions involved in development of leukaemia (Holt et al.,

1986; Szabo et al., 1991; Brown et al., 1993; Ham et al., 1995). Furthermore, c-Fos

is associated with MCF-7 breast cancer as well as AML1/EVI-1 leukaemogenesis

and plays a role in haematopoietic differentiation (Mitani et al., 2004; Lu et al.,

2005; Friedmann et al., 2007).

In this work, analyses were performed on the c-fos promoter to further elucidate the

influence of X-RARα on TFII-I target gene regulation. First, NIH3T3 cells were

co-transfected with a human c-fos promoter luciferase reporter construct and the

TFII-I isoform α, β, γ or δ (Fig. 3.26). In the reporter construct the firefly luciferase

gene is regulated by a short version of the human c-fos promoter, which contains

three known TFII-I binding sites (Fig. 3.26 A) (Kim et al., 1998). Two binding

sites overlap with the upstream elements SIE or SRE and the third one is located

in the basal region of the promoter. As expected, the dual luciferase assay showed
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a promoter inhibition upon TFII-Iβ expression in the unstimulated NIH3T3 cells.

Surprisingly, the expression of the other isoforms TFII-Iα, γ and δ also repressed

c-fos promoter activity in these cells (Fig. 3.26 B). Further dual luciferase analyses

were performed with the short c-fos promoter construct, to address the question

of X-RARα influence the c-fos regulation. NIH3T3 cells were transfected with the

c-fos promoter construct, TFII-Iδ and PLZF/RARα or PML/RARα as indicated

(Fig. 3.27). The results of the luciferase assays confirmed the promoter inhibition

by TFII-Iδ. The expression of both X-RARα fusion proteins caused an induction of

c-fos promoter activity and thereby confirms the data of the experiment on TFII-I

target genes depicted in Fig. 3.24. Co-expression of TFII-Iδ rather increased the

PLZF/RARα promoter activation, but had no effect on the PML/RARα induction

(Fig. 3.27).

As a consequence of these findings, it seems that both X-RARα fusion proteins

influence TFII-I function differently, not only by attenuation but also by enhance-

ment. This could be seen by means of TFII-I target gene regulation, especially on

the basis of the c-fos promoter activity. TFII-I appears to be part of the X-RARα

HMW complexes, which was further supported by SEC analyses (Beez, dissertation

2012). On one hand the interaction influences TFII-I cellular activity but on the

other hand could enable the leukaemic fusion proteins to aberrantly influence TFII-I

target gene expression and by this leukaemogenesis.

3.6 PLZF/RARα Binding Partner PI4KIIα

(submitted)

The phosphatidylinositol 4-kinase type IIα (PIKIIα) was identified as a putative

PLZF/RARα binding partner via the TAP-tag screening method. As already men-

tioned in the introduction (v.s. section 1.6), the PIKIIα mediates the phosphoryla-

tion of the D4 position of the inositol ring and thereby produces phosphatidylinositol

4-phosphate (PI(4)P). In this work the PI4KIIα was chosen for further analysis, be-

cause inositide signalling affects important cellular pathways, which are involved in

the regulation of differentiation, transcription, translation, cell cycle and apoptosis.

The kinase is already implicated in cancerogenesis (Pendaries et al., 2003; Ramaz-
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Fig. 3.28: Interaction studies of PI4KIIα and the X-RARα fusion proteins. A.
Co-immunoprecipitation (CoIP) of phoenix cells expressing X-RARα and HA-PI4KIIα as
indicated. CoIP was performed with the anti-HA Affinity Matrix (Roche) and Western
blot analysis was executed using the indicated antibodies. Input, 10% of protein amount
used for CoIP reaction. Control, mock-transfected phoenix cells, and HA-luciferase.
B. Influence of the expression of PLZF/RARα and PML/RARα on the localisation of
PI4KIIα. NIH3T3 cells were transfected with pC3-empty, pC3-PLZF/RARα or pC3-
PML/RARα and in combination with pSNAPm-PI4KIIα as indicated. Cells were stained
with Hoechst33342 and the indicated antibodies. Anti-PML and anti-PLZF, monoclonal
mouse antibodies conjugated to green fluorochrome Alexa488 (anti-PML and anti-PLZF).
Anti-SNAP, polyclonal rabbit antibody conjugated to red fluorochrome Alexa647 (anti-
SNAP). Co-localisation images were obtained by electronic overlapping of the images
(merged). Co-localisation of the red and green fluorochromes yields a yellow colour.

zotti et al., 2010; McCubrey et al., 2012; Waugh, 2012). Moreover, size exclusion

chromatographies showed that the PIKIIα co-eluted with both X-RARα fusion pro-

teins, which favours the kinase as a component of the X-RARα-associated HMW

complexes (Beez, dissertation 2012).
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3.6.1 PLZF/RARα and PML/RARα bind PI4KIIα and in-

fluence the cellular localisation of the kinase.

At first, PI4KIIα should be validated as a PLZF/RARα binding partner as indi-

cated by the TAP-tag screen. Therefore, co-immunoprecipitation experiments were

performed in phoenix cells. A co-immunoprecipitation with PI4KIIα could be ob-

served for both X-RARα fusion proteins by co-expressing HA-tagged PI4KIIα or

HA-luciferase control with PLZF/RARα or PML/RARα (Fig. 3.28 A).

Since PI4KIIα is an integral membrane protein predominantly of the trans-golgi net-

work, it should be analysed if the mainly nuclear X-RARα fusion proteins influence

the cellular localisation of the PI4KIIα (Wei et al., 2002). SNAP-tagged PI4KIIα

was thereby co-expressed with PLZF/RARα or PML/RARα for co-localisation ex-

periments in murine NIH3T3 cells. As expected, in the control cells SNAP-PI4KIIα

(red staining) localised in the cytoplasma (Fig. 3.28 B, lower panel). However,

expression of PLZF/RARα or PML/RARα (green stainings) led to a delocalisation

of the PI4KIIα into the nucleus or the perinuclear region, respectively, where the

X-RARα proteins co-localised (yellow colour) with the kinase (Fig. 3.28 B, upper

and middle panel).

In order to validate these findings, U937 cells expressing the X-RARα fusion pro-

teins upon zinc induction were fractionated to examine the cellular distribution of

Fig. 3.29: Influence of PLZF/RARα protein on the localisation of PI4KIIα in
U937. A. U937 mock, PLZF/RARα and PML/RARα cells were treated with MG132 and
zinc for 16 h to inhibit proteasomal degradation and induce X-RARα expression, respecti-
vely. The cells were fractionated and the PI4KIIα and X-RARα localisation was examined
by Western analysis with the indicated antibodies. β-tubulin and a Ponceau histone band
served as internal controls for the cytoplasmic and nuclear fractions, respectively. In pa-
rallel, total protein lysates were prepared by SDS lysis (SDS). B. The PI4KIIα protein
bands of A were quantified relative to the internal controls and normalised to mock.
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Fig. 3.30: Cellular localisation of PI4KIIα in U937 cells. U937 cells were zinc-
induced for X-RARα expression (+ for treated cells and - for non-treated control cells)
and transferred to microscope slides via cytospin. Immunostaining was performed with an
anti-PLZF, anti-PML and anti-PI4Kα antibody. Anti-PML and anti-PLZF, monoclonal
mouse antibodies conjugated to green fluorochrome Alexa488 (anti-PML and anti-PLZF).
Anti-PI4Kα, polyclonal rabbit antibody conjugated to red fluorochrome Alexa647 (anti-
PI4Kα). Hoechst33342 was used for DNA staining (blue, third row). Co-localisation
images were obtained by electronic overlapping of the images (merged). Co-localisation of
the red and green fluorochromes yields a yellow colour.

endogenous PI4KIIα by Western analysis. The X-RARα expression was induced

in U937 PLZF/RARα and PML/RARα cells by zinc treatment. Additionally, cells

were treated with MG132 to inhibit proteasomal PI4Kα degradation, which was

observed to accompany fusion protein expression. Mock-transfected cells served as

control. The Western analysis of the U937 cell fractionation confirmed the translo-

cation of PI4Kα to the nucleus upon PLZF/RARα expression. The translocation

could be recognised by an increase of PI4KIIα protein in the nuclear fraction and

a decrease in the cytoplasmic fraction of PLZF/RARα expressing cells (Fig. 3.29

A and B). On the contrary PML/RARα-expressing cells did not exhibit this trans-
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Fig. 3.31: Influence of PLZF/RARα protein on the localisation of PI4KIIα in
mHPC. Murine Lin− cells were transduced with PLZF/RARα and transferred to micro-
scope slides via cytospin. Immunostaining was executed with an anti-PI4Kα antibody.
The secondary antibody was tagged with Alexa647 (red, second row). Hoechst33342 was
used for nuclei staining (blue, third row). The green stainig is due to the GFP expression
of the pinco (mock) and pinco-PLZF/RARα (PLZF/RARα and negC) vectors, which were
used for retroviral production. The pictures were merged (fourth row). Mock-transfected
cells only stained with the secondary antibody were used as negative control.

location and rather showed an increase in the cytoplasmatic fraction (Fig. 3.29 A

and B). Interestingly, the PI4Kα protein amount in the whole cell increased upon

fusion protein expression (Fig. 3.29 A and B, SDS samples).

Further co-localisation experiments were performed in X-RARα-expressing U937

cells. The cells were zinc-induced for fusion protein expression and subjected to im-

munostaining. Cells not treated with zinc served as controls. In U937 PLZF/RARα

cells a cytoplasmic localisation of PI4KIIα could only be detected in the non-zinc

control cells (Fig. 3.30 PLZF/RARα -), while expression of the PLZF/RARα fusion

protein caused once more a rather nuclear localisation (Fig. 3.30 PLZF/RARα +).

Contrary to the U937 fractionation also PML/RARα expression led to a nuclear de-

localisation of the kinase (Fig. 3.30 PML/RARα +). This discrepancy could be due

to MG132 treatment in the fractionation experiment. Additionally, an interesting

observation was a higher PI4KIIα expression in cells with condensed chromatin or

dividing cells (Fig. 3.30 cells assigned with arrows).
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In order to determine the localisation of endogenous PI4KIIα in primary bone mar-

row cells, another immunostaining experiment was executed in primary murine Lin−

cells infected with a PLZF/RARα-expressing retroviral construct. In the mock-

transfected cells PI4IIα (red staining) could be detected predominantly in the cy-

toplasm (Fig. 3.31 upper panel), whereas PLZF/RARα expression again caused a

translocation of PI4KIIα in the nucleus (Fig. 3.31 middle panel). GFP reporter ex-

pression (green staining) was used for identification of cells infected with the mock

or PLZF/RARα expressing construct. These experiments show that PLZF/RARα

expression causes a nuclear localisation of exogenous and endogenous PI4KIIα.

On the whole, these results indicate that both X-RARα proteins bind to PI4KIIα

and cause its delocalisation to the nucleus.

3.6.2 Influence of the leukaemic fusion proteins on PI4KIIα-

associated pathways.

The next step was to evaluate if the X-RARα sequester PIKIIα and inhibit its cellu-

lar function. Therefore, PI4KIIα-associated pathways were analysed. As mentioned

before PI(4)P serves as a precursor for signalling molecules (e.g. PI(4,5)P2 and

PI(3,4)P2), which are also further processed into the second messengers IP3 and

DAG or phosphorylated by PI3K for synthesis of PI(3,4,5)P3. Through this mole-

cules PI4KIIα exerts influence on the regulation of different pathways. PI(3,4,5)P3

induces PDK1 and Akt activation, while PI(3,4)P2 binds to the pleckstrin homo-

logy domain of SOS and thereby is associated with MAPK/Erk signalling (Fig. 1.4)

(Kubiseski et al., 1997; Prestwich, 2004; Gureasko et al., 2008).

As already mentioned in the introduction (v.s. section 1.6), the PI4KIIα pathway

analyses were not only handled in this work, but also in a diploma thesis drawn

by Julia Männich and supervised by Miriam Frech (Männich, 2011). The findings

of Julia Männichs diploma thesis (2011) thereby suggest an inhibition of PI4KIIα

enzymatic activity by the leukaemic fusion proteins, which leads to a suppression

of Erk signalling. Continuative experiments on the influence of the X-RARα fusion

proteins on PI4Kα regulated pathways were executed in the context of this work

and are described in the following sections.
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ATRA treatment abrogates Erk1/2 inactivation by PML/RARα, but has

no influence on the suppression by PLZF/RARα.

In the context of this dissertation further experiments were performed to eluci-

date Erk1/2 dephosphorylation by the X-RARα fusion proteins. X-RARα expres-

sion was thereby induced in U937 cells. The cells were additionally treated with

ATRA or As2O3. These two compounds are used for PML/RARα acute promye-

Fig. 3.32: Influence of ATRA and As2O3 on the activation of the Akt and Erk
pathways. A-B. Influence of ATRA (A) and As2O3 (B) on the Erk1/2 and Akt phos-
phorylation in X-RARα expressing U937 cells. U937 cells were stimulated with ZnSO4, for
the X-RARα protein expression, and ATRA or As2O3 for the indicated times. Antibodies
for Western analyses were used as indicated.
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locytic leukaemia (APL) therapy and provoke degradation of the fusion protein (Lou

et al., 2012; de Thé, 2012). The experiment showed the Erk1/2 dephosphorylation

in the presence of both fusion proteins (Fig. 3.32 A EtOH and B PBS). Treatment

with arsenic trioxide had no impact on the dephosphorylated status of Erk1/2 in

both X-RARα expressing cell lines (Fig. 3.32 B). Interestingly, ATRA treatment

increased Erk1/2 phosphorylation to a normal level in PML/RARα-expressing cells

after 24 hours, which was comparable with the control cells. Contrariwise, ATRA

had no effect on Erk1/2 hypophosphorylation in U937 PLZF/RARα cells (Fig. 3.32

A). These findings are very interesting concerning the treatment of PLZF/RARα

derived APL, since these leukaemia is resistant against therapy with ATRA and

arsenic trioxide (Mistry et al., 2003).

Erk1/2 is inactivated by different fusion proteins inducing acute myeloid

leukaemia in mice.

To further validate these findings quantitative analyses were performed in the U937

cell line, primary murine HPCs and murine spleen cells derived by leukaemic mice

expressing different fusion proteins.

At first, Erk1/2 phosphorylation was tested in U937 PLZF/RARα and PML/RARα

cells by intracellular FACS analysis. The cells were zinc induced for X-RARα ex-

Fig. 3.33: Inhibition of the Erk pathway in U937 cells. A. U937 cells were in-
duced with ZnSO4 for 6 h and with EGF for 5 min. Erk1/2 activation was analysed
per intracellular immunostaining and subsequent FACS measurement. The immunostain-
ing was performed with an anti-P-Erk1/2 antibody and a secondary antibody fused to
the PerCP fluorophor. PerCP-positive living cells were detected and quantified by FACS
measurement. U937 cells only stained with the secondary antibody served as negative
control (negC). B. Bar diagram of the PerCP positive living cells measured by FACS of
A. Erk1/2 activation is measured by means of Erk1/2 phosphorylation.
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Fig. 3.34: Inhibition of the Erk pathway in mHPC. A-B. Lin− cells were transduced
as indicated to knockdown (A) or overexpress (B) PI4Kα with and without PLZF/RARα
and cultivated in methylcellulose with cytokines for 30 d. Afterwards the cells were trans-
ferred to liquid culture, propagated for 4 d and induced with EGF for 5 min. P-Erk1/2
was evaluated in the transduced Lin− mHPCs via intracellular immunostaining and sub-
sequent FACS measurement. The immunostaining was carried out with an anti-P-Erk1/2
antibody and a secondary antibody fused to the PerCP fluorophor. PerCP-positive cells
were detected and quantified by FACS measurement.

pression and stimulated with EGF. Subsequently, an immunostaining was perfor-

med with an antibody directed against phosphorylated Erk1/2 (p-Erk1/2) and the

cells were subjected to cytometric analyses. Figure 3.33 A displays the histograms

of living cells positively stained for p-Erk1/2. The measurements confirm the hy-

pophorphorylation of Erk1/2 in the presence of both X-RARα fusion proteins. In

case of the PLZF/RARα expression the effect was six-fold stronger compared to the

PML/RARα expression (Fig. 3.33 B).

