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Summary
Still a major challenge in the hematopoietic stem cell biology is to precisely determine the factors that
regulate self-renewal and lineage commitment of hematopoietic stem and progenitor cells (HSPCs). A
better understanding of the mechanisms regulating HSPCs is required, because of their clinical
therapeutic applications and their aberrant regulation during leukemia.
AC133 is a (117 kD) pentaspan transmembrane surface glycoprotein, a specific glycoform of CD133
+

–

(prominin-1) predominantly expressed on a subset of CD34 and a small fraction of CD34 HSPCs.
+

AC133 HSPCs are enriched for colony-forming units (CFUs), long-term culture initiating cells (LTCIC) and are capable of hematopoietic reconstitution. Beyond that, AC133 is used for prospective
isolation of tumour-initiating cells in certain hematologic malignancies. However, the mechanism
underlying the expression of AC133 and CD133 needs to be further explored. CD133 is transcribed
from alternative tissue dependent promoters, and of these promoters, P1 is active in HSPCs as
opposed to differentiated hematopoietic cells, and this is paralleled by CD133 mRNA and protein
levels. Recently, a direct link of CD133 expression with activation of Wnt / E-catenin and PI3K / Akt
signaling was shown (Mak et al., 2012; Wei et al., 2013). Wnt signaling strength regulates normal
haematopoiesis, and its deregulation is involved in leukemia development. Therefore, working out
mechanisms controlling AC133 expression and other mechanisms influencing the functional properties
of HSPCs is important to understand homeostasis in normal and dysregulated hematopoietic tissue at
molecular level. In a previous study from our research group, it came out that nucleolin act as a CD34
promoter factor, and was found to be enriched in mobilized peripheral blood (MPB)-derived
+

–

undifferentiated CD34 HSPCs as opposed to differentiated CD34 cells (Grinstein et al., 2007).
Nucleolin is a multifunctional nucleolar phosphoprotein, overexpressed in actively growing and cancer
cells, involved in transcriptional regulation, chromatin remodeling, and RNA metabolism. Aberrant
activity of nucleolin is generally associated with several haematological malignancies.
The present study dissects nucleolin-dependent activation of AC133 and CD133 expression via
+

promoter P1 in MPB-derived CD34 HSPCs and in leukemic cell line models. Overexpression of
nucleolin was likely associated with polarization in HSPCs, and was probably resulted from higher
+

cellular PI3K / Akt levels. In CD34 HSPCs and in an acute myeloid leukemia (AML) derived cell line
Mutz-2; nucleolin elevates hematopoietic CFU frequencies and predominately impacts common
primitive granulocytes-macrophage (GM) progenitors. In down-modulation experiments, silencing of
nucleolin in Mutz-2 cells leads to the early differentiation, and into a myeloid phenotype. Furthermore,
in HSPCs; nucleolin amplifies numbers of LTC-IC and supported long-term maintenance of
hematopoietic progenitors in cytokine-dependent stroma-free cultures. Beyond that, growth promoting
+

effects of nucleolin extended to lymphoid lineage as well, with an increase output of CD19 &
+

+

CD34 CD19 cells under conditions permissive for B lymphoid development. Levels of active βcatenin (Wnt / β-catenin), active Akt (PI3K / Akt) and BCL-2 in HSPCs are nucleolin dependent and
functional effects of nucleolin on HSPCs partially relies on β-catenin activity.
Wnt/β-catenin and BCL-2 is found to be aberrantly activated in leukemia, providing opportunities for
therapeutic intervention. In addition, elevated levels of nucleolin stabilize bcl-2 mRNA in leukemic
cells, which allows cells to overproduce BCL-2 and thereby protecting them from apoptosis.
10

Overall, this report strongly indicates that the deregulation of nucleolin via activation of Wnt / βcatenin, and BCL-2 can be implicated in leukemia, and providing opportunities for therapeutic
interventions.

Zusammenfassung
Die Bestimmung von Faktoren, die für Selbsterneuerung oder Differenzierung von hämatopoietischen
Stamm- und Vorläuferzellen (HSPCs) zuständig sind, ist immer noch eine große Herausforderung. Ein
besseres Verständnis der zugrunde liegenden Kontrollmechanismen ist notwendig, da eine aberrante
Regulation dieser Faktoren einen Einfluss auf die Entstehung von Leukämien haben kann.
Eine spezielle Glykoform des Transmembranproteins CD133 (Prominin-1) ist AC133, die vor allem in
+

-

CD34 -HSPCs aber auch in einer kleinen Population von CD34 -HSPCs exprimiert wird. Die
+