The Erk1/2 phosphorylation was also analysed in primary murine HPCs infected

with a PLZF/RARα containing retrovirus. In addition PI4KIIα was overexpressed

or downregulated via shRNA in cells with and without PLZF/RARα expression.

The cells were cultivated in methylcellulose. After 30 days the cells were transfered

to liquid culture, cultivated for four days and induced with EGF. An immuno-

staining was performed and p-Erk1/2 postitve cells were identified by cytometrical

analysis. As depicted in (Fig. 3.34) at this timepoint p-Erk1/2 was decreased in

PLZF/RARα-expressing cells. The additional knockdown of PI4KIIα further redu-

ced the amount, which was demonstrated by comparison of the blue and the purple

curve (Fig. 3.34 A). PI4KIIα overexpression caused only a minor p-Erk1/2 induc-

tion in PLZF/RARα containing cells (Fig. 3.34 B, blue and purple curve). The

knockdown of PI4KIIα alone caused a reduction of p-Erk1/2 positive cells, while its
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overexpression led to a two peak histogram comparable with the histogram of the

mock-transduced cells (Fig. 3.34 A and B red curves).

In conclusion, these data support an inhibition of Erk1/2 upon PLZF/RARα ex-

pression. Since activated Erk1/2 is important for haematopoietic differentiation, an

inhibition could contribute to APL leukaemogenesis (Geest & Coffer, 2009).

Next step was to evaluate if an inhibition of Erk1/2 activation is restricted to

X-RARα fusion proteins or can also be found in other myeloid leukaemias. For

that purpose, spleen cells of leukaemia mice with the following translocations were

used for p-Erk1/2 analyses: PLZF/RARα, PML/RARα, DEK/CAN, DEK/CAN

Flt3 ITD, AML1/ETO and BCR/ABL. DEK/CAN and AML1/ETO are most fre-

quently associated with FAB M2 acute myeloid leukaemias, while PLZF/RARα

and PML/RARα cause FAB M3 AMLs. Patients with the PLZF/RARα transloca-

tion also show intermediates between the FAB M2 and M3 AML phenotype. Fur-

ther DEK/CAN cells additionally contain Flt3 internal tandem duplications (ITDs),

which occure often together with this translocation and are attended by poor prog-

nosis (Thiede et al., 2002; Yanada et al., 2005; Slovak et al., 2006). Other than

the translocations mentioned before, BCR/ABL causes a chronic myeloid leukae-

mia (CML) or acute lymphatic leukaemia (ALL). The isolated spleen cells were

immunostained with an anti-P-Erk1/2 antibody. Positively stained living cells were

examined per flow cytometrical analysis (Fig. 3.35 A and B). As several authors have

reported before Erk1/2 activation was increased in BCR/ABL-expressing cells, 12%

compared to 10% in wildtype (WT) cells (Cilloni & Saglio, 2012). For comparison,

murine Lin− HPCs stained for total and not only phosphorylated intracellular Erk

accounted for 10 to 20% of the positive living cells measured by flow cytometrical

analysis (data not shown). Furthermore, the decrease of Erk1/2 phosphorylation

in X-RARα expressing cells could be confirmed. Here, the effect was stronger in

the presence of PML/RARα (<2%) compared to PLZF/RARα (6%). Interestingly,

an inhibition of Erk1/2 phosphorylation could also be detected in cells expressing

AML1/ETO (7%) or even stronger in the presence of DEK/CAN (4%). The pre-

sence of Flt3 ITD in the DEK/CAN spleen cells seemed to enforce this effect, from

4% to <2% P-Erk1/2 positive living cells.

These results indicate an inhibition of Erk1/2 activation in spleen cells of several
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Fig. 3.35: Inhibition of the Erk pathway in murine spleen cells of leukaemia
mice. A. Murine spleen cells were transduced as indicated and used for mouse retrans-
plantation. When the mice developed MDS or leukaemia the spleen cells were isolated
again and used for intracellular immunostaining and FACS analysis. The immunostaining
was realised via staining with an anti-P-Erk1/2 antibody and a secondary PerCP-tagged
antibody. PerCP-positive cells were identified and quantified by FACS measurement. B.
Bar diagram of the FACS measurement of the PerCP positive living murine spleen cells
of A. Phosphorylation is taken as a measure for Erk1/2 activation.
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AML types and not only X-RARα FAB M3 AMLs. Contrarily, Erk1/2 activation

was upregulated in BCR/ABL-positive cells, the only CML/ALL type analysed.

Flt3 ITD expression seemed to strengthen Erk1/2 dephosphorylation in DEK/CAN-

expressing cells, which has to be confirmed by further analyses.

3.6.3 The influence of PI4KIIα on normal and leukaemic

haematopoietic differentiation

Downstream pathways of PI4KIIα are known to be involved in regulation of cell

growth, cell cycle, differentiation and apoptosis, which are important cellular func-

tions deregulated in different cancer types (v.s. section 1.6 and Follo et al., 2010;

Ramazzotti et al., 2010; Waugh, 2012).

In order to examine the contribution of PI4KIIα to the normal haematopoietic dif-

ferentiation as well as to the PLZF/RARα-induced leukaemogenesis, experiments

were performed in murine Lin− haematopoietic progenitor cells (HPCs). For the

experiments on normal haematopoiesis, the PI4KIIα was downregulated or over-

expressed. In this experiment, mLin− cells were transduced with viral particles

encoding a shRNA directed against murine PI4KIIα or expressing human PI4KIIα,

respectively. On the other hand, the experiments on leukaemic differentiation were

performed with cells expressing PLZF/RARα with and without PI4KIIα expres-

sion. The mLin− cells were either retrovirally infected with PLZF/RARα and hu-

man PI4KIIα or PLZF/RARα and the shRNA directed against murine PI4KIIα

(v.s. section 2.2.20). In both experiments cells mock-infected with the empty vec-

tors and/or a non-targeting control shRNA served as controls. After infection the

cells were cultured in liquid culture or replated in semi-solid medium to analyse the

effects on differentiation and replating efficiency, respectively (Fig. 3.36 A).

Efficiencies of cell infection At first, the success of infection was tested by FACS

measurement. The constructs pinco and pinco-PLZF/RARα express a gfp and paulo

and paulo-PI4KIIα a lngfr reporter gene. Hence, cells were immunostained with an

PE-tagged antibody directed against LNGFR. PE and GFP positive living cells

were determined via flow cytometrical analyses. The Figures 3.36 B and C depict
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Fig. 3.36: Testing infection efficiency of mHPCs via FACS measurement. Lin−

HPCs were transduced with shmPI4Kα, PI4Kα and PLZF/RARα as indicated. For mock-
transduction a non-targeting shRNAcontrol or the empty vectors pinco and paulo were
used. The cells were seeded in liquid culture in the presence or absence of G/GM-CSF and
in methylcellulose for replating assays. A. The provirus was used for the transduction of
the cells. In pinco and paulo the transgene is driven by the 5’ LTR, whereas the GFP or
∆NGFR reporter genes are under the control of the CMV promoter (CMV-P); the shRNA
against murine PI4Kα was introduced in pLKO.1 lentivirus and the cells were infected
according to S2 rules. B-C. The Lin− cells were transduced with shmPI4Kα or PI4Kα to
examine the influence of PI4KIIα on the haematopoietic differentiation (B). In order to
examine the influence of PI4KIIα on PLZF/RARα-expressing mHPCs, the Lin− cells were
infected with PLZF/RARα ± shmPI4Kα or PI4Kα (C). The viruses contain the reporter
genes gfp (pinco, pinco-PLZF/RARα) and lngfr (paulo, paulo-PI4Kα). To analyse the
infection efficiency the cells were stained with a PE-tagged anti-LNGFR antibody. GFP
and PE (LNGFR) positive cells were measured per flow cytometrical analysis. The bar
graphs show the mean data of the GFP and PE positive living cells of two independent
experiments.
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the percentaged amount of the succesfully transduced mLin− cells positive for GFP

or LNGFR. The infection efficencies averaged as follows: pinco - 55%, pinco-PLZF-

/RARα - 30%, paulo - 20%, paulo-PI4KIIα - 5% (Fig. 3.36). GFP-positive cells were

also determined via microscopy. Thereby, GFP-positive cells could be confirmed for

all infections performed with pinco or pinco-PLZF/RARα.

Furthermore, the infected cells were used for quantiative RT-PCR experiments, be-

cause LNGFR immunostaining and subsequent FACS measurement showed only

a low infection efficiency (Fig. 3.36 B and C). Moreover, the mPI4KIIα knockdown

via the shRNA shmPI4Kα could not be detected via flow cytometrical analyses,

because the shRNA vector pLKO.1 lacks a reporter gene. As depicted in Fig. 3.37

A, the shRNA against endogenous mPI4KIIα caused a 50% to 60% knockdown

in cells with and without PLZF/RARα expression (shmPI4Kα and shmPI4Kα +

PLZF/RARα). Interestingly, PLZF/RARα caused a 50% decrease of mPI4KIIα

mRNA levels by itself (shcontrol + PLZF/RARα). Furthermore, the results of the

qRT-PCRs confirmed the overexpression of huPI4KIIα in the mHPCs (Fig. 3.37

B, PI4Kα and PI4Kα + PLZF/RARα) and the PLZF/RARα expression for the

experiments on leukaemic haematopoiesis (Fig. 3.37 C).

PLZF/RARα and huPI4KIIα expression as well as mPI4KIIα knockdown were fur-

ther attested per Western analysis with the respective antibodies (Fig. 3.38). In

contrast to the qRT-PCR analyses, PI4KIIα seemed to be stabilised in the presence

of PLZF/RARα (α-PI4Kα + PLZF/RARα), which could be due to its participation

in the PLZF/RARα HMW complex. Interestingly, the PLZF/RARα transcript (Fig.

3.37 C) and protein (Fig. 3.38 left panel) amount was reduced in mHPCs contai-

ning the shRNA directed against mPI4KIIα. On the contrary, the overexpression

of huPI4KIIα in these cells had no effect on the PLZF/RARα expression.

The influence of PI4KIIα on haematopoietic differentiation

In order to examine the role of the PI4KIIα in haematopoietic differentiation, the

mHPCs infected with the shRNA directed against murine PI4KIIα or overexpres-

sing human PI4KIIα were subjected to liquid culture. The cells were cultivated

for nine days with and without the growth factors granulocyte colony-stimulating

factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF)
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Fig. 3.37: Knockdown and overexpression of PI4Kα in mHPCs. A.
For knockdown experiments cells were infected as follows: shcontrol - pLKO.1-
shcontrol/pinco; shmPI4Kα - pLKO.1-shmPI4Kα/pinco; shcontrol + PLZF/RARα
- pLKO.1-shcontrol/pinco-PLZF/RARα and shmPI4Kα + PLZF/RARα - pLKO.1-
shmPI4Kα/pinco-PLZF/RARα. The successfull knockdown of mPI4Kα was determined
via qRT-PCR. Data were normalised to the murine housekeeping gene L27. B. For overex-
pression investigations cells were infected as follows: mock - pinco/paulo; PI4Kα - paulo-
PI4Kα/pinco; PLZF/RARα - pinco-PLZF/RARα/paulo and PI4Kα + PLZF/RARα -
paulo-PI4Kα/pinco-PLZF/RARα. The successfull overexpression of huPI4Kα was de-
termined via qRT-PCR. Thereby, data were related to murine L27. C. The successfull
expression of PLZF/RARα in the transduced Lin− described in A and B was also deter-
mined via qRT-PCR. The data were normalised to murine L27.

to induce myeloid differentiation. Afterwards, differentiation was determined via

flow cytometrical analyses of cell surface markers and via morphological analyses
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Fig. 3.38: Examine infection efficiency of mHPCs per Western analysis. Murine
Lin− cells were transduced as indicated and seeded in methylcellulose with cytokines.
The cells were replated every 9-10 days. After the first replating remaining cells were
harvested and processed with TriFast (Peqlab) to isolate total protein. Western analyses
were performed with the listed antibodies to analyse the expression of PI4Kα (+ PI4Kα)
and PLZF/RARα (+ PLZF/RARα) and the knockdown of murine PI4Kα (+ shmPI4Kα).
H2B served as loading control.

per May-Grünwald-Giemsa (MGG) staining.

The following surface markers, which are also depicted in Fig. 1.1, were used for the

cell identification during haematopoietic differentiation. Sca-1 and c-kit are stem

cell markers. The markers Mac-1, Gr-1 and Ter119 were used for the identification

of mature monocytes, granulocytes and erythrocytes of the myeloid differentiation

lineage, respectively. On the other hand, differentiated B cells of the lymphoid li-

neage were identified by the marker B220. Flk-2 (= Flt3) is a marker for short-term

HSCs (ST-HSCs), which are more mature than long-term HSCs (LT-HSCs) and lost

their self-renewing capacity. Moreover, the marker Flk-2 is further expressed in the

lymphoid lineage, whereas it is absent in myeloid differentiation (v.s. section 1.1.1).

The cells were immunostained as indicated and analysed via FACS measurement.

At first, the flow cytometrical data of the PI4KIIα knockdown experiment were

evaluated (Fig. 3.39). The knockdown of mPI4KIIα caused a differentiation block

of granulocytes, but had no impact on monocytic differentiation (Fig. 3.39 B, com-

parison of shctrl and shmPI4Kα). Reciprocally, the amount of Sca-1+, c-kit+ HSCs

increased (Fig. 3.39 A). Additionally, mPI4KIIα knockdown negatively influenced

erythroid differentiation, which resulted in a decrease of Ter119+ cells (Fig. 3.39 C).

In the lymphoid differentiation PI4KIIα downregulation raised equally the amount

of pro-B and B cells, which was attended by an increase of Flk-2+ and B220+ cells
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Fig. 3.39: The influence of PI4Kα downregulation on mHPC differentiation.
A-E. Murine PI4Kα was downregulated in murine Lin− HPCs via a shRNA directed
against mPI4Kα (shmPI4Kα). Cells infected with a non-coding shRNA (shctrl) served as
control. The infected cells were seeded in liquid culture with G/GM-CSF. After 9 days
differentiation was analysed by flow cytometrical analyses of the differentiation markers
Sca-1/c-kit (A), Mac-1/Gr-1 (B), Ter119 (C), Flk-2/c-kit (D) and B220/c-kit (E). The
cells were gated for positive living cells.

± c-kit+ (Fig. 3.39 D and E). Thereby, pro-B cells are c-kit+ and mature B cells

are c-kit−.

The results of the PI4KIIα overexpression experiment were depicted in Fig. 3.40.