Untergruppe der AC133 -HSPCs zeigt eine erhöhte Anzahl an colony-forming units (CFUs), long-term
culture initiating cells (LTC-IC) und ist in der Lage das hämatopoietische System zu rekonstituieren.
Zudem wird AC133 zur prospektiven Isolierung von tumorinitiierenden Zellen bei bestimmten malignen
hämatopoietischen Erkrankungen verwendet. Die Mechanismen, die zur Expression von AC133 und
CD133 führen, sind jedoch noch nicht komplett verstanden. Die Expression von CD133 wird durch
verschiedene gewebespezifische Promotoren reguliert. Dies ist in hämatopoietischen Zellen der
Promotor P1. Analysen der Genexpression in hämatopoietischen Zellen zeigte, dass P1 zwar in
HSPCs jedoch nicht in differenzierten Zellen aktiv ist, was auf mRNA- sowie auf Proteinebene
bestätigt werden konnte. Vor kurzem wurde ein Zusammenhang zwischen CD133-Expression und der
Aktivierung von Wnt / β-Catenin- sowie PI3K / Akt-Signalwegen gezeigt. Der Wnt-Signalweg hat eine
große Bedeutung während der Hämatopoese, wobei seine Missregulation eine Rolle in der
Leukämieentwicklung spielt. Um Homöostase im gesunden und kranken Gewebe auf molekularer
Ebene zu verstehen, ist ein besseres Verständnis der AC133-Expression und anderer Faktoren
unabdingbar. Es zeigte sich, dass Nucleolin als CD34-Promoterfaktor agiert und in undifferenzierten
+

-

CD34 -HSPCs aus mobilisiertem peripherem Blut (MPB) im Vergleich zu ausdifferenzierten CD34 Zellen angereichert ist (Grinstein et al., 2007). Nucleolin ist ein multifunktionelles nukleäres
Phosphoprotein, welches in proliferierenden und kanzerogenen Zellen überexpremiert ist. Es ist an
transkriptioneller Regulation, Chromatin-Umstrukturierung sowie am RNA-Metabolismus beteiligt.
Aberrante Nucleolin-Aktivität wird mit bestimmten malignen hämatopoietischen Erkrankungen in
Verbindung gebracht.
Die hier präsentierte Arbeit untersucht die Nucleolin-abhängige Aktivierung von AC133- und CD133+

Expression via den P1-Promotor in CD34 -HSPCs aus mobilisiertem peripherem Blut (MPB) sowie in
leukämischen Zelllinien. Es zeigte sich, dass Nucleolin-Überexpression wahrscheinlich mit
+

Zellpolarisierung assoziiert war und zu erhöhter PI3K / Akt-Aktivität in HSPCs führt. In CD34 -HSPCs
und der akute myeloische Leukämie (AML) Zelllinie Mutz-2 führte eine Überexpression von Nucleolin
zu einer erhöhten Anzahl an CFUs und beeinflusste die myeloide Differenzierung. Entsprechend
führte eine Reduzierung der Nucleolin-Expression in Mutz-2-Zellen zu einer raschen Differenzierung
zu myeloiden Zellen. Außerdem zeigte sich in Experimenten mit Nucleolin-Überexpression in HSPCs
ein positiver Einfluss auf LTC-ICs, und dass das Überleben hämatopoietischer Vorläuferzellen in
Stroma-freien Kulturen dauerhaft unterstützt wurde. Darüber hinaus zeigte eine NucleolinÜberexpression auch in lymphoiden Zellen einen wachstumsstimulierenden Effekt, was durch eine
erhöhte Anzahl an CD19

+

+

+

und CD34 CD19 -Zellen unter lymphoidstimulierenden Bedingungen

gezeigt werden konnte. Des Weiteren ist das Level von aktivem β-Catenin, aktivem Akt und BCL-2 in
12

HSPCs Nucleolin-abhängig, wobei funktionelle Effekte von Nucleolin in diesen Zellen zum Teil von βCatenin-Aktivität abhängig sind.
Da Wnt / β-Catenin sowie BCL-2 in Leukämien aberrant aktiv ist, bietet eine Nucleolin-Überexpression
möglicherweise einen Ansatz, Leukämie-relevante therapeutische Ansatzpunkte zu erforschen. In
diesem Zusammenhang bietet diese Arbeit einen ersten Einblick in die funktionelle Rolle von Nucleolin
sowohl in HSPCs als auch in leukämischen Zelllinien.

13

1 Introduction

1.1 Preface
Despite extensive investigation on determining the phenotype and functional characteristics of
Hematopoietic stem cells (HSCs) over the years (Morrison et al., 1995; Weissman, 2000), still a major
challenge in the hematopoietic stem cell biology is to precisely determine the factors that regulate their
self-renewal and lineage commitment. A better understanding of the mechanisms regulating these
cells is required because of their importance in the clinical therapeutic applications, such as targeted
gene based therapy, reconstitution of hematopoietic system after myeloablative therapies and
dysregulation during leukemia.
After the discovery of the nucleolus, major focus of the research was to understand its dynamic
structure and function. However ribosomal biogenesis is one of its predominant functions (Hadjiolov,
1985) but there is growing evidence confirming its involvement in other cellular activities (Pederson,
1998). In addition to the components of the ribosomes, nucleolus is the home for many other RNAs
and proteins. In this report, I focus on one of its abundant & well-studied phosphoprotein, Nucleolin, a
highly mobile protein that can freely transport in several cell compartments, including nucleoplasm,
cytoplasm, and the cell surface. Nucleolin expression is found to be enriched in actively growing and
cancerous cells (Lapeyre et al., 1987; Derenzini et al., 1995; Borer et al., 1989). Elevated levels of
nucleolin have been reported in several hematological malignancies, thus making nucleolin an
interesting candidate to investigate its potential role in proliferation and differentiation of early
hematopoetic stem and progenitor cells (HSPCs) as well as in leukemia.
The underlying introductory section will summarize some of the key factors influencing hematopoetic
stem cell biology as well as structure and function of nucleolin and its role in regulating normal growing
or cancerous cells.
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1.2 Hematopoetic stem cells (HSCs)
1.2.1 Isolation and characterization
Hematopoiesis is a hierarchical process of generating entire lineages of specialized blood cells in a
stepwise manner from immature cells and subsequently releasing them into circulating blood and
peripheral organs for further maturation or effector function. At top of the hierarchical process are
HSCs, first functionally identified by Till and McCulloch in 1961 having self-renewal, multipotent and
differentiation potential. During hematopoiesis, HSCs first give rises to common early lymphoid and
myeloid progenitors, which further differentiate into different lineages of specialized blood cells such
as monocytes, macrophages, eosinophils, basophils, neutrophils, erythrocytes, platelets, B & T
lymphocytes and natural killer (NK) cells (Bhatia et al., 1997; Spangrude et al., 1988; Yang et al.,
2005). HSCs are predominantly found in the bone marrow of adults but can also be isolated from other
sources like umbilical cord blood (CB) and peripheral blood (PB). HSCs primarily resides in the
endosteal region of the bones, which comprises of different types of cells making hematopoietic
niches and tightly regulating directly or indirectly their self-renewal, differentiation and localization
(Morrison et al., 2008).
The factors like multilineage reconstitution, level & time of engraftment has led us to characterize
strictly within the HSCs population, such as long-term engrafting HSC, short term engrafting or
multipotent progenitor cells (MPP) and more mature lineage commited progenitors that have lost selfrenewal capacity (Morrison et al.,1994; Weissman et al.,2000). It is estimated that the frequency of
HSCs in the blood is approximately 1 in 100,000 and 1 in 10,000 in bone marrow; therefore it’s a
major challenge to isolate these cells from the total pool of cells. HSCs are usually characterized and
isolated by the presence or absence of some surface markers.
From the past decades CD34 is the marker of choice to enumerate hematopoietic stem and progenitor
cells and even clinically for autologous and allogenic bone marrow transplantation (Krause et al.,
1996; Lee et al., 2004). However, in addition to CD34 there are other markers used to further
characterize long-term-HSCs (LT-HSCs), including CD90, TIE, HLA-DR ,CD117, CD50, CD71,CD38
(Murray et al.,1995; Terstappen et al.,1991; Terstappen et al.,1994; Gunji et al.,1993; Hashiyama et
al.,1996; Batard et al., 1996; Recktenwald et al.,1996) and primitive HSCs populatons, such as
bright

CD34

, CD38

dim/-

dim/-

, HLA-DR

+

+

−

lo

, CD90 , CD117 , lineage , rhodamine 123 , CD133 (Baum et al.,

1992; Fritsch et al., 1993; Olweus et al., 1996;; Miraglia et al.,1997; Yin et al., 1997).