The Sca-1+, c-kit+ stem cell compartment was not influenced by the PI4KIIα over-

expression, which was gathered by the stable amount of the double-negative cells

(Fig. 3.40 A). On the other hand, the overexpression of huPI4KIIα induced a shift

to monocytic differentiation at the cost of mature granulocytes (Fig. 3.40 B, PI4Kα

compared to mock). Furthermore, PI4Kα overexpression caused a slight reduction

of Ter119+ mature erythrocytes (Fig. 3.40 C). The lymphoid lineage was rather

induced by the PI4KIIα expression. In contrast to the mPI4KIIα knockdown, where

the amount of pro-B and B cells was equal, overexpression of this kinase induced a

shift to the more mature B220+, c-kit− B cells (Fig. 3.40 E). The same was detected

for the expression of the Flk-2 surface marker (Fig. 3.40 D).
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Fig. 3.40: The influence of PI4Kα upregulation on mHPC differentiation. A-E.
Human PI4Kα was overexpressed in murine Lin− HPCs (PI4Kα). Cells infected with the
empty vector (mock) served as control. The infected cells were seeded in liquid culture
with G/GM-CSF. After 9 days differentiation was analysed by flow cytometrical analyses
of the differentiation markers Sca-1/c-kit (A), Mac-1/Gr-1 (B), Ter119 (C), Flk-2/c-kit
(D) and B220/c-kit (E). The cells were gated for positive living cells.

For the morphological analysis of myeloid differentiation, infected mHPCs were

cultivated with and without G/GM-CSF and stained with May-Grünwald-Giemsa

(MGG). Figure 3.41 presents the MGG stainings of mHPCs, in which the PI4KIIα is

downregulated (shmPI4Kα) or overexpressed (PI4Kα). Knockdown of the mPI4KIIα

seems to slow down cell differentiation. In G/GM-CSF-free (-) stainings mPI4KIIα

cells depicted a blast phenotype, while the control cells transduced with a non-

targeting shRNA (shctrl) showed already differentiated granulocytic cells with seg-

mented nuclei. Upon cultivation with G/GM-CSF (+) mPI4KIIα-knockdown cells

could be differentiated and showed a morphology comparable with the shctrl control

cells. On the other hand, PI4KIIα overexpression (PI4Kα) rather induced cell dif-

ferentiation without G/GM-CSF addition (compare Fig. 3.41 mock and PI4Kα -

G/GM-CSF), while it had no impact on cells cultured with G/GM-CSF, where the

maturation of the cells overexpressing PI4Kα was comparable with the control cells

(mock) (Fig. 3.41 mock and PI4Kα + G/GM-CSF).
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Fig. 3.41: PI4Kα knockdown or overexpression has opposite influence on the
morphology of mHPCs. The transduced mHPCs, PI4Kα knockdown (shctrl and
shmPI4Kα) and overexpression (mock and PI4Kα) experiment, were cultivated in liquid
culture in the presence (+) or absence (-) of G/GM-CSF. After 9 d differentiation was
analysed by May-Grünwald-Giemsa staining. The microscope magnification was 100x.

In summary, the PI4KIIα positively effected the differentiation markers of granu-

locytes (Gr-1), monocytes (Mac-1) and erythrocytes (Ter119) for the cost of the

stem/progenitor cell markers Sca-1/c-kit. Moreover, the PI4KIIα negatively regu-

lated pro-B cell markers, while it increased the differentiation marker of mature

B cells. The PI4KIIα further induced the G/GM-CSF-independent differentiation,

which could be detected by means of the MGG morphological analyses.

The influence of PI4KIIα on murine haematopoietic progenitor cells ex-

pressing PLZF/RARα

In order to analyse if the sequestration of the PI4KIIα by PLZF/RARα is associated

with the myeloid differentiation block caused by the fusion protein, mHPC cell

differentiation was studied. The PI4Kα was thereby downregulated or overexpressed

in murine Lin− cells expressing PLZF/RARα as described in the first part of this

section. The infected cells were subjected to liquid culture and cultivated for nine

days with and without the growth factors granulocyte colony-stimulating factor (G-

CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF) to induce

myeloid differentiation. The differentiation was examined per flow cytometrical

analyses of the cell surface markers Sca-1+, c-kit+, Gr-1+, Mac-1+, Ter119+, Flk-2−

and B220+ (also v.s. Figure 1.1). Simultaneously, May-Grünwald-Giemsa (MGG)

stainings were performed for morphological analysis.
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Fig. 3.42: Downregulation of mPI4Kα in PLZF/RARα-positive mHPCs. A-
E. Murine Lin− cells were transduced with PLZF/RARα ± shmPI4Kα as indicated and
seeded in liquid culture with G/GM-CSF. After 9 days cell differentiation was analysed
by flow cytometrical analyses of the differentiation markers Sca-1/c-kit (A), Mac-1/Gr-1
(B), Ter119 (C), Flk-2/c-kit (D), and B220/c-kit (E). The cells were gated for positive
living cells.
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At first, data of the PI4KIIα knockdown experiment were evaluated (Fig. 3.42).

In PLZF/RARα-positive cells the expression of the fusion protein led to a differ-

entiation block of the myeloid and lymphoid lineages, which could be seen in the

reduction of Gr-1+, Mac-1+, Ter119+ and B220+ cells (Fig. 3.42 B, C and E,

PLZF/RARα). This was attended by an increase of cells expressing the stem cell

markers Sca-1+, c-kit+ and Flk-2− (Fig. 3.42 A and D, PLZF/RARα). In com-

parison, the downregulation of mPI4KIIα via RNAi had only minor effects on the

PLZF/RARα-expressing cells. Nonetheless, the mPI4KIIα knockdown enforced the

PLZF/RARα-induced differentiation block in the myeloid lineage. This was detec-

ted by a decrease of Gr-1+, Mac-1+ and Ter119+ mature blood cells and an increase

of Sca-1+ and c-kit+ stem cells (Fig. 3.42 B, C and A, comparison PLZF/RARα and

shmPI4Kα + PLZF/RARα). However, a contradictory effect could be detected for

the lymphoid lineage. The PI4KIIα knockdown elevated pro-B cells, which resulted

in an increase of Flk-2+, B220+, c-kit+ cells (Fig. 3.42 C and D). Thereby, mature

B220+, c-kit− B cells were not affected.

In order to further analyse the hypothesis that the PI4KIIα is sequestered by the fu-

sion protein PLZF/RARα, huPI4KIIα was overexpressed in PLZF/RARα-positive

Lin− cells. The results of the PI4KIIα overexpression experiment were depicted

in Fig. 3.43. FACS analyses showed that the overexpression of huPI4KIIα in

PLZF/RARα-expressing cells could not overcome the differentiation block, but sho-

wed tendencies towards myeloid maturation. Thus, PI4KIIα overexpression caused

a slight increase of mature Gr-1+, Mac-1+ and Ter119+ cells, which was confir-

med by a decrease of Sca-1+, c-kit+ stem cells (Fig. 3.43 B, C and A, comparison

PLZF/RARα and PI4Kα + PLZF/RARα). Contrary to the knockdown experi-

ments, the B220+, c-kit+ pro-B cell levels were reduced by PI4KIIα overexpression

in PLZF/RARα-positive cells (Fig. 3.43 E). Thereby, mature B220+, c-kit− B cell

levels remained constant. Same tendencies could be detected for Flk-2 (Fig. 3.43

D). The Fig. 3.42 and Fig. 3.43 show the same dotplots for shctrl and mock like the

Fig. 3.39 and Fig. 3.40, since these experiments were performed simultaneously.

For the morphological analysis of myeloid differentiation, infected HPCs were culti-

vated with and without G/GM-CSF and stained with MGG. Figure 3.44 presents
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Fig. 3.43: Overexpression of huPI4Kα in PLZF/RARα-positive mHPCs. A-E.
Murine HPCs were transduced with PLZF/RARα ± huPI4Kα as indicated and seeded in
liquid culture with G/GM-CSF. After 9 days differentiation was analysed by flow cyto-
metrical analyses of the differentiation markers Sca-1/c-kit (A), Mac-1/Gr-1 (B), Ter119
(C), Flk-2/c-kit (D), and B220/c-kit (E). The cells were gated for positive living cells.
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Fig. 3.44: The influence of PI4Kα down- or upregulation on the morpho-
logy of PLZF/RARα-expressing mHPCs. Murine Lin− HPCs were transduced with
PLZF/RARα, shmPI4Kα and huPI4Kα as indicated. Cells infected with a non-targeting
shRNA (shctrl) or the empty vectors (mock) served as controls. The infected cells were
cultivated in liquid culture in the presence or absence of G/GM-CSF. After 9 d differen-
tiation was analysed by May-Grünwald-Giemsa staining. The microscope magnification
was 100x.

the cell stainings of the PI4KIIα knockdown and overexpression experiments in

PLZF/RARα-positive cells. As expected, cells expressing PLZF/RARα showed a

blast phenotype with and without G/GM-CSF (PLZF/RARα). In this regard, the

downregulation of PI4KIIα had no effect on PLZF/RARα-positive cells and showed

the blast phenotype with as well as without G/GM-CSF (shPI4Kα + PLZF/RARα).

Nevertheless, the PI4KIIα overexpression in PLZF/RARα-containing cells indu-

ced spontaneous differentiation (- G/GM-CSF) and growth factor-induced differen-

tiation (+ G/GM-CSF) and reduced the amount of blasts (Fig. 3.44, compare

PLZF/RARα and PI4Kα + PLZF/RARα).

In summary, PI4KIIα appears to influence myeloid and lympoid maturation of the

blood cells differently. On the one hand, PI4KIIα overexpression induces mye-

loid differentiation also in PLZF/RARα-expressing cells, while the knockdown de-

creases mature granulocytes, monocytes and erythrocytes and increases the amount

of HSCs. The morphological analyses support these findings for the myeloid differen-

tiation. On the other hand, PI4KIIα seems to inhibit lymphoid differentiation up-

stream of the pro-B cells, but activates the differentiation into mature B cells. Hence,

PI4KIIα downregulation alone increased pro-B and B cells, while in PLZF/RARα-

positive cells the PI4KIIα knockdown caused an increase of pro-B cells, while the

maturation into B cells was blocked. Contrarily, the overexpression of the kinase

alone induced differentiation into mature B cells, but blocked mHPC differentiation
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Fig. 3.45: PI4Kα knockdown or overexpression has minor effects on the repla-
ting efficiency of mHPCs. A-B. For the colony assays in semi-solid medium Lin− cells
were transduced with PLZF/RARα ± shmPI4Kα (A) or huPI4Kα (B). The cells were
seeded in methylcellulose and replated every 9-10 d until growth arrest. Every replating
(I-IX) the colonies were counted (A and B). Afterwards the cells were resuspended in
liquid medium, counted and replated again in duplicates at 5 x 103 cells. The graphs show
the averaged results of two independent experiments.

into pro-B cells in the presence of PLZF/RARα.

The influence of PI4KIIα on stem cell capacity in wildtype and PLZF-

/RARα-expressing cells

In order to evaluate the influence of PI4KIIα on the replating efficiency of mHPCs,

colony assays were performed. The infected Lin− cells were thereby cultivated in
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Fig. 3.46: PI4Kα knockdown or overexpression has little opposite effects on the
colony morphology of mHPCs. A-B. For the colony assays in semi-solid medium Lin−

cells were transduced with PLZF/RARα ± shmPI4Kα (A) or PI4Kα (B). The cells were
seeded in methylcellulose and replated every 9-10 d until growth arrest. Every replating
(I-IX) the colonies were photographed. A magnification of 2.5x was used for microscopy.

methylcellulose and replated every nine to ten days. Colony forming units (CFUs)

were counted and microscoped at every replating. In order to replate every time the

same amount of cells, cell numbers were determined.

The colony assays showed that the knockdown or the overexpression of mPI4KIIα

alone had no influence on the replating efficiencies, which were comparable with

WT or control cells (Fig. 3.45 A and B). Minor differences could be detected in the

morphologies. PI4KIIα overexpression resulted in smaller CFUs compared to mock

or WT, while the knockdown caused expanded CFUs with peripheral migrating cells

(Fig. 3.46 A and B). As described in previous studies, expression of PLZF/RARα

increased self-renewal and thereby replating efficiency (Fig. 3.45 A and B). This

was also confirmed by formation of large and elevated CFUs without peripheral

migrating cells (Fig. 3.46 A and B, PLZF/RARα). The additional knockdown or

overexpression of PI4KIIα in PLZF/RARα-transduced cells caused a light increase
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or decrease of replating efficiency, respectively (Fig. 3.45 A and B). This was accom-

panied by a prolonged production of the large and elevated CFUs without peripheral

migrating cells in case of the knockdown, shmPI4Kα with PLZF/RARα. On the

other hand PI4KIIα overexpression reduced appearance of this undifferentiated co-

lonies in PLZF/RARα-expressing cells (Fig. 3.46 A and B).

In conclusion, the results of the colony assays imply only an inferior role of PI4KIIα

in the regulation of the self-renewal capacity of HPCs. PI4KIIα overexpression could

not abrogate the PLZF/RARα differentiation block. Nevertheless, PI4KIIα could

be important in cooperation with other molecules influenced by PLZF/RARα in the

development of APL.



Chapter 4

Discussion

4.1 Identification of potential components of the

PLZF/RARα HMW complexes

The expression of the fusion proteins PLZF/RARα, PML/RARα and AML1/ETO

leads to the development of leukaemia. All three fusion proteins are able to create ho-

modimers. Homodimerisation of PLZF/RARα is mediated through the BTB/POZ

(Broad Complex, tramtrack, Bric a Brac/Pox virus and Zinc finger) domain and of

PML/RARα through the coiled-coil domain (Perez et al., 1993; Jansen et al., 1995;

Licht et al., 1996; Dong et al., 1996). AML1/ETO dimerises through the Nervy

homology region 2 (NHR2) domain (Peterson & Zhang, 2004). The leukaemic fu-

sion proteins not only homodimerise, but also heteromerise with other proteins and

complexes. Thereby, high molecular weight (HMW) complexes are built, which

are indispensable for the leukaemic potential of the fusion proteins (Grigniani et

al., 1999; Minucci et al., 2000; Lin & Evans, 2000). It is known that co-repressor

complexes containing N-Cor, SMRT and HDAC1 are recruited, but the complete

composition of the fusion protein-associated HMW complexes remains unclear (Mel-

nick & Licht, 1999; Peterson & Zhang, 2004). To further identify components of

the HMW complexes of the X-RARα fusion proteins a proteomic TAP-tag/MALDI

screen was performed for both fusion proteins. Thereby, 22 putative binding part-

ners of PLZF/RARα could be identified (Seshire, dissertation 2006). In this work

the potential PLZF/RARα-binding partners were analysed and validated.

169
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4.1.1 Pathway analyses and validation of PLZF/RARα bin-

ding partners

At first, 20 putative binding partners with a MOWSE score over 37 were used for

in silico protein network analyses with the INGENUITY pathway analysis (IPA)

software. About 50% of the proteins tested are involved in important cellular func-

tions like cell assembly and organisation as well as cell growth and proliferation.

Furthermore, 15 of 22 analysed proteins are related to cancer. The identified top

canonical pathways are either involved in Rho GTPase signalling or with lysine bio-

synthesis. Rho GTPases are known to be important for haematopoiesis and cause

haematologic abnormalities when deregulated (Mulloy et al., 2010). Furthermore,

they are involved in cytoskeleton organisation, especially actin regulation. Rho is in

turn a member of the Ras superfamily (Chardin, 1988; Boureux et al., 2007). Ras is

a proto-oncogene and i.a. involved in the regulation of PI3K/Akt and Erk/MAPK

signalling (reviewed in Steelman et al., 2011, and Pylayeva-Gupta et al., 2011). The

results of the IPA networks fit to this data and show Actin and Erk1/2 as hotspot

proteins. It seems that these pathways are important for PLZF/RARα-induced leu-

kaemia.

The putative PLZF/RARα binding partners TFII-I, PI4KIIα, VASP, DLC1, MSH3

were chosen for further validation and analysis of the identified pathways because

they are all directly associated with the hotspot proteins and top canonical path-

ways. Moreover, TFII-I, VASP and PI4KIIα seem to be components of the fusion

protein-associated HMW complexes, since they co-eluted with both X-RARα fu-

sion proteins in size exclusion chromatograpy experiments (Beez, dissertation 2012).

COMMD5 was additionally chosen because of its involvment in cell proliferation.

The potential PML/RARα binding partners BMP3, ERBB4 and SRPX were ini-

tially added for analyses as controls for the PLZF/RARα screen but also because

of their cellular functions in differentiation and apoptosis, which could be impor-

tant for leukaemogenesis. At first, the putative binding partners COMMD5, BMP3,

ERBB4, DLC1 and MSH3 were tested. Surprisingly, PLZF/RARα showed a bin-

ding with all five binding partners, including the PML/RARα partners. Vice versa

PML/RARα bound besides its putative binding partners BMP3 and ERBB4, addi-

tionally DLC1 and MSH3 from the PLZF/RARα screen. COMMD5 was only bound
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by PLZF/RARα. The TAP-tag/MALDI screen identified cytoplasmic and nuclear

proteins. ERBB4 is a tyrosine kinase internalised in the cell membrane and BMP3 is

a member of the TGFβ family and predominantly cytoplasmic and secreted (Plow-

man et al., 1993; Faucheux et al., 1997). The interaction data of this work point

to a transient cytoplasmic binding of PLZF/RARα to BMP3 and ERBB4. This

could be the explanation why the two proteins did not appear in the PLZF/RARα

screen. On the other hand, the binding between PML/RARα and DLC1 or MSH3

occured only in cells with an inhibited proteasomal degradation. Since these two

proteins are degraded in the presence of PML/RARα, this could be the reason why

these two proteins were not identified via the PML/RARα protein screen. The im-

munofluorescence localisation experiments in PLZF/RARα-expressing cells further

support the transient binding between PLZF/RARα and MSH3, DLC1, ERBB4 or

CRABPII. These proteins were neither changed in their cellular localisation nor re-

cruited to nuclear microspeckles formed by PLZF/RARα. COMMD5 was partially

delocalised from the cytoplasm to the nucleus upon PLZF/RARα expression, which

could implicate an inactivation of COMMD5 function. CRABPII was identified

as a putative PLZF/RARα binding partner and analysed via localisation experi-

ments. The protein is normally located in the cytoplasm, but upon binding of its

ligand retinoic acid (RA) a nuclear localisation motif is uncoverd and the protein

is transferred to the nucleus. In the nucleus it mediates the ligation of RA with

the retinoic acid receptor RAR. Hence, CRABPII is essential for the induction of

RAR transcriptional activity (Budhu & Noy, 2002; Sessler & Noy, 2005). In this

work CRABPII was translocated to the nucleus by PML/RARα without RA in-

duction and showed a co-localisation with this fusion protein. This could imply a

sequestration of CRABPII and inhibition of RA transport. On the other hand, in

PLZF/RARα-expressing cells the protein was not translocated to the nucleus. Since

PLZF/RARα cells are resistant to ATRA treatment, CRABPII could be invoved in

this resistance via remaining in the cytoplasm.

4.2 X-RARα binding partner PU.1

Sequestration of binding partners by the X-RARα fusion proteins is a known mech-

anism and was already reported for the differentiation-specific transcription factor
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VitD3R (Puccetti et al., 2002). PU.1 is an important transcription factor for the de-

velopment of normal blood cells. Its inactivation causes promotion of AML (Metcalf,

2006; Rosenbauer et al., 2004). The functional inactivation by the leukaemic fusion

protein AML1/ETO was already reported (Vangala et al., 2003). In the context

of this work and further dissertations the sequestration and functional inactivation

of PU.1 by the X-RARα fusion proteins were analysed and already published in

Seshire et al. (2012). Thereby, the X-RARα fusion proteins functionally inactivate

PU.1 on the one hand by a sequestration of the protein by direct interaction and

its de-localisation from the nucleosol to the nuclear matrix. The localisation experi-

ments in this work with overexpressed PU.1 and X-RARα fusion proteins show the

co-localisation of these proteins in the nucleus. Thereby, these experiments further

validate the direct interaction between PU.1 and the leukaemic fusion proteins. On

the other hand the X-RARα proteins inhibit PU.1 by decreasing post-translational

modifications of this protein (Seshire et al., 2012). This is accompanied by a decrease

of PU.1 expression on mRNA and protein level, which is in line with the results of

Müller et al. (2006). Since PU.1 serine phosphorylation is essential for its activity,

the decreased phosphorylation status caused by expression of the fusion proteins

inhibits the induction of PU.1 target genes (Mao et al., 1996; Lodie et al., 1997).

PU.1 induces itself via an autoregulation loop (Okuno et al., 2005). Consequently,

the data suggest that the functional inhibition of PU.1 by the X-RARα fusion pro-

teins causes an interruption of the self-regulation loop and thereby reduces PU.1

expression. Furthermore, PU.1 overexpression in X-RARα-expressing murine HPCs

could abrogate the differentiation block induced by the leukaemic fusion proteins

(Seshire et al., 2012). In conclusion, the inactivation of PU.1 by the fusion proteins

PLZF/RARα, PML/RARα and AML1/ETO seems to be an important event in the

development of AML and may also transferrable to other binding partners of the

X-RARα fusion proteins.

4.3 X-RARα binding partner SRPX

The putative binding partner SRPX was identified via the PML/RARα TAP-tag-

MALDI screen. During the continuative experiments in this work it appeared

that SRPX binds both X-RARα fusion proteins with even a higher affinity to
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PLZF/RARα. The binding seems to occure through the RARα portion, since SRPX

also binds RARα alone. The localisation experiments using confocal immunofluo-

rescence microscopy further showed a translocation of SRPX from the cytoplasm to

the nucleus upon PLZF/RARα expression. Under normal conditions SRPX is ex-

clusively located in the cytoplasm (Tambe et al., 2004). In the nucleus both proteins

are co-localised. This is the reason why a sequestration and functional inactivation

of this protein at least by PLZF/RARα is most likely and comparable to PU.1.

SRPX represents a highly interesting X-RARα binding partner in respect to leukae-

mogenesis. SRPX is downregulated in colon, bladder, ovary, lung, prostate cancer

and multiple myeloma, which could be comparable with a functional inactivation by

PLZF/RARα (Yamashita et al., 1999; Simakage et al., 2002; Kim et al., 2003; Ria

et al., 2009). SRPX-knockout mice developed splenomegaly, which is often associa-

ted with myeloproliferative disorders and leukaemia as a location for extramedullary

haematopoiesis (Tambe et al., 2007; Mesa, 2008). Furthermore it was reported that

SRPX expression induced apoptosis in tumor cells (Tambe et al., 2004). Hence,

apoptosis induction via SRPX could be a valuable tool in X-RARα-associated APL

therapy.

4.4 X-RARα binding partner VASP

The phosphoprotein VASP was as well identified via the TAP-tag/MALDI protein

screen. Its direct interaction with the leukaemic fusion proteins PLZF/RARα and

PML/RARα through the RARα portion was validated in the context of this work.

Furthermore, the expression of both fusion proteins caused a delocalisation of VASP,

which could result in the inhibition of VASP activity. Since VASP is involved in

F-actin polymerisation (Chesarone & Goode, 2009; Bear & Gertler, 2009; Domin-

guez, 2009), the amount of actin filaments was examined via phalloidin staining in

NIH3T3 cells expressing the X-RARα fusion proteins. Indeed, the amount of F-actin

was reduced in these cells, which further supports the inactivation of VASP by the

X-RARα fusion proteins. VASP activity is regulated by its phosphorylation status.

It was published before by Benz and colleagues (2009) that an increased phospho-

rylation at Ser239 causes an inhibition of F-actin accumulation. The performed

phalloidin stainings with the overexpressed fusion proteins were comparable with
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stainings of forskolin-treated cells. These results point to a VASP hyperphosphory-

lation caused by the X-RARα proteins. Forskolin treatment increases intracellular

cAMP levels. This in turn causes an induction of PKA activity, which phosphory-

lates VASP firstly at Ser157 and secondarily at Ser239.

The next question was if and how the leukaemic fusion proteins influence VASP

phosphorylation. Investigations of VASP phosphorylation at Ser157 and Ser239 via

Western blotting showed that VASP was first hyper- and subsequently hypophos-

phorylated at both sites in zinc-induced U937 cells expressing PLZF/RARα under

the control of a matallothionein promoter. PML/RARα expression in those cells led

to the direct dephosphorylation of VASP at both serine residues. Hence, the direct

dephosphorylation of VASP in U937 PML/RARα-expressing cells stands in conflict

with the results of the phalloidin stainings, which implied VASP hyperphosphory-

lation. The explanation could be found in the studies with the proteasomal inhibi-

tor MG132. Thereby, U937 cells treated with this inhibitor showed VASP hyper-

phosphorylation at Ser239 and a restored phosphorylation at Ser157 comparable to

control cells upon 16 h PML/RARα expression. At the same time VASP phosphory-

lation was also restored at both serine residues in U937 cells expressing PLZF/RARα

and treated with MG132. The global VASP expression was thereby not effected.

These findings could explain the contradictory results concerning PML/RARα af-

fecting the VASP phosphorylation in U937 cells and the F-actin staining in NIH3T3

cells. PML/RARα may induce the proteasomal degradation of particular proteins,

which are involved in VASP phosphorylation at these serine sites. Eventually, this

degradation was not or not yet induced in the infected NIH3T3 cells at the time

of the phalloidin-immunostaining, and VASP was still in the hyperphosphorylated

state inhibiting F-actin assembly. In conclusion, the hypophosphorylation of VASP

at Ser157 and Ser239 induced by the X-RARα fusion proteins may be connected

with proteasomal degradation. Since the global VASP level is not affected, it has

to be evaluated which proteins are degraded upon the expression of the fusion pro-

teins. Thereby, the kinases PKA and PKG or the adenylate and guanylate cyclase

represent good candidates, because of their involvement in VASP phosphorylation

at these sites.

Another interesting finding was that the initial VASP hyperphosphorylation induced
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by PLZF/RARα could not be inhibited by PKA and PKG inhibitors in U937 cells

treated with forskolin. On the one hand, VASP phosphorylation could be stabilised

by the binding to PLZF/RARα and cause a sterical hindrance for the serine phos-

phatases PP1 and PP2A, which dephosphorylate VASP at these sites (Abel et al.,

1995). On the other hand, VASP could be permanently phosphorylated by other

kinases of the PLZF/RARα HMW complex; e.g. the kinases PI4KIIα, pantothenate

kinase 4 and phosphofructokinase type C were also found in the TAP-tag/MALDI

screen. It is known that VASP is not only phosphorylated at Ser157 or Ser239 by

PKA and PKG. So the kinases PKC and Rho kinase also phosphorylate VASP at

Ser157 (Wentworth et al., 2006). In this case the subsequent dephosphorylation of

VASP could also be due to the proteasomal degradation of this other kinases, which

would remove them from the complexes.

To further elucidate the role of the X-RARα fusion proteins in VASP phosphoryla-

tion, U937 cells expressing the X-RARα fusion proteins were treated with all-trans

retinoic acid (ATRA). ATRA treatment causes the degradation of PML/RARα and

for this reason is used in APL therapy. In this work it could be shown that ATRA

treatment reverts VASP dephosphorylation caused by a 24 hours exposure to the

X-RARα fusion proteins. In the case of PML/RARα it can be due to degradation

of the fusion protein. Contrariwise, this does not explain the effect in PLZF/RARα-

expressing cells, since ATRA treatment is not able to induce degradation of this fu-

sion protein. It was reported before that ATRA treatment increases cAMP levels and

induces PKA activity (Zhao et al., 2004), which leads to VASP phosphorylation and

thereby could explain the effect for cells expressing PML/RARα or PLZF/RARα.

In this regard it could be interesting to clarify if ATRA not only influences PKA

but also PKG activity. ATRA treatment thereby represents a valuable tool to revert

VASP dephosphorylation in cells with the X-RARα translocations. It remains to

be determined if the X-RARα fusion proteins mediate VASP dephosphorylation by

inhibition of PKA and PKG or if other kinases or phosphatases are involved, which

are also part of the HMW complexes. The role of the intracellular cAMP levels,

PKA and VASP are of great importance, since cAMP signalling is essential for the

nuclear body formation, which is important for cell maturation, in PML/RARα-

expressing cells resistant to ATRA treatment (Duprez et al., 1996). As mentioned
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before, PLZF/RARα-derived APLs are ATRA insensitive, which could also imply

a special role for cAMP signalling in this form of APL. Interestingly, in a study

published by Zheng et al. (2005) PKA signalling was induced by ATRA and As2O3

treatment. These findings further support the theory that VASP dephosphorylation

is due to an inhibition of PKA and evantually PKG signalling caused by the expres-

sion of PLZF/RARα and PML/RARα.

It is important to further analyse the influence of the X-RARα fusion proteins on

VASP activity, since the phosphoprotein plays a role in different cellular functions,

which are known to be important for leukaemogenesis (e.g. apoptosis, prolifera-

tion and cell cycle) (Chen et al., 2004; Hou et al., 2006; Swartling et al., 2009;

Tao et al., 2010). Recently VASP was implicated in leukaemic cell adhesion of

BCR/ABL-expressing cells by Maruoka et al. (2012). Therein, VASP was phospho-

rylated by the tyrosine kinase Abi-1 in BCR/ABL-positive cells, which leads to the

delocalisation of VASP from focal adhesions. It was reported before that also the

PKG-mediated serine phosphorylation of VASP causes the loss of VASP from focal

adhesions (Smolenski et al., 2000). This delocalisation could also be detected in

the NIH3T3 immunostainings with overexpressed VASP upon X-RARα fusion pro-

tein expression (v.s. 3.13) and mirrors the inital VASP serine hyperphosphorylation

confirmed by Western analyses. The VASP serine phosphorylation state regulated

by PKA and PKG is furthermore important for neutrophil spreading. Thereby,

VASP is rapidly phosphorylated in focal adhesions and dephosphorylated in round

adherent cells (Lawrence & Pryzwansky, 2001; Eckert & Jones, 2007). Since cell

adhesion is indispensable for the progression of cell growth, development and mo-

tility, VASP inactivation by the fusion proteins could contribute to the leukaemic

phenotype. In this regard also noteworthy is the contribution of VASP to the focal

contact assembly, as reported by Hüttelmaier and colleagues (1998). Thereby, an

interaction between tetrameric VASP and PI(4,5)P2-activated vinculin is important

for the microfilament organisation at cellular adhesion sites. The involvement of

PI(4,5)P2 is highly interesting with respect to the sequestration of PI4KIIα, which

is essential for the synthesis of PI(4,5)P2, by the X-RARα fusion proteins. VASP

phosphorylation is also assumed to inhibit the formation of this complex. A knock-

down of VASP in NIH3T3 cells caused the loss of contact inhibition, which prompted
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the cells to proliferate past confluence. VASP knockout mice developed tumors. Also

VASP overexpression resulted in neoplastic transformations of the cells (Liu et al.,

1999). These findings further support the important role of VASP in cancer deve-

lopment and thereby could also help to decipher APL leukaemogenesis.

In conclusion, VASP represents an interesting target for further studies, because

of its versatile cellular functions, and should be further analysed in terms of the

development of APL caused by the fusion proteins PLZF/RARα and PML/RARα.