1.3 CD34
1.3.1 Structural organization
Cluster of differentiation molecule 34 (CD34) is a surface protein, belongs to the family of sialomucin
surface antigens. CD34 molecule is a 115 kD type 1 integral transmembrane phosphoglycoprotein. It
has a 40 kD protein backbone as predicted by cDNA and harbours nine potential N & O linked
glycosylation sites in its extracellular domain, two protein kinase C and one tyrosine kinase
phosphorylation sites in its cytoplasmic region (Krause et al., 1996).
14
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1.3.2 Expression
CD34 is predominantly expressed on the undifferentiated hematopoietic stem and progenitors cells
and its expression decreases as the cells undergo differentiation (Caux et al., 1989). However in
addition, its expression can also be detected on other non-hematopoietic cell types, including
embryonic fibroblasts (Brown et al., 1991), endothelial cells in small vessels (Fina et al., 1990) and at
mRNA level in spleen, thymus, BM, liver (Brown et al., 1991) and furthermore both in fetal and adult
lungs, heart, kidney, skeletal muscels and brain (Fina et al., 1990).

1.3.3 Regulation
CD34 antigen has a significant importance in the hematopoietic stem cell biology; however the
mechanisms underlying its regulation and function are still not well understood. Regulation of the
CD34 gene occurs both at transcriptional and post transcriptional level (Krause et al., 1996). Studies
have shown that the CD34 gene is regulated at transcriptional level and its extent of regulation is
+

–

higher in CD34 cell lines as compared to the CD34 cell lines (Brown et al., 1991; He et al., 1992;
Simmons et al., 1992; Satterthwaite et al., 1992; Yaamaguchi et al., 1994). In the human CD34 gene,
its 5' UTR is 258 base pairs long but lacks CAAT and TAAT motifs (Satterthwaite et al., 1992).
Furthermore, upstream sequence of transcriptional start site contains consensus sequences for the
binding of transcriptional regulators like nuclear factor Y, myc, myb, Ets-2 and MZF-1 to modulate the
promoter region of CD34 gene. (Radomska et al., 1999); Brown et al., 1991; He et al., 1992; Simmons
et al., 1992; Satterthwaite et al., 1992). For instance, c-myb is primarily expressed in the hematopoetic
cells (Gonda et al., 1984) and can transactivate the CD34 promoter region (Melotti et al., 1994).
However, c-myb knockout embryonic stem cells have shown normal levels of CD34 expression
(Mucenski et al., 1991), thus suggesting there are additional factors which can independently activate
human CD34 transcription, like Ets-2 (Melotti et al., 1994). In one of the study it came out that
nucleolin binds to the promoter region of CD34 gene through direct sequence specific interaction and
+

modulates both the endogenous and the cell surface level of CD34 in human CD34 cells (Grinstein et
al., 2007). In this study, it has been suggested that the recruitment of nucleolin takes place directly at
the CD34 promoter region, which inturn activate the promoter through nucleosomal particle in CD34

+

peripheral blood mononuclear cells (PBMCs), and these nucleosomal particles are absent in the
–

promotor region of CD34 PBMSc. Additionally CD34 gene has putative DNA binding sites located in
its upstrem region, including for the transcription factors Pu.1, Sp-1, and C-EBP (He et al., 1992; Burn
et al., 1992).

1.3.4 Function
Studies on the role of CD34 have revealed the presence of phosphorylation sites in the cytoplasmic
region of CD34 protein, but still devoid of any constitutive enzymatic activity (He et al., 1992).
However, induction of actin polymerization and isotypic adhesion through crosslinking of monoclonal
+

anti CD34 antibody to specific epitope of CD34 in CD34 cells can results in an increase tyrosine
phosphorylation (Majdic et al., 1994; Gordon et al., 2000; Bullock et al., 2007). Therefore, indicating its
potential role in the signal transduction through the cell membrane. In the hematopoietic
+

microenvironment, natural ligand of CD34 is not well specified but a murine CD34 endothelial cells
15
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(venule) in the lymph node adhere to L-selectin, a lymphocyte homing receptor (Baumheter et al.,
1993). Moreover, CD34 expression on the endothelial cells may assist in the leukocyte adhesion &
mobilization during inflammatory process, thus suggesting its potential role in the homing of HSPCs
through proteins like L-selectin (Majdic et al., 1994). Beside that, the backbone of CD34 molecule may
act as a scaffold for binding of stromal lectins to specific glycans, which in turn can mediate the
attachment of progenitor population to the stromal cells in the hematopoietic niche (Healy et al., 1995).
In fact, a study in CD34 knockout mice & in embryoid bodies has displayed its potential involvement in
the maintainance of progenitor cells, both during embryonic & adult hematopoiesis (Cheng et al.,
1996).