4.5 X-RARα binding partner TFII-I

In this work the transcription factor TFII-I isoforms β and δ could be validated

as binding partners of PLZF/RARα and PML/RARα in vitro and in vivo. As

already shown for other binding partners (e.g. SRPX and VASP), the direct inter-

action occurs mainly via the RARα portion of the fusion proteins. Furthermore,

confocal immunofluorescence analyses in U937 cells showed a co-localisation of en-

dogenous TFII-I with the leukaemic fusion proteins PLZF/RARα, PML/RARα and

AML1/ETO. These results point to a recruitment of TFII-I to the X-RARα nuclear

microspeckles. Since TFII-I showed also a co-localisation with AML1/ETO, it can

be assumed that TFII-I is not only part of the X-RARα-associated HMW com-

plexes, but also of AML1/ETO complexes. Similar to the X-RARα fusion proteins,

AML1/ETO is able to assemble HMW comlexes (Wang et al., 1998; Minucci et

al., 2000). Hence, TFII-I could not only be involved in FAB M3 leukaemogenesis

(X-RARαs), but also in other types of AML or CML associated with AML1/ETO.

It was indeed already reported that TFII-I is part of a multiprotein co-repressor

complex called XFIM complex. Besides XFIM and TFII-I the complex contains

HDAC1,2 and the FAD binding protein BHC110 (Hakimi et al., 2003). Further-

more, it is associated with a co-repressor complex containing HDAC3 (Tussié-Luna

et al., 2002; Crusselle-Davis et al., 2006) and with parts of the polycomb repressor

complex (Crusselle-Davis et al., 2007). Contrariwise, TFII-I is also a component

of the Bright activator complex, which is important for B cell activation. Thereby,

TFII-I is assumed to stabilise the DNA-binding activity of the transcription factor

Bright. The binding to Bright depends on TFII-I tyrosine phosphorylation media-

ted by the Bruton’s tyrosine kinase (Btk) (Rajaiya et al., 2006). For this reason,
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TFII-I can be an important protein for HMW complexes in general. By binding

to the X-RARα fusion proteins it could be able to recruit activating or repressing

complexes to the fusion protein-associated HMW complexes.

Experiments on TFII-I target gene expression were performed to further analyse

the influence of the X-RARα fusion proteins on TFII-I function. As published by

Chimge and co-worker (2007) TFII-I target genes in mice are involved in impor-

tant cellular processes like chromatin remodelling, transcriptional regulation, sig-

nal transduction, cell cycle regulation, cytoskeleton rearrangement and apoptosis,

which could also have implications in leukaemogenesis. Indeed, expression of both

X-RARα fusion proteins in the human U937 cells deregulated the expression of all

tested TFII-I target genes except cfl-1, which is associated with the regulation of

F- and G-actin. Furthermore, after an eight hour expression of PLZF/RARα all

TFII-I target genes were deregulated in the opposite direction compared to TFII-I

regulation. This observation supports the theory that TFII-I is sequestered by the

X-RARα fusion proteins and not able to comply its normal cellular function. The

finding that the X-RARα fusion proteins had no influence on the cfl-1 expression

can be due to differences between TFII-I target genes in murine (Chimge et al.,

2007 and 2008) and human cells (this work). For further validation expression of

the TFII-I target genes was tested in ATRA- and As2O3-treated NB4 cells, which

express PML/RARα endogenously. In fact, ATRA treatment reverted by trend the

deregulation effects on TFII-I target genes caused by the PML/RARα expression

in nearly all cases. Only c-fos was still upregulated upon ATRA treatment. Com-

pared to the ATRA treatment, the addition of As2O3 influenced the target gene

expression differently. Since ATRA exerts PML/RARα degradation through the

RARα portion and arsenic through the PML portion the regulation of the TFII-I

target genes could be differently affected by treatment with these compounds (Zhu

et al., 1997; Zhu et al., 1999). Interestigly, c-fos was significantly downregulated

upon As2O3 treatment, which is in line with the results published by Yedjou &

Tchounwou (2009). The question here is if concerted effects of ATRA and arsenic

are able to induce the complete abrogation of TFII-I target gene deregulation in

PML/RARα-expressing cells. Consequently, the results on the TFII-I target genes

in NB4 cells further support the hypothesis that TFII-I is part of the X-RARα
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HMW complexes. However, binding to PLZF/RARα or PML/RARα could imply

different effects on TFII-I activity. TFII-I function could not only be inhibited but

also amplified subject to the respective complex it is incorporated in. Thus, TFII-I

function could be inducing as part of a co-activator complex (e.g. Bright complex),

but also inhibiting as part of a co-repressor complex (e.g. XFIM complex). Fur-

thermore, insensitiveness of the TFII-I target genes to ATRA treatment could be

important for the ATRA resistance of PLZF/RARα-expressing leukaemic cells.

TFII-I is not only involved in B cell activation as mentioned before, but also plays

an important role in erythroid differentiation. The cytoplasmic interaction of TFII-I

with phospholipase C-γ (PLC-γ), which is also dependent on TFII-I phosphoryla-

tion by Btk, inhibits the agonist-induced Ca2+ entry, which is important for further

signalling pathways (Caraveo et al., 2006). Thereby, Ca2+-dependent proteases are

inhibited, which mediate the cleavage of other transcription factors like Myc. During

the erythropoiesis the calcium levels alternate from low to high to low, but more

changes are assumed (Anantharaman et al., 2011). If the regulation of Ca2+ entry

has such a high impact on erythroid differentiation, it could also affect differentiation

of other blood cells. The sequestration of TFII-I by the X-RARα fusion proteins

could deregulate calcium signalling and therefore contribute to the differentiation

block of granulocytes in APL. Actually, calcium signalling was already reported by

Zheng and co-workers (2005) in the context of PML/RARα-dependent APL. In this

study calcium signalling was activated in differentiating NB4 cells (expressing en-

dogenous PML/RARα) induced by ATRA and As2O3 treatment. Since this could

be due to the effect on TFII-I, these findings support the important role of TFII-I

in X-RARα HMW complexes.

TFII-I target genes are also involved in stress response upon endoplasmatic reticu-

lum (ER) stress signals. TFII-I is upregulated and induces target genes like grp78

(Parker et al., 2001). Grp87 expression inhibits ER stress-mediated apoptosis via

binding to the ER stress sensor IRE1 and in turn provides a pro-proliferative re-

sponse in favour of cell survival (Gorman et al., 2012). It was published before

that the downregulation of TFII-I induced apoptosis in human prostate cancer cells

(Misra et al., 2011). This was on the one hand accompanied by a decrease of Grp78,

Bcl-2 and cyclin D1 expression, and on the other hand by an increase of p53, p27,
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Bax and Bak levels. It can be assumed that the gene expression was completly rever-

ted in prostate cancer cells without the TFII-I knockdown. As shown in Figure 3.24

bax gene expression was rather downregulated in U937 cells upon 24 hours X-RARα

expression. It has to be further examined if the expression of grp78 and the other

genes are upregulated in the presence of the fusion proteins. Hence, the X-RARα

fusion proteins could inhibit the induction of apoptosis and induce proliferation in

HPCs by a deregulation of TFII-I target gene expression connected with ER stress,

which would support the development of leukaemia.

Since another TFII-I target gene, c-fos, was significantly upregulated upon X-RARα

expression in U937 cells, further analyses were performed to validate these findings.

The proper regulation of the proto-oncogene c-fos is highly important in the context

of leukaemogenesis, since it is besides other proteins like c-Jun part of the AP-1

transcription factor, which regulates cell proliferation, differentiation and apoptosis

(Holt et al., 1986; Szabo et al., 1991; Brown et al., 1993; Ham et al., 1995). The c-

fos promoter is both activated and repressed by TFII-I. In detail, TFII-Iβ is known

to repress promoter activity, while TFII-Iδ induces the promoter (Haikimi et al.,

2003; Roy, 2012). Surprisingly, experiments with a c-fos promoter luciferase repor-

ter in NIH3T3 cells revealed an inhibition of the promoter upon overexpression of

all four TFII-I isoforms. This could be validated for TFII-Iδ in further experiments

with and without co-expression of PLZF/RARα and PML/RARα. The promoter

inhibition can be explained by the fact, that nuclear TFII-Iδ was able to induce c-fos

expression upon stimulation with EGF (Roy, 2012). In this work the cells remai-

ned unstimulated. Thus, it can be assumed that all four TFII-I isoforms are able

to repress basal c-fos promoter activity in unstimulated cells, but react differently

upon growth factor stimulation. The repression of basal c-fos in unstimulated cells

by TFII-I concur with previous studies published by Haikimi et al. (2003). In line

with the results of the TFII-I target gene RT-PCR experiments (v.s. Fig. 3.24), the

expression of both X-RARα fusion proteins caused an upregulation of the c-fos pro-

moter activity. The simultaneous overexpression of TFII-Iδ caused a slight increase

in PLZF/RARα cells, while the PML/RARα cells remained unaffected. Either the

fusion proteins induce c-fos promoter activity by sequestering and inhibiting TFII-

Iβ and δ or use TFII-I for c-fos promoter binding, which enables induction of the
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promoter by the fusion proteins itself or further HMW complex-bound transcription

factors. The downregulation of c-fos could be a valuable target for APL therapy

approaches, since its knockdown was reported to inhibit cell proliferation and colony

formation in MCF-7 breast cancer cells (Lu et al., 2005). In this manner, As2O3

seems to be able to repress c-fos expression (v.s. Fig. 3.25), which is in line with ex-

periments performed in the human leukaemia cell line HL-60. Thereby, the addition

of As2O3 caused cell cycle arrest via the repression of c-fos and the activation of p53

(Yedjou & Tchounwou, 2009). ATRA was also reported to inhibit c-Fos but not on

transcriptional level. Here, c-Fos activity is inactivated as part of the transcription

factor AP-1 by a mechanism involving RARα (Lin et al., 2000). Since PLZF/RARα

leukaemia cells are resistant to ATRA/As2O3 treatment, it has to be determined if

another therapeutic approach is needed for the downregulation or inhibition of c-Fos

in these cells.

4.6 X-RARα binding partner PI4KIIα

The phosphatidylinositol 4-kinase type IIα (PI4KIIα) was identified as a putative

PLZF/RARα binding partner via the TAP/MALDI proteomic screen. The kinase

is responsible for the synthesis of phosphatidylinositol 4-phosphate (PI(4)P), but

has also functions in protein trafficking associated with the endosomal pathway or

the trans-Golgi network (TGN) (Minogue et al., 2006; reviewed in Di Paolo & De

Camilli, 2006, and Graham & Burd, 2011). Hence, PI4KIIα is primarily located at

membranes in the cytoplasm. In this work co-immunoprecipitations validated the

binding between PI4KIIα and both fusion proteins, PLZF/RARα and PML/RARα.

Furthermore, the expression of PLZF/RARα causes a de-localisation of exogenous

and endogenous PI4KIIα to the nucleus in NIH3T3, U937 and murine HPCs. On

the other hand, PI4KIIα was rather accumulated in the perinuclear region upon

PML/RARα expression. These results point to a sequestering of PI4KIIα by the

fusion proteins, which lead to the delocalisation of the protein. This could be me-

diated by binding to the X-RARα HMW complexes, an inactivation of the PI4KIIα

nuclear export signal (Heilmeyer Jr et al., 2003) or the inhibition of the PI4KIIα

palmitoylation. Thereby, the palmitoylation is highly interesting, since it is not

only important for membrane binding and cellular localisation of PI4KIIα but also
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for the enzymatic activity of the kinase (Barylko et al., 2009). ELISA experiments

indeed show an inhibition of PI(4)P synthesis in PLZF/RARα expressing 293 and

U937 cells (Männich, 2011). Since the PI(4)P production happens mainly at the

plasma membrane, the Golgi apparatus and the endosomes (Balla & Balla, 2006),

the translocation of PI4KIIα by the leukaemic fusion protein PLZF/RARα could

be the reason for the inhibition of its kinase activity. In the case of PML/RARα

PI4KIIα accumulated mainly in the perinuclear region. Consequently, the amount

of functional PI4KIIα in the cytoplasm appears to be enough to produce normal

levels of PI(4)P.

The correct synthesis of PI(4)P is also important for downstream signalling path-

ways. As shown in Figure 1.4, PI(4)P is the precursor molecule for the production

of second messengers (e.g. IP3 and DAG). These phosphoinositides induce i.a. the

Akt/PI3K and the Erk/MAPK signalling pathway by binding to the pleckstrin ho-

mology (PH) domain of Akt (Franke et al., 1995; Di Paolo & De Camilli, 2006) and

SOS (Kubiseski et al., 1997; Chen et al., 1997), respectively. Interestingly, Erk1/2

was identified as a hotspot protein in the INGENUITY pathway analysis (IPA) per-

formed with the putative PLZF/RARα binding partners. The overexpression of

PI4KIIα leads to the induction of Akt and Erk1/2 in 293 cells. Thereby, Erk1/2

phosphorylation also occurs in a PI3K-independent manner as shown by PI4KIIα

overexpression experiments with the PI3K inhibitor LY294002 in 293 cells. Contra-

rily, Erk1/2 phosphorylation is even further increased in cells treated with the PI4K

inhibitor (Männich, 2011). This can be due to the direct activation of SOS by

PI(4,5)P2 or a signalling pathway including the activation of Ras guanyl nucleotide-

releasing proteins (RasGRPs). Relating to the second, PI(4,5)P2 is used for DAG

synthesis, which directly or indirectly via PKC induction activates RasGRPs. Ras-

GRPs acivate Erk1/2 via the induction of Ras (Stone, 2011). Further Western

analyses on the induction of the Akt/PI3K and the Erk/MAPK pathways revealed

an inhibition of the Erk/MAPK pathway by the leukaemic fusion proteins. There-

by, the expression of both X-RARα fusion proteins caused a dephosphorylation of

Erk1/2 in zinc-induced U937 cells, while the Akt/PI3K signalling was not affected.

The dephosphorylation of Erk1/2 can be due to the inhibition of the PI4KIIα kinase

activity by the X-RARα fusion proteins. Thereby, not only the phosphorylating but
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also the dephosphorylating mechanism can be affected. As reported by Wang et

al. (2005), the dephosphorylation of Erk1/2 is mediated via a cholesterol-dependent

complex containing the oxysterol-binding protein (OSBP), the tyrosine phosphatase

HePTP and the serine/threonine phosphatase PP2A. Interestingly, PP2A is also

responsible for the dephosphorylation of the other X-RARα binding partner VASP,

which is also dephosphorylated upon a more than 16 hours exposure to the X-RARα

fusion proteins. OSBP contains a PH domain, which binds PI(4)P (Di Paolo & De

Camilli, 2006). Upon cholesterol binding the OSBP phosphatase complex undergoes

a conformational change, where the PH domain is inaccessible for PI(4)P (Wang et

al., 2005). A reduction of PI(4)P, comparable to the situation upon PLZF/RARα

expression, could result in a preferred phosphatase-active conformation of the OSBP

oligomer. The consequence could be a permanent dephosphorylation of Erk1/2.

To further analyse the role of the X-RARα fusion proteins in Erk1/2 inactivation,

fusion protein-expressing U937 cells were treated with ATRA and As2O3. As men-

tioned before, these two compounds are used for the therapy of PML/RARα-derived

APL, and lead to the degradation of the leukaemic fusion protein (reviewed in de

Thé et al., 2012). While the addition of As2O3 had no effect on Erk1/2 dephospho-

rylation in X-RARα-expressing cells, ATRA treatment induced Erk1/2 activation

in control and PML/RARα-expressing cells (v.s. Fig. 3.32). These results are

in line with previous publications, reporting the activation of Erk2 upon ATRA

treatment (Gupta et al., 2008). Contrarily, PLZF/RARα further inhibited Erk1/2

phosphorylation in ATRA-treated cells. This is a highly interesting finding, since

PLZF/RARα-expressing cells are resistant to ATRA treatment. The inhibition of

PI4KIIα and the subsequent permanent dephosphorylation of Erk1/2 could have

implications for the PLZF/RARα ATRA insensitivity.