1.3.5 CD34 as a marker
CD34 plays a key role in the leukemia diagnosis and classification. Around 40% of acute myeloid
leukemia (AML) cases and virtually all t (8:21) translocation cases express CD34 (Civin et al., 1984;
Civin et al., 1989; Borowitz et al., 1989; Soligo et al., 1991; Vaughan et al., 1988; Geller et al., 1990;
+

Hurwitz et al., 1992). Elevated percentage of CD34 cells in the case of myelodyplasia, can be used
as a tool to measure and predict the blast crisis (Guyotat et al., 1990). In fact, there is strong
correlation between the expression of CD34 with the multi drug resistance protein (MDR) and
aldehyde dehydrogenase (ALDH) expression in the case of AML, both of which are famously known to
protect against antineoplastic therapies (Campos et al., 1992; Chaudhary et al., 1991, Kastan et al.,
1990). CD34 is expressed in approximately 70% of childhood B-cell ALL and comparatively less in the
case T-cell ALL (Pui et al., 1993; Hurwitz et al., 1988; Hurwitz et al., 1992; Borowitz et al., 1990; Gore
et al., 1991) . However its expression is not detected in the malignancies originated from the mature
cells, like in the case of chronic lymphocytic leukemia (CLL) (Silvestri et al., 1992).

1.4 CD133
1.4.1 Expression
CD133 (Prominin-1) is a pentaspan transmembrane glycoprotein, first isolated in mouse embryonic
and epithelial cells (Weigmann et al., 1997). In the same year, mouse homolog of CD133 was
identified on the human CD34 expressing HSCs. It was carried out by immunizing mice with human
+

CD34 cells and recovering a hybridomas producing monoclonal antibody, named AC133 (Yin et al.,
1997). CD133 transcripts are expressed in different cell lines and nearly all adult tissues; however the
expression of AC133 antigen is restricted predominantly to undifferentiated cells, such as
hematopoetic stem cells (Yin et al., 1997), fetal brain stem cells (Uchida et al., 2000),endothelial
progenitor cells (Peichev et al., 2000), myogenic cells (Torrente et al., 2004), prostatic epithelial stem
cells (Richardson et al., 2004), embryonic epithelium (Weigmann et al., 1997) and certain types of
carcinomas like retinoblastomas (Maw et al., 2000; Mirgali et al., 1997), leukemias (Bhatia, 2001) and
tetracarcinomas (Mirgali et al., 1997). In various cellular compartments, CD133 expression is enriched
in fiopodoia, lamellipodia, cell protrusions, and microvilli of neuroepithelial cells and microspikes of the
non-epithelial cells. In addition to humans and mice, proteins resembling CD133 are expressed in
other vertebrates and inverterbrates, such as Drosophila melanogaster (Zelhof et al., 2006),
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Caenorhabditis elegans (Corbeil et al., 1998; Weigmann et al., 1997) a, Danio rerio (McGrail et al.,
2010) and Rattus novegicus (Corbeil et al., 2001).

1.4.2 Structural Organization
Human CD133 is a single copy gene located on Chromosome 4 (4p15.33), consists of 37 exons and
is driven by five alternative promoters. Out of five, three promoters are located in the CpG islands and
partially controlled by methylation (Shmelkov et al., 2004). The CD133 transcript consists of one of the
five alternative 5’ untranslated regions (UTR) in the first exon that are usually expressed in a tissue
specific manner (Shmelkov et al., 2004) (Figure 1.1). 5’ UTR inclusion might affect the alternative
splicing in the coding regions, which can regulates the expression of different prominin-1 isoforms
through alternative promoters. Interestingly, CD34

+

HSCs use only one the 5’ UTR and its

corresponding promoter (P1), which is found to be active in HSPCs as opposed to differentiated
hematopoietic cells, and this is paralleled by CD133 mRNA and protein levels (Shmelkov et al., 2004)
(Figure 1.1). In addition to the alternative 5’ UTR prominin-1 isoforms, there are some novel isoforms
expressed in tissue specific manner, both in fetal and adult tissues (Yu et al., 2002; Fargeas et al.,
2004; Corbeil et al., 2009).

Figure 1.1 Genomic arrangement of the human CD133 promoter region
The above figure shows five alternative promoters (P5, P1, P2, P3 and P4) and out of this promoter P1, P2 and
P3 are located in Cpg islands. Moreover, the figure is depicting that the exon 1A and exon 1B are alternatively
spliced to common exon2, for the initiation of translation. CD34

+

HSCs uses only one 5’ UTR and its

corresponding promoter (P1), which is found to active in the HSPCs as opposed to differentiated hematopoietic
cells, and this is paralleled by CD133 mRNA and protein levels .

Human CD133 is an 865 amino acid (aa) long glycoprotein with an estimated molecular weight of 96.8
kD; however migrating at approx. 120kD size in the western blot due to N-terminal glycosylation
(Mirgali et al., 1997). Amino acid sequence prediction revealed that CD133 has a unique structure
comprised of five hydrophobic transmembrane domains, with two extracellular loops, two intracellular
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loops and an intracellular C-terminal tail. CD133 protein has eight potential N-terminal glycosylation
sites with 4 in each of its extracellular loops (Mirgali et al., 1997) (Figure 1.2). Mass spectrometry of
CD133 has revealed the presence of tyrosine kinase phosphorylation sites in its cytoplasmic tail
region, suggesting its potential role in signal transduction (Mirgali et al., 1997).

Figure 1.2 Schematic drawing of CD133.
This drawing represents the predicted topology of the CD133 protein. CD133 protein consists of five
transmembrane domains and consist eight potential N-terminal glycosylation sites with four in each of the
extracellular loops.

1.4.3 Regulation
The AC133 antigen has significant importance in the hematopoietic stem cell biology originally
identified as an additional marker to isolate CD34

+

HSCs. However mechanism regulating its

transcription is not well understood. Most of the studies on CD133 transcriptional regulation have been
focused on the methylation status of its promoter. CD133 promoter has been found to be
hypomethylated in numerous tumors & cancer cell lines, which express detectable levels of CD133,
like in the case of liver cancer, ovarian cancer, colon cancer and glioblastoma (Pleshkan et al., 2008;
Tabu et al., 2008; Yi et al., 2008; Baba et al., 2009; You et al., 2010). However, CD133 promoter is
hypermethylated in certain cell lines, which express low or undetectable levels of CD133, and the
expression of CD133 in these cell lines can be induced by molecules targeting to DNA
methyltransferases (Tabu et al., 2008; Yi et al., 2008; Baba et al., 2009; Friel et al., 2010; Jeon et al.,
2010; Schiapparelli et al., 2010). On the contrary, CD133 promoter methylation is not linked with the
CD133 expression in some cases, such as in primary prostate tumor samples and prostate cancer
cells (Pellacani et al., 2011). Therfore, caution should be taken while correlating CD133 expression
with the methylation status of its promoter (Yi et al., 2008; Tabu et al., 2008). In addition to methylation
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status and histone modifications, transcription of CD133 gene was found to be regulated by binding of
ELK1 and ETS2 proteins (downstream targets ERK/RAS signaling pathway) to its P5 promoter (Tabu
et al., 2010). TCF/LEF binding sites were also reported in the intron 2 of the CD133 gene, pointing out
the potential role of Wnt signalling in regulating the CD133 transcription (Katoh and Katoh, 2007). In
addition, CD133 expression has been reported to be regulated by oxygen concentrations, for instance
in some pancreatic cell lines and glioma cells, elevated level of CD133 transcript and protein levels
were detected under hypoxic conditions through induction of hypoxia-inducibe factor-1D (HIF-1D)
expression (Platet et al., 2007; Soeda et al., 2009). Studies were conducted to find the correlation
between the CD133 transcript levels and surface AC133 expression in many fetal, adult samples. It
was found out that wide range of tissues and cell types express CD133 mRNA but nearly all fetal and
adult tissues were negative for AC133 expression on their surface, except human bone marrow
samples (Miraglia et al., 1997; Yu et al., 2002; Shmelkov et al., 2004).

1.4.4 Function
+

–

Microarray based expression profiling of CD133 versus CD133 cells in several studies have reported
a significant difference in the regulation of several sets of genes between these two cell populations,
which could provide an insight into the biological pathways that regulate CD133 expression or its
biological function (Toren et al., 2005; Liu et al., 2006; Hemmoranta et al., 2007; Shepherd et al.,
2008; Bertolini et al., 2009; Yan et al., 2011). It came out consistently in these studies that the cells
marked with CD133 contains ‘‘stemness‘‘gene signature. For instance, during expression profilling of
+

–

CD133 versus CD133 cell fractions, isolated from human peripheral bood (PB) and cord blood (CB),
+

Toren et al. found several ‘‘stemness‘‘ genes differentially expressed in CD133 cells as compared to
–