In order to examine if the Erk1/2 inhibition is also detectable in vivo, Erk1/2 phos-

phorylation was determined in spleen cells of mice with different forms of AML.

Thereby, the decrease of active Erk1/2 in PLZF/RARα- and even more in PML-

/RARα-expressing cells could be validated (v.s. Fig. 3.35). Moreover, a similar

reduction could be detected in cells expressing DEK/CAN, which seems to be fur-

ther diminished with an additional Flt3 ITD. The Flt3 ITD occurs with a high

incidence in AMLs with PML/RARα (40%) and DEK/CAN (>50%). Interestingly,
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in comparison to other especially monocytic AML forms containing the Flt3 ITD,

which express Flt3 at a high level, AMLs with the fusion proteins PML/RARα

and DEK/CAN express only a relatively low amount of Flt3 (Libura et al., 2003).

Since Flt3 activation leads also to the activation of Erk1/2, these findings would

explain the strengthened effect of Flt3 ITD in DEK/CAN cells on Erk dephospho-

rylation. Contrarily, the amount of active Erk1/2 was increased in cells expressing

the CML/ALL-inducing BCR/ABL fusion protein, as reported before (Cilloni &

Saglio, 2012).

Since the activation of Erk1/2 and the whole MAPK pathway are known to be

important for the regulation of haematopoiesis (reviewed in Geest & Coffer, 2009),

the effect of PI4KIIα knockdown or overexpression on the PLZF/RARα-induced

differentiation block (Puccetti et al., 2005; Seshire et al., 2012) was studied in mu-

rine HPCs. PI4KIIα seems to influence myeloid and lympoid differentiation in

a different way. The FACS analyses of the differentiation markers revealed that

the overexpression of PI4KIIα in PLZF/RARα-expressing cells could not over-

come the differentiation block, but enhanced myeloid differentiation. In reverse,

the knockdown of PI4KIIα decreased the amount of differentiated granulocytes,

monocytes and erythrocytes and increased the HSC compartment. The impor-

tance of phosphatidylinositol-4-phosphate (PI(4)P) and phosphatidylinositol-4, 5-

bisphosphate (PI(4,5)P2), products of PI4KIIα, for erythroid differentiation was

reported in previous studies (Klette & Wanda, 1991; Martelli et al., 1995). Hence,

the results on erythroid development are congruent with these findings. The mor-

phological analyses support the findings concerning myeloid differentiation and fur-

ther show that PI4KIIα is important for the spontaneous differentiation of HPCs.

Contrarily, PI4KIIα seems to suppress lymphoid differentiation upstream of the

pro-B cells, but induces differentiation into mature B cells. Since the overexpression

of the kinase in PLZF/RARα-expressing cells induced differentiation into B cells

but blocked differentiation into pro-B cells, probably additional lymphoid factors

are blocked by PLZF/RARα, which remain to be determined. In this line, the

overexpression of PI4KIIα could not completely abrogate the differentiation block

induced by PLZF/RARα, but could be very important in the cooperation with other

PLZF/RARα binding partners for the induction of HPC differentiation.
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Furthermore, PI4KIIα activity is not only important for cell differentiation, but

could also be indirectly involved in the transition from myelodysplastic syndrome

(MDS) to AML. In a paper published by Follo et al. (2009) the mono-allelic de-

letion of phosphoinositide-phospholipase Cβ1 (PI-PLCβ1) was reported to cause a

higher risc of MDS developing in AML. PI-PLCβ1 mediates the formation of the

second messengers IP3 and DAG from its substrate PI(4,5)P2. Since the PI4KIIα is

essential for the synthesis of PI(4,5)P2, the inhibition of this kinase by the X-RARα

fusion proteins could lead to the decrease of PI-PLCβ1 activity. This scenario mi-

micks the downregulation of PI-PLCβ1 and could contribute to the development

of X-RARα-derived APLs. Moreover, an increased amount of PI4Kα could be de-

tected in dividing cells or cells with condensed chromatin, which could implicate a

role for PI4KIIα in the cell cycle (v.s. Fig. 3.30). The influence of PI4KIIα on PI-

PLCβ1 activity supports the role of PI4KIIα in cell cycle regulation. O’Carroll and

colleagues (2009) propose two phases of PLCβ1 activity during the differentiation

of adipocytes. In the first phase PLCβ1 is located in the cytoplasm and stimulated

by active Erk and PKCα. However, in the second phase PLCβ1 is translocated

to the nucleus and independent from Erk and PKCα regulation. Both phases are

essential for terminal differentiation and are attended by an upregulation of cyclin

D3 (CcnD3) and cdk4 protein. Interestingly, ccnd3 expression was downregulated

upon an eight hour expression of the X-RARα fusion proteins in U937 cells (v.s.

Fig. 3.24). These data further support the important role of PI4KIIα via regulation

of PLCβ1 in cell differentiation and cell cycle regulation during differentiation.

In conclusion, the inhibition of the PI4KIIα as part of the X-RARα HMW com-

plexes could lead to the deregulation of the cell cycle during cell differentiation and

contribute to leukaemogenesis via development of the HPC differentiation block. For

this reason, the kinase represents an important target for APL therapy approaches.

4.7 Conclusions and Prospectives

In this work X-RARα binding partners were supposed to be validated as part of the

X-RARα-associated HMW complexes. For this reason, putative binding partners

were preliminary identified with a TAP-tag/MALDI proteomic screen. Indeed, all

analysed proteins showed a binding with PLZF/RARα and/or PML/RARα. Hence,
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Fig. 4.1: The X-RARα binding partners in APL leukaemogenesis. The schematic
overview shows the influence of the analysed X-RARα binding partners (multicoloured
boxes) on cellular functions critical for APL development (grey boxes) and interprets the
known pathways from the literature.

the TAP-tag/MALDI method represents a new, efficient tool for the identification

of candidates for binding partners, which could be part of the X-RARα complexes.

The composition of the leukaemic fusion protein-associated HMW complexes are

not fully understood. Since these complexes are essential for the leukaemogenesis

induced by these fusion proteins, it is important to identifiy the complete formation

of the oligomers and their contribution to the development of APL.

In this work the proteins COMMD5, BMP3, ERBB4, DLC1, MSH3, SRPX, VASP,

TFII-I and PI4KIIα are validated for the first time as X-RARα binding partners,

which are able to join in the different aspects of X-RARα-derived leukaemogenesis.

As shown in Figure 4.1, this includes the regulation of important cellular functions

like cell-cell signalling, DNA repair, cell proliferation, cell cycle, differentiation and

apoptosis. To create a better understanding of the processes deregulated during leu-

kaemogenesis, it is important to further study the activities of the X-RARα binding
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partners.

The receptor tyrosine kinase ERBB4 thereby represents an interesting target. As

mentioned before, receptor tyrosine kinases like Flt3 are known to be involved in

leukaemogenesis. They represent interesting therapeutic targets, because there al-

ready exist diverse kinase inhibitors, e.g. AST-1306 or Dacomitinib for ERBBs.

Upon binding of its ligand neuregulin 1 the ERBB4 receptor kinase is activated and

induces canonical signalling pathways. Thereby, ERBB4 recruits not only the adap-

tor proteins Grb2 and Shc, but also the signalling proteins PLCγ, PI3K and STATs,

which activate calcium signalling, the MAPK/Erk pathway, the PI3K/Akt pathway

and STAT transcriptional regulation, respectively. Furthermore, ERBB4 executes a

nuclear function as part of an N-CoR-containing repressor complex. Since ERBB4 is

involved in many cellular regulation pathways, which were already connected with

other X-RARα binding partners (e.g. PI4KIIα), it needs to be established how

ERBB4 affects leukaemic cells for therapeutic purposes.

Another interesting X-RARα binding partner is CRABPII. As already mentioned,

the protein enables the transport of retinoic acid (RA) from the cytoplasm to the

nucleus to activate RARα signalling (Budhu & Noy, 2002). Upon PML/RARα

expression it was translocated from the cytoplasm to the nucleus without RA in-

duction. In PLZF/RARα cells it remained in the cytoplasm. It was reported before

that CRABPII is downregulated in prostate cancer cells (Okuducu et al., 2005).

Moreover, CRABPII overexpression enables RA-induced growth inhibition of the

human breast adenocarcinoma MCF-7 cell line, while its knockdown leads to RA

resistance in these cells (Budhu & Noy, 2002). Hence, it could also be involved

in PLZF/RARα-derived ATRA resistance. It would be interesting to analyse if

PLZF/RARα expression causes an inactivation of the three-dimensional nuclear lo-

calisation signal (NLS) of CRABPII and its interaction with importin α (Sessler &

Noy, 2005). Furthermore, it has to be tested if the NLS of CRABPII is mutated in

these cells and if an overexpression of CRABPII is able to induce ATRA sensitivity

in these cells.

Since anti-apoptotic signalling contributes to the development of the leukaemic phe-

notype, the X-RARα binding partner SRPX represents an interesting object of

study. SRPX is able to induce apoptosis via an cytochrome c-independent but ER-
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associated pathway. Thereby, it interacts with the ER protein ASY/Nogo-B/RTN-

xS and activates sequentially caspase-12, -9 and -3 (Tambe et al. 2004). As shown

in the context of this work, SRPX binds both X-RARα fusion proteins and is de-

located from the cytoplasm to the nucleus upon PLZF/RARα expression. It would

be highly interesting to examine if SRPX-activated apoptosis is inducible in cells

expressing PLZF/RARα via SRPX overexpression or if this pathway is inhibited

by the nuclear translocation of SRPX. It could be further analysed if SRPX down-

regulation has a bearing on stem cell capacity or cell proliferation of HPCs and

contributes to the development of APL.

Further studies should be performed on the X-RARα binding protein VASP. Be-

sides its role in F-actin polymerisation another interesting aspect of VASP function

concerning leukaemia development is the involvement in homologous recombina-

tional repair (HRR) of double-strand breaks (DSB). This is mediated by its inter-

action with RAD51, as published by Takaku et al. (2011). Thereby, a nuclear role

of VASP is described in the HRR pathway, which is activated during mitotic cell

divisions or meiotic homologous recombinations, and in which VASP is able to bind

preferentially single-stranded DNA. It is assumed that secondary mutations are nec-

essary for the development of X-RARα-associated leukaemias. In this regard the

inhibition of the HRR pathway, a repair mechanism of DSB via inhibition of VASP

could enforce such second hits and contribute to the development of APL.

The transcription factor TFII-I is responsible for the regulation of target genes in-

volved in apoptosis, cell cycle, chromatin remodelling, transcriptional regulation,

cytoskeleton remodelling and signal transduction (v.s. Fig. 3.24; Chimge et al.,

2007; Chimge et al., 2008). In the context of this work it could be shown that TFII-

I binds both X-RARα fusion proteins and that the expression of both leukaemic

fusion proteins lead to a deregulation of TFII-I target genes. To further determine

the impact of TFII-I on the development of APL, it would be important to know

if more TFII-I target genes are deregulated. Therefore, human TFII-I candidate

target genes should be identified via microarray analyses and compared with genes

deregulated by the X-RARα fusion proteins. Moreover, it should be examined via

chromatin immunprecipitations (ChIP) of TFII-I target gene promoters how the

X-RARα fusion proteins interfere with TFII-I promoter binding and thereby its ac-
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tivity. For comparison, another important experiment would be the knockout or

overexpression of TFII-I in X-RARα-expressing HPCs, to define the effect of TFII-I

on stem cell capacity and differentiation via colony assays and flow cytometrical

analyses of differentiation markers. In this regard a knockdown of the TFII-I target

gene c-fos could also be of interest. As shown before, c-fos is upregulated upon

X-RARα expression. Since c-Fos is part of the AP-1 transcription factor and re-

gulates proliferation, differentiation and apoptosis (Holt et al., 1986; Szabo et al.,

1991; Brown et al., 1993; Ham et al., 1995), the deregulation of this TFII-I target

gene alone could have a high impact on X-RARα-induced leukaemia. Another in-

teresting fact is that monosomy 7 and deletion 7q (del(7q)) occur in acute myeloid

leukaemia, since TFII-I is encoded on chromosome 7q11.23. A study by Hasle et al.

(2007) showed that besides other cytogenetic aberrations the translocation t(15;17),

leading to the expression of the fusion protein PML/RARα, is strongly associated

with del(7q). It would be highly interesting to examine if TFII-I contributes to the

monosomy 7 and del(7) phenotype and if the interaction with PML/RARα affects

the high incidence with del(7q).

The kinase PI4KIIα binds both X-RARα fusion proteins and is translocated from

the cytoplasm to the nucleus upon fusion protein expression. In order to study

PI4KIIα delocalisation in detail, the post-translational palmitoylation modification

of the kinase should be examined. As mentioned before, this modification is not

only important for PI4KIIα localisation but for also its kinase activity (Barylko

et al., 2009). Hence, the effect on palmitoylation modifications could represent a

new mechanism used by the X-RARα proteins to deregulate their binding partners.

Over 100 proteins are known to be palmitoylated. Also Rho GTPases, Ras and

Wnt, which were mentioned before in the context of the top canonical pathways

affected by the X-RARα binding partners (v.s. Fig. 3.3), are palmitoylated. Their

localisation and activity is known to be regulated by palmitoylation (reviewed in

Resh, 2006, and Liu et al., 2012). Lipid modifications like the palmitoylation were

already related with human diseases and regulatory factors of the palmitoylation

and depalmitoylation were identified. For example, there exist inhibitors for the

membrane-bound O-acyl transferases Porcupine. Porcupine mediates the transfer

of palmitoleic acid to Ser209 of Wnt, which is important for β-catenin signalling
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(reviewed in Resh, 2012). Moreover, it was published by Cuiffo & Ren (2010) that

N-Ras palmitoylation is essential for its oncogenic potential and subsequently the

induction of N-Ras-derived MDS, CML or AML.

In summary, the X-RARα fusion proteins bind and influence many proteins as part

of their HMW complexes. These proteins are involved in essential cellular processes,

which when deregulated are able to induce leukaemia. It remains to be determined

if X-RARα-associated APL is based on the inhibition or deregulation of only a

few proteins or if the leukaemic phenotype can only arise because of the coopera-

tion of many X-RARα binding partners. It was reported before that the initial

PML/RARα translocation is incapable of evoking the APL phenotype on its own.

While PML/RARα increases the self-renewal capacity and expands the HPC cell

compartment, secondary cooparating mutations (e.g. BCL2, Flt3 ITD or K-ras) are

required to induce leukaemogenesis (Kelly et al., 2002; Le Beau et al., 2003; Chan

et al., 2006; Welch et al., 2011). Hence, secondary genetic changes and co-factors

are essential for X-RARα-derived leukaemogenesis and need to be identified for the

development of effective therapy approaches. One way is therefore to identifiy the

composition and impact of the HMW complexes.



Chapter 5

Summary

The acute promyelocytic leukaemia (APL) accounts for 10% of the adult AML pa-

tients. APL patients carry in nearly all cases a chromosomal translocation involving

the rarα gene on chromosome 17. The most frequent translocations lead to the ex-

pression of the fusion proteins PML/RARα (98%; t(15;17)) and PLZF/RARα (1%;

t(11;17)). In human patients, the APL is characterised by a differentiation block at

the promyelocyte stage and leads to an increased amount of myeloid blasts in the

bone marrow and in the peripheral blood. PML/RARα-derived APL is successfully

treated with all-trans retinoic acid (ATRA) and arsenic trioxide (As2O3). Contra-

rily, APL patients expressing PLZF/RARα are resistant to these treatments. Both

X-RARα fusion proteins build high molecular weight (HMW) complexes, which are

essential to excert the leukaemic potential. So far the composition of the HMW

complexes is not fully understood.

For this reason, the purpose of this work was to validate and analyse binding part-

ners of the X-RARα fusion proteins identified with a TAP/MALDI-MS proteomic

screen. Additionally, computer-based analyses should be engaged to identify pa-

thways aberrantly regulated by the X-RARα fusion proteins and their interaction

partners.

In this work, the analysis of the known X-RARα binding partner PU.1 revealed a co-

localisation of PU.1 and both leukaemic fusion proteins in the nucleus and confirmed

the decrease of PU.1 transcription upon expression of the fusion proteins, which is

probably due to the sequestration of PU.1 by the fusion proteins. Moreover, pathway

analyses of 20 identified putative PLZF/RARα binding partners revealed as affected
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pathways the Rho GTPase pathway and the MEK/Erk pathway. Both signalling

pathways are already associated with leukaemogenesis and therefore could also be

important for the PLZF/RARα-induced development of APL. The interaction stu-

dies validated the binding of PLZF/RARα with the screened proteins COMMD5,

BMP3, ERBB4, DLC1, MSH3, SRPX, VASP, TFII-I and PI4KIIα. The binding

occurs in all cases mainly through the RARα portion, which was further supported

by the fact that all proteins except COMMD5 also bind PML/RARα. More de-

tailed studies were performed on the PLZF/RARα binding partners SRPX, VASP,

TFII-I and PI4KIIα. The analyses showed that the cytoplasmic protein SRPX is

translocated to the nucleus upon PLZF/RARα expression and co-localises with the

fusion protein. This could implicate a sequestration of SRPX with a resulting in-

hibition of SRPX-induced apoptosis. Moreover, the X-RARα proteins cause the

dephosphorylation of the actin-associated protein VASP, which leads to its cellular

delocalisation. The hypophosphorylation of VASP is connected with proteasomal

degradation probably of the kinases PKA and/or PKG, which are mainly responsible

for the VASP phosphorylation. ATRA treatment reestablishes VASP phosphoryla-

tion in X-RARα-expressing cells, which is highly interesting, since cAMP signalling

plays a role in PML/RARα-expressing cells resistant to ATRA. The leukaemic fu-

sion proteins further co-localise with the transcription factor TFII-I in the nucleus.

Furthermore, the expression of both X-RARα fusion proteins causes the deregula-

tion of TFII-I target genes. TFII-I is at least sequestered by PML/RARα, since

ATRA treatment reverts in nearly all cases the aberrant expression of the TFII-I

target genes caused by the fusion protein. Additionally, the important TFII-I target

gene c-fos, which is part of the AP-1 transcription factor family and regulates cell

proliferation, differentiation and apoptosis, was overexpressed in the presence of the

X-RARα proteins. The effect can be reverted by As2O3 but not by ATRA treat-

ment. Moreover, the X-RARα proteins cause the translocation of the lipid kinase

PI4KIIα to the nucleus, where both proteins are co-localised. It was shown before

that PI4KIIα overexpression leads to the activation of Erk1/2, while the expression

of the X-RARα fusion proteins cause the inactivation of Erk1/2. The sequestra-

tion of the PI4KIIα kinase could lead to the inactivation of Erk1/2. In this work,

analyses revealed that ATRA treatment induced Erk1/2 activation in control and
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PML/RARα-expressing cells, but not in PLZF/RARα-expressing cells. Moreover,

experiments in murine HPCs showed that PI4KIIα affects myeloid and lymphoid dif-

ferentiation. The overexpression of PI4KIIα in PLZF/RARα-expressing cells could

not overcome the differentiation block, but supported myeloid differentiation. In

turn, the knockdown of PI4KIIα decreased the amount of mature myeloid cells and

engrafted the HSC pool. Moreover, PI4KIIα seems to inhibit lymphoid differentia-

tion upstream of the pro-B cells, but induces development into mature B cells.

In summary, the X-RARα fusion proteins disturb the normal activity and function-

ality of their interaction partners, which contributes to the development of APL. Via

the TAP/MALDI-MS proteomic screening method new potentially drugable target

proteins and pathways could be identified and validated. The influence of the X-

RARα fusion proteins on their binding partners improves the understanding of the

mechanisms of APL and could lead to a better treatment of APL patients.

Parts of this work were already published:

Seshire, A., Rößiger, T., Frech, M., Beez, S., Hagemeyer, H. & Puc-

cetti, E. (2012). Direct interaction of PU.1 with oncogenic transcription factors

reduces its serine phosphorylation and promoter binding. Leukemia. 26(6):1338-47.

doi : 10.1038/leu.2011.331. Epub 2011.

Parts of this work are currently submitted:

Frech, M., Männich, J. & Puccetti, E. (2013). PI4KIIα nuclear sequester

by oncogenic transcription factors lead to ERK1/2 inactivation.



Chapter 6

Zusammenfassung

Die akute promyeloische Leukämie (APL) ist eine Unterform der AML und entsteht

am häufigsten durch chromosomale Translokationen, die das rarα-Gen auf Chro-

mosom 17 betreffen. Die höchste Inzidenz haben die Fusionsprotein PML/RARα

(98%; t(15;17)) und PLZF/RARα (1%; t(11;17)) (X-RARα). Die APL manifes-

tiert sich im Patienten durch eine aberrante Selbsterneuerung der hämatopoetischen

Stammzellen und einen Differenzierungsblock der myeloischen Vorläuferzellen. Die

APL wird beim Vorliegen des PML/RARα-Fusionsproteins erfolgreich mit all-trans-

Retinsäure (ATRA) und Arsentrioxid (As2O3) behandelt, wohingegen Patienten mit

einer PLZF/RARα-assoziierten APL resistent auf diese Behandlungen reagieren.

PML/RARα und PLZF/RARα bilden Hochmolekulargewichtskomplexe, die für ihr

leukämogenes Potential essentiell sind. Die Zusammensetzung dieser Komplexe ist

bisher noch nicht vollständig aufgeklärt.

Ziel dieser Arbeit war es, weitere Bindungspartner der X-RARα-Fusionsproteine,

die im Vorfeld mit einem TAP/MALDI-MS-Screening identifizierten worden waren,

zu validieren und ihr leukämogenes Potential zu untersuchen. Desweiteren sollten

mit Hilfe von Computeranalysen Signalwege identifiziert werden, die durch die Bin-

dungspartner beeinflusst werden.

In dieser Arbeit zeigten Analysen des bereits validierten X-RARα-Bindungspartners

PU.1, dass PU.1 mit beiden X-RARα-Proteinen im Nukleus co-lokalisiert. Deswei-

teren wurde bestätigt, dass die X-RARα-Proteine die Expression von PU.1 inhibie-

ren, was vermutlich durch die Sequestrierung von PU.1 durch die Fusionsproteine

zustande kommt. Weiterhin zeigten Signalwegsanalysen von 20 identifizierten po-
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tentiellen PLZF/RARα-Bindungspartnern eine Assoziation mit dem Rho GTPase-

und dem MEK/Erk-Signalweg. Beide Signalwege sind bereits dafür bekannt, an der

Entstehung anderer Leukämien beteiligt zu sein und könnten auch eine Rolle bei

der Entstehung der PLZF/RARα-assoziierter APL spielen. Mit Hilfe von Interak-

tionsstudien konnte die Bindung von PLZF/RARα mit den Proteinen COMMD5,

BMP3, ERBB4, DLC1, MSH3, SRPX, VASP, TFII-I und PI4KIIα bestätigt wer-

den. Die Interaktionen erfolgen hauptsächlich über die RARα-Untereinheit, was

ebenfalls duch die Tatsache bestätigt wird, dass alle Proteine außer COMMD5

auch mit PML/RARα interagieren. Folgeexperimente zeigten unter Expression von

PLZF/RARα eine Translokation des cytoplasmatischen Proteins SRPX in den Nuk-

leus, was zur Co-Lokalisierung beider Proteine führte. Die Translokation könnte

eine Inaktivierung der SRPX-induzierten Apoptose zur Folge haben. Die X-RARα-

Fusionsproteine verursachen zudem die Dephosphorylierung des Aktin-assoziierten

Proteins VASP und damit seine Delokalisierung innerhalb des Cytoplasmas. Die Hy-

pophosphorylierung von VASP ist vermutlich mit der proteasomalen Degradation

der Kinasen PKA und/oder PKG verknüpft, welche für die Phosphorylierung von

VASP hauptverantwortlich sind. Die Behandlung mit ATRA erzielte die Rephospho-

rylierung von VASP in X-RARα-exprimierenden Zellen. Interessanterweise spielt

die cAMP-Signalkaskade eine Rolle bei ATRA-resistenten PML/RARα-positiven

Zellen. Die X-RARα-Fusionsproteine zeigten mit dem Transkriptionsfaktor TFII-I

ebenfalls eine Co-Lokalisierung im Nukleus. Analysen der TFII-I-Zielgene ergaben

eine Deregulation der Genexpression in Anwesenheit der X-RARα-Proteine. TFII-I

scheint von PML/RARα sequestriert zu werden, da die Behandlung mit ATRA in

fast allen Fällen die normale Expression der TFII-I-Zielgene wieder herstellte. Wei-

tere Studien demonstrierten, dass beide X-RARα-Proteine eine Überexpression des

wichtigen TFII-I Zielgens c-fos verursachen. C-Fos ist ein Bestandteil des AP-1-

Transkriptionsfaktors, der i.a Zellproliferation, Differenzierung und Apoptose regu-

liert. Die c-fos-Überexpression konnte durch die Behandlung mit As2O3 aber nicht

mit ATRA revertiert werden. PLZF/RARα und PML/RARα verursachen zudem

die Translokation der Lipidkinase PI4KIIα vom Cytoplasma in den Nukleus, was zur

Co-Lokalisierung der Proteine führt. Vorherige Studien zeigten, dass eine Überex-

pression der PI4KIIα den MEK/Erk-Signalweg induziert, während die Expression
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der X-RARα-Fusionsproteine zur Inaktivierung von Erk1/2 führen. Die Erk1/2-

Dephosphorylierung kann durch die Sequestrierung der PI4KIIα durch die leukämi-

schen Fusionsproteine hervorgerufen werden. In dieser Arbeit konnte gezeigt wer-

den, dass die Behandlung mit ATRA die Aktivierung von Erk1/2 in PML/RARα-

exprimierenden und Kontroll-Zellen aber nicht in PLZF/RARα-exprimierenden Zel-

len zur Folge hat. Experimente in primären murinen hämatopoetischen Vorläufer-

zellen zeigten zudem, dass die PI4KIIα Einfluss auf die myeloische und lymphatische

Differenzierung hat. Die Überexpression der PI4KIIα verstärkt die myeloische Diffe-

renzierung, ist alleine aber nicht in der Lage, den Differenzierungsblock zu lösen. Im

Gegensatz dazu bewirkt die Herabregulierung der PI4KIIα zum einen die Abnahme

differenzierter myeloischer Zellen und zum anderen eine Zunahme der hämatopoeti-

schen Stammzellen. Desweiteren scheint die PI4KIIα die initiale Differenzierung in

B-Zellen zu inhibieren, während sie deren spätere Ausreifung fördert.

Im Rahmen dieser Arbeit konnte gezeigt werden, dass die X-RARα-Fusionsproteine

ihre Bindingspartner in ihrer normalen zellulären Funktion stören und damit zur

Entwicklung der APL beitragen. Mit Hilfe der TAP/MALDI-MS-Protein-Screening-

Methode konnten neue Proteine und Signalwege identifiziert und validiert werden,

was zu einem größeren Verständnis der X-RARα-induzierten APL beiträgt. Deswei-

teren stellen die Interaktionspartner und Signalkaskaden potenzielle Behandlungs-

ziele dar und könnten zu einer verbesserten Therapie der APL führen.

Ein Teil der Ergebnisse der vorliegenden Arbeit wurde bereits veröffentlicht:

Seshire, A., Rößiger, T., Frech, M., Beez, S., Hagemeyer, H. & Puc-

cetti, E. (2012). Direct interaction of PU.1 with oncogenic transcription factors

reduces its serine phosphorylation and promoter binding. Leukemia. 26(6):1338-47.

doi : 10.1038/leu.2011.331. Epub 2011.

Ein Teil der Ergebnisse der vorliegenden Arbeit werden derzeit eingereicht:

Frech, M., Männich, J. & Puccetti, E. (2013). PI4KIIα nuclear sequester

by oncogenic transcription factors lead to ERK1/2 inactivation.
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[80] Halbrügge, M., Eigenthaler, M., Polke, C. & Walter, U. (1992).
Protein phosphorylation regulated by cyclic nucleotide-dependent protein
kinases in cell extracts and in intact human lymphocytes. Cell Signal 4,
189-99.
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[89] Hüttelmaier, S., Mayboroda, O., Harbeck, B., Jarchau, T., Jo-
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Appendix A

Abbreviations

± plus minus; with and without
4bR PLZF/RARα
6-MP 6-mercaptopurine
8-CPT-cAMP 8- (4- Chlorophenylthio)adenosine-

3’, 5’- cyclic monophosphate
α- anti-
A absorbance
A adenine
AA amino acid
Abi-1 Abl interactor 1
ABL Abelson tyrosine-protein kinase
ACTR actin-related protein
AF-1/-2 Activation Function-1/-2
ALDH aldehyde dehydrogenase
ALL acute lymphatic leukaemia
AML acute myeloid leukaemia
AML1 acute myeloid leukaemia protein 1
AMPK AMP-activated protein kinase
AmpR ampicillin resistance
AP-1 activating protein-1
APC Adenomatous polyposis coli protein
APL acute promyelocytic leukaemia
approx. approximately
APS ammonium persulfate
AQP9 aquaporin 9
Ara-C cytarabine
ARF1 ADP-ribosylation factor 1
Arp2/3 actin-related protein 2/3
As2O3 arsenic trioxide
As4S4 tetra-arsenic tetra-sulfide
ASY RTN-xS

ATF-1 activating transcription factor 1
ATP adenosine triphosphate
ATRA all-trans retinoic acid
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Bad Bcl-2-associated agonist of cell death
Bak BCL2-antagonist/killer
bax BCL2-associated X protein
Bcl-2/-6 B cell lymphoma 2/6
BCR breakpoint cluster region
BHC110 lysine-specific demethylase
BM bone marrow
BMP3 bone morphogenetic protein 3
bp base pairs
BR basic region
BSA bovine serum albumin
BTB BR-C, ttk and bab
BTB Broad Complex, tramtrack, Bric a

brac
BTK Bruton’s tyrosine kinase
bzw. beziehungsweise
C cytosine
◦C degree Celsius
ca. circa
Ca2+ calcium ions
CaCl calcium chloride
CALM Clathrin assembly lymphoid myeloid
cAMP cyclic adenosine monophosphate
Casp-9 caspase-9
CBF core-binding factor
CBP calmodulin binding protein
CC coiled-coil domain
ccnd3 cyclin D3
Cdc42 Cell division control protein 42 homolog
Cdk4 cyclin-dependent kinase 4
Cdkn2d cyclin-dependent kinase inhibitor 2D
CE cytoplasmic extract
c/EBPα CCAAT/enhancer-binding protein alpha
cf. confer
cfl-1 cofilin-1
c-fos cellular fos
CFU colony forming unit
ChIP chromatin immunoprecipitation
Chk2 checkpoint kinase 2
CLL chronic lymphocytic leukaemia
CLP common lymphoid progenitor
CML chronic myeloid leukaemia
CMML chronic myelomonocytic leukaemia
CMP common myeloid progenitor
CMV cytomegalovirus
CoIP co-immunopecipitation
COMMD5 COMM domain containing 5
conc. concentration