CD133 cells. These genes play a vital role in the hematopoiesis, including transcriptional factors,
growth factor receptors and the genes involved in the cell growth and development. Higher number of
upregulated genes in the cells marked with CD133 as compared to CD34 cells were reported
(Hemmoranta et al., 2007). These genes were uniquely expressed in both these cell populations and
+

were assosciated with different biological processes. In CD34 cells, differentially regulated biological
processes were associated with the development and response to stress & external stimuli. On the
+

other hand, CD133 cells have higher number of upregulated genes involved in the cell cycle, DNA
metabolism and maintaince of chromatin architecture (Hemmoranta et al., 2007). Furthermore,
+

+

–

+

differential expression of miRNA was reported in CD133 CD34 as compared to CD133 CD34

fraction, isolated from human bone marrow (Bissels et al., 2011). Cells marked with CD133,
specifically regulate the expression of miRNA which are involved in preventing apoptosis,
differentiation and cytoskeletal remodeling (Bissels et al., 2011). The differntial profile of miRNA and
+

+

+

genes regulated in the CD133 versus CD34 fraction indicates the primitive nature of CD133 cells,
and also the different roles played by these two populations during hematopoietic regenreation.
+

Functional characterization of AC133 CD34

+

cells isolated from human bone marrow have

demonstrated a higher incidence of producing long-term culture-initiating cells and colony forming
–

+

+

–

cells as compared to the AC133 CD34 fraction in vitro (Summers et al., 2004). AC133 CD34 cells
+

have the ability to generate CD34 cells in cultures, which gives an idea about the ancestral nature of
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+

+

+

+

CD133 cells over CD34 cells (Summers et al., 2004). Beside that, CD34 AC133 cells derived from
human bone marrow, CB and PB have higher colonogenic potential (Summers et al., 2004) and were
+

–

the only cells capable of repopulation in NON/SCID mice when compared with CD34 AC133 fraction
(de Wynter et al., 1998).

1.4.5 CD133 as a marker
Expression of AC133 on the surface of stem cells is marked by self-renewal and ability to differentiate
into various specialized cells, thus making it an important tool to isolate, characterize and enrich stem
cell populations. From the last 15 years, CD133 has been used to isolate and characterize stem cells
from various tissue types, such as blood (Yin et al., 1997; de Wynter et al., 1998; Gallacher et al.,
2000), prostate (Richardson et al., 2004), nervous (Uchida et al., 2000), kidney (Bussolati et al., 2005)
+

and embryonic origins (Kania et al., 2005). Immunomagnetic selection of CD133 HSPCs allowed
adequate enrichment of the cells capable of performing hematopoietic stem cell transplantation
(Gordon et al., 2003). In pilot trials taking children with leukemia, CD133+ selection have proven the
possibility for allogenic transplantation (Koehl et al., 2002; Lang et al., 2004). In another study,
+

CD133 enriched stem cells have exhibited successful transplantation of haploidentical mismatched
PB stem cells (Bitan et al., 2005). The utility of AC133 along with other stem cell markers has been
extended to characterize cancer stem cells (CSCs) form various tissue sources, and is shown in the
Table 1.1.
Table 1.1 Characterization of cancer stem cells from various cancer tissues by AC133
Origin

Cancer type

Surface antigen used

glioblastoma,
Brain

Refrences
(Singh et al., 2004)

medulloblastoma

AC133
(Bruno et al., 2006)

Kidney

renal carcinoma

AC133
(O’Brien

Colon

colon adenocarcinoma

AC133

hepatocellular carcinoma

al.,

2007;

Ricci-Vitiani et al.,2007)
(Yin et al., 2007)

Liver

AC133
pancreatic

Pancreas

et

(Hermann et al., 2007;

adenocarcinoma

AC133 and CXCR4

Olempska et al., 2007)

CD44,alpha2beta1hi &

(Collins et al., 2005; Miki

Prostate

prostate

AC133

et al., 2007)

Skin

melanoma

AC133 & ABCG2

Monzani et al., 2007)

Ovarian seous &
Ovary

(Curley at al., 2009;

clear cell carcinoma

AC133
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In addition to AC133 as a marker to characterize CSCs, there are various reports which associate its
expression with poor clinical prognosis, such as in the case of stomach, lung, endometrial cancer and
liver cancers (Horst et al., 2008; Song et al., 2008; Zeppernick et al., 2008 Bertolini et al., 2009; Horst
et al., 2009a; Nakamura et al., 2010; Ishigami et al., 2010). Furthermore, expression of CD133 is
directly linked with the liver metastases in colon cancer (Horst et al., 2009b). However the correlation
of AC133 expression and poor prognosis is not only restricted to the detection of cell surface antigen
AC133, but is also extended to CD133 mRNA transcript levels (Mehra et al., 2006; Raso et al., 2011).
Moreover, CD133 expressing CSCs & cancer cells associated with the poor clinical prognosis are
resistant to traditional cancer therapies (Ferrandina et al., 2009b). In fact the measurement of
+