A. Abbreviations 220

CP ceruloplasmin
CR complete remission
CR1/2/3 complement component (3b/4b)

receptor 1/2/3
CRABPII cellular retinoic acid binding protein 2
CREB cAMP response element-binding protein
CSF colony stimulating factor
CT chemotherapy, chemotherapeutic
ctrl control
CXCL12 chemokine (C-X-C motif) ligand 12
∆ deletion
∆LNGFR truncated low-affinity nerve growth

factor receptor
d days
DA DNR + Ara-C
DAG diacylglycerol
DC dendritic cell
ddNTP dideoxynucleotide triphosphate
del(7q) deletion 7q
DEPC diethylpyrocarbonate
DFS disease-free survival
dH2O distilled water
Dkk Dickkopf
DLAR Drosophila leukocyte antigen related
DLC1 deleted in liver cancer 1
DMSO dimethyl sulfoxide
DN3/4 stage double negative 3/4 stage
DNA deoxyribonucleic acid
DNase deoxyribonuclease
DNMT DNA methyltransferase
DNR daunorubicin
dNTP deoxynucleotide triphosphate
drs down-regulated by v-src
DSB double-strand break
Dsh Dishevelled
DTT dithiothreitol
DUSP6 dual specificity phosphatase 6
E2A transcription factor E2-α
EBF early B cell factor
E-box enhancer box
ECM extracellular matrix
E. coli Escherichia coli
EDTA ethylenediaminetetraacetic acid
e.g. exempli gratia
EGF epidermal growth factor
EGFR EGF receptor
Egr-1 early growth response 1
EGTA ethylene glycol tetraacetic acid
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EIF3G eukaryotic translation initiation factor 3,
subunit G

EKLF erythroid Krüppel-like factor
ELISA enzyme-linked immunosorbent assay
Elk-1 E-26-like protein 1
EMP erythrocyte-megakaryocyte progenitor
Ena Enabled
ENTH Epsin N-terminal homology
EPLM early progenitor with lymphoid and

myeloid potential
ER endoplasmic reticulum
ERBB4 v-erb-a erythroblastic leukaemia viral

oncogene homolog 4
Erk extracellular-signal regulated kinase
ES cell embryonic stem cell
et al. et alii
ETO Eight-Twenty-One protein
EtOH ethanol
ETS E-twenty six
EVH1/2 Ena/Vasp Homology domain 1/2
EVI-1 ecotropic viral integration site 1
EVL Ena-VASP-like
exp exponential
EXT1 exostosin 1
FAB French-American-British classification
FAB F-actin binding domain
FACS fluorescence-activated cell sorting
F-actin filamentous actin
FAD flavin adenine dinucleotide
FcγR Fc fragment of IgG receptor
FCS fetal calf serum
FERM Four-point-one, ezrin, radixin, moesin
fgf11 fibroblast growth factor 11
Fig. figure
Fl-1/Fl-2/Fl-3 FACS fluorescence channels 1-3
Fli-1 Friend leukaemia virus integration 1
Flit3R Flit3 receptor
Flk-2 Flt3
Flt3 fms-like tyrosine kinase 3
Flt3L Flt3 ligand
FOG Friend of GATA
FOS FBJ murine osteosarcoma
FoxO Forkhead box O-class
Fzd Frizzled
g gram
G gauge
G guanine
GAB G-actin binding domain
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G-actin globular actin
GADD34 Growth arrest and DNA damage-inducible

protein 34
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GAP GTPase-activating proteins
GATA-1 GATA binding protein 1
G-CSF granulocyte-colony stimulating factor
GDP guanosine diphosphate
GEF guanine nucleotide exchange factor
Gfi-1 growth factor independent 1 transcription

repressor
GFP green fluorescent protein
Gli2 glioma-associated oncogene family zinc

finger 2
Gln glutamine
GM-CSF granulocyte macrophage-colony

stimulating factor
GMP granulocyte-monocyte progenitor
GPCR G-protein coupled receptor
GRAF Rho GTPase activating protein
Grb2 growth factor receptor-bound protein 2
GRP78 glucose-regulated protein, 78kDa
GSK-3β glycogen synthase kinase 3β
GST glutathione S-transferase
GTP guanosine triphosphate
h hour
H2B/3 histone 2B/3
H2O water
HA HH + Ara-C
HA-tag haemagglutinin-tag
HAT histone acetyltransferase
HAX1 HCLS1 associated protein X-1
HCl hydrochloric acid
HDAC histone deacetylase
HePTP haematopoietic protein tyrosine

phosphatase
HH homoharringtonine
HIV human immunodeficiency virus
HLAR human leukocyte common antigen-related

molecule
HMW complex high molecular weight complex
HNF4A hepatocyte nuclear factor 4 alpha
HoxB4 homeobox B4
HPC haematopoietic progenitor cell
HPLC High-performance liquid chromatography
HRR homologous recombinational repair
HSC haematopoietic stem cell



A. Abbreviations 223

hu / h human
HU hydroxyurea
HYR hyalin repeat
i.a. inter alia
ICSBP interferon consensus sequence binding

protein
ID2 inhibitor of DNA binding 2
i.e. id est
IgG/H immunoglobulin G/H
Il-3 interleukin-3
Il-7R interleukin-7 receptor
Ind. induction
Inh. inhibition
INR initiator site
IP immunopecipitation
IP3 inositol 1,4,5-triphosphate
IPA INGENUITY pathway analysis
IQGAP IQ motif containing GTPase activating

protein
IRE1 inositol-requiring enzyme 1
IRF interferon regulatory factor
IRSp53 insulin receptor substrate protein of

53 kDa
ITD internal tandem duplication
JMML juvenile myelomonocytic leukaemia
JNK1/2/3 c-Jun N-terminal kinase 1/2/3
kb kilobases
kbp kilobase pairs
KD knockdown
kDa kilodalton
K-Ras Kirsten Ras
l litre
LARG Leukaemia-associated Rho guanine

nucleotide exchange factor
LEF-1 lymphoid enhancer-binding factor 1
LIC leukaemia-inducing cell
Lin− cells lineage negative cells
LMO2 LIM domain only 2
LMPP lymphoid-primed multipotent progenitor
LNGFR low affinity nerve growth factor receptor
lo low
LRP lipoprotein receptor-related protein
LSK Lin−, Sca-1+, c-Kit+ cell
LT-HSC long-term HSC
LTR long terminal repeat
luc+ contains luciferase gene
LZ leucine zipper
m murine



A. Abbreviations 224

M marker
M molar
MALDI-MS matrix-assisted laser desorption/

ionization-mass spectrometry
MAPK mitogen-activated protein kinase
Mcl-1 myeloid cell leukaemia sequence 1
M-CSF macrophage-colony stimulating factor
MDB methyl-CpG-binding domain protein
MDM2 Mouse double minute 2 homolog
MDR multidrug resistant protein
MDS myelodysplastic syndrome
MEF mouse embryonic fibroblast
MENA mammalian Enabled
MeOH methanol
MG132 carbobenzoxyl-leucyl-leucyl-leucinal
MGG May-Grünwald-Giemsa
min minutes
miRNA microRNA
ml millilitre
MLL mixed-lineage leukaemia
mM millimolar
MOWSE Molecular Weight Search
MPP multipotent progenitor cell
mRNA messenger RNA
MSH3 mutS homolog 3
MSK mitogen- and stress-activated kinase
MT mock-transfected
MTX methotrexate
mTOR mammalian target of rapamycin
mTORC1/2 mTOR complex 1
mu / m murine
µ micro
NaCl sodium chloride
NADPH reduced nicotinamide adenine

dinucleotide phosphate
NaOH sodium hydroxide
NBs nuclear bodies
NCBI National Center for Biotechnology

Information
N-CoR nuclear receptor co-repressor
n.d. not determined
NE nuclear extract
negC negative control
NeoR neomycin resistance
NFκB nuclear factor of kappa light polypeptide

gene enhancer in B cells
NFE2 nuclear factor (erythroid-derived 2)
ng nanogramme
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NHR2 Nervy homology region 2
NK cell natural killer cell
NLS nuclear localisation signal
nm nanometre
Nogo-B RTN-xS

NPM nucleophosmin
N-Ras neuroblastoma Ras
nt nucleotide
NuMA nuclear mitotic apparatus protein
OD optical density
O/N over night
OS overall survival
OSBP oxysterol-binding protein
-P, P promoter
p. page
p-, P- phosphorylated protein
p90RSK p90 ribosomal S6 kinase
PAGE polyacrylamide gel electrophoresis
PAK p21 protein (Cdc42/Rac)-activated kinase
Pax5 paired box 5
PBS phosphate-buffered saline
Pbx1 pre-B cell leukaemia homeobox 1
PCR polymerase chain reaction
PDK1 phosphoinositide-dependent protein

kinase 1
PE phycoerythrin
PEG polyethylene glycol
PELO pelota homolog (Drosophila)
Pen/Strep Penicillin/Streptomycin
PerCP peridinin-chlorophyll-protein complex
PFA paraformaldehyde
PGK phosphoglycerate kinase
PH pleckstrin homology
PHLPP1/2 PH domain and leucine rich repeat

protein phosphatase 1/2
PI3K phosphatidylinositol-3-kinase
PI(3,4)P2 phosphatidylinositol 3,4-bisphosphate
PI(3,4,5)P3 phosphatidylinositol 3,4,5-trisphosphate
PI4KIIα phosphatidylinositol 4-kinase type IIα
PI4Kα phosphatidylinositol 4-kinase, catalytic,

alpha
PI(4)P phosphatidylinositol 4-phosphate
PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate
PI-PLCβ1 phosphoinositide-phospholipase C-β1
PKA cAMP-dependent kinase
PKC protein kinase C
PKG cGMP-dependent kinase
PLC-γ phospholipase C-γ
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PLD phospholipase D
plzf Promyelocytic Leukaemia Zinc Finger

gene
PLZF Promyelocytic Leukaemia Zinc Finger

protein
PLZF2ZnF PLZF mutant with two zinc finger

domains, occurs in PLZF/RARα
PMA phorbol 12-myristate-13-acetate
PML Promyelocytic Leukaemia protein
PML/RARα L/V/S PML/RARα long, variable, short
pmol picomole
PMT metallothionein promoter
POK POZ and Krüppel
POR1 Partner of Rac1
pos. positive
POZ Pox virus and Zinc finger
PP1, 2A, 2B, 2C serine/threonine phosphatases
PR9 PML/RARα
PRKAR1A protein kinase, cAMP-dependent,

regulatory, type I, alpha
ProtA protein A
PTB phosphotyrosine-binding
PTEN phosphatase and tensin homolog
PU.1 PU-box-binding protein
Puro puromycin
PX Phox
q.v. quod vide
R1-6 repeat 1 to 6
RA retinoic acid
Rac1/2 ras-related C3 botulinum toxin

substrate 1/2
Raf rapidly accelerated fibrosarcoma
Rag1/2 recombination activating gene 1/2
RAREs retinoic acid response elements
RARα retinoic acid receptor alpha
Ras rat sarcoma
RasGRPs Ras guanyl nucleotide-releasing proteins
REDD1 Regulated in Development and DNA

Damage Responses-1
rel. relative
Rheb Ras homolog enriched in brain
RhoA/H/G Ras homolog gene family,

member A/H/G
RhoGDI Rho GDP-dissociation inhibitor
RING Really interesting new gene
RNA ribonucleic acid
RNAi RNA interference
RNase ribonuclease
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ROS Reactive oxygen species
rpm revolutions per minute
rRNA ribosomal RNA
RT room temperature
RTK Receptor tyrosine kinase
RTN-xS Reticulon-4
RT-qPCR Reverse transcription-quantitative

polymerase chain reaction
Runx1 runt-related transcription factor 1
RXR retinoid X receptor
S serine
Sac1 suppressor of actin mutations 1
SAHA suberoylanilide hydroxamic acid
SCF stem cell factor
SCL stem cell leukaemia
SD standard deviation
SDS sodium dodecyl sulfate; total protein

lysates
SDS-PAGE SDS polyacrylamide gel electrophoresis
sec seconds
SEC size exclusion chromatography
Ser239 serine 239
SFFV spleen focus forming virus
SFRP secreted Fzds
SGK1 serum/glucocorticoid regulated kinase 1
SH2/3 Src homology 2/3
shRNA short hairpin RNA
SIE v-sis-inducible element, STAT binding

site
siRNA small interfering RNA
SMRT silencing mediator for retinoid or thyroid-

hormone receptors
SOS son of sevenless
SOX9 SRY-box 9
Sp1 Specificity protein 1
Spi-1 SFFV proviral integration oncogene 1
Src-1 sarcoma-1
SRE serum response element, SRF binding

site
SRF serum response factor
SRPX sushi-repeat containing protein, X-linked
SRY sex determining region Y
SS signal sequence
SSC-H side scatter
stat stationary
STAT signal transducer and activator of

transcription
ST-HSC short-term HSC
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Sug1 Trip1
SUMO1/2/3 small ubiquitin-like modifier 1/2/3
SV40 simian virus 40
T thymine, threonine
t(a;b) translocation between chromosomes a

and b
Tab. table
TAD domain Trans-activating domain
TAF TBP-associated factor
Tal T cell acute leukaemia
TAP tandem affinity purification
TBP TATA-binding protein
TCF ternary complex factor
TE Tris-EDTA buffer
TEMED N,N,N’,N’-tetramethylethylen-diamin
TEV Tobacco Etch Virus
TF transcription factor
TFII-I transcription factor II-I
TGFB1 transforming growth factor beta 1
TGN trans-Golgi network
Tiam-1 T cell lymphoma invasion and

metastasis 1
TIF1/2 Translation initiation factor 1/2
TMD transmembrane domain
TNF tumor necrosis factor
Tpo thrombopoietin
TRAIL TNF-related apoptosis-inducing ligand
Trip1 Thyroid receptor interacting protein 1
Tris Tris(hydroxymethyl)aminomethane
TSA trichostatin A
TSC1/2 tuberous sclerosis 1/2
Tween Polyethylene glycol sorbitan monolaurate
Tyr Tyrosine
U units
UBC9 ubiquitin-conjugated 9
USF1/2 upstream transcription factor 1/2
USP37 ubiquitin specific peptidase 37
UV ultraviolet light
V volt
v-abl Abelson murine leukaemia viral oncogene

homolog
VASP vasodilator-stimulated phosphoprotein
VCAM-1 vascular cell adhesion molecule 1
v.i. vide infra
VitD3R vitamin D3 receptor
v-ras rat sarcoma viral oncogene homolog
v.s. vide supra
v-src sarcoma viral oncogene homolog
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v/v volume to total volume
WASP WiskottAldrich syndrome protein
WAVE WASP-family verprolin-homologous

protein
WB Western blot
WBC white blood cell
Wif-1 Wnt inhibitory factor 1
Wnt wingless-type MMTV integration site

family member
WT wildtype
w/v weight to total volume
XFIM candidate for X-linked mental

retardation
Xid X-linked immunodeficiency
XLA X-linked agammaglobulinemia
X-RARα PLZF/RARα and PML/RARα
Y tyrosine
Zn2+ zinc ions
ZnSO4 zinc sulphate