–

chemoresistance and radioresistance is measured by the number of CD133 versus CD133 cells
during the administration of drug or radiation. Number of pathways including mTOR/AKT1, Notch
+

signaling, Sonic Hedgehog (SHH), and insulin pathways get activated in CD133 chemoresistant cells
(Ma et al., 2008; Dallas et al., 2009; Pistollato et al., 2010; Latifi et al., 2011; Ulasov et al., 2011; Steg
et al., 2012). Similarly to chemoresistance; COX2, polycomb group oncogene BMI1, epidermal growth
factor receptor (EGFR) and signal transducer and activator of transcription 3 (STAT3) pathways
+

getting activated in CD133 radioresistant cells (Diaz et al., 2009; Facchino et al., 2010; Ma et al.,
2011; Hsu et al., 2011; Yang et al.,2011). Importantly in these studies, downregulation of these
+

pathways in CD133 chemoresistant or radioresistant cells made them sensitive to chemotherapy or
+

radiotherapy, confirming the role of these pathways in conferring resistance to CD133 cells.

1.5 Nucleolin
Nucleolin, first described by Orick et al. in 1973, and is an abundant nucleolar phosphoprotein of
eukaryotic cells and is known to be involved in several cellular processes beside its central role in
ribosomal biogenesis (Lapeyre et al., 1987; Bourborn et al., 1988; Bourborn et al., 1990; Srivastava et
al., 1989; Ginsty et al., 1998). Nucleolin is one of the best studied nucleolar protein and represents
upto 5% of the total proteins in the nucelolus. Beside that, nucleolin expression can also be detected
in other cellular compartments including, cytoplasm and cell surface (Laperye et al., 1987; Borer et al.,
1989; Hovanessian et al., 2000). Nucelolin is a highly mobile multifunctional protein that can binds to
DNA, RNA and proteins and is found to be enriched in exponentially growing and cancerous cells
(Laperye et al., 1987; Derenzini et al., 1995).

1.5.1 Structure of nucleolin
The human nucleolin gene is located at chromosome 2q12-qter on single copy per haploid genome
and comprises 13 introns and 14 exons (Srivastava et al., 1990). Primary sequence of nucleolin and
prediction of its structural motifs revealed the presence of a long acidic stretch in its N terminus, which
includes unintrupted runs of 16, 21 and 38 aa residues. These residues can potentially serve as an
‘acidic blobs’ for regulating transcription (Hanakahi et al., 1997). The four acidic stretches in N
terminus are encoded within exon 2 to 4 whereas the nuclear localization sequnce (NLS) lies in exon 5
(Ginsty et al., 1999). The N terminus domain has sequence homology to histone H1, and includes 9
TPXKK motifs, which are potential sites of phosphorylation for CDC2 kinase (Hanakahi et al., 1997)
(Figure 1.3). It has been proposed that the phophorylation of H1 sites during mitosis promote
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chromatin condensation, and in the nucleolus, nucleolin facilitates condensation of actively transcribed
rDNA in mitosis (Peter et al., 1990; Belenguer et al., 1990). The central domain of nucleolin consists of
four RNA recognition motifs (RRMs) or RNA binding domains (RBDs), a highly conseved domain of
90-100 aa that makes E-plated structures which serve as a platform for RNA protein contact. Resulting
exposed RNA on the platform can be implicated in various RNA interactions (Kenan et al., 1991; Burd
et al., 1994) (Figure 1.3). The C terminus is composed of Arg-Gly-Gly (RGG) motifs. RGG motifs are
usually found in RNA binding proteins (RBPs), these motifs could provide nucleolin to perform several
functions including, RNA binding, RNA helix destabilization and nucelar localization (Heine et al.,
1993; Schmidt-Zachmann et al., 1991; Ghisolfi et al., 1992) (Figure 1.3).
Nucleolin is extensively modified through post trancripitional modification including,

N terminal

glycosylation, phophorylation and methylation sites in the RGG domain (Lapeyre et al., 1987;
Bourborn et al., 1988; Bourborn et al., 1990; Srivastava et al., 1989; Sollner-Webb et al., 1991; Melese
et al., 1995). Interestingly, N terminal glycosylation in the cytoplasm is essential for expression of
nucleolin on the surface of certain types of cells (Losfeld et al., 2009). Nucleolin acts as a substrate
for cyclin dependent kinase 2 (CDC2) and casein kinase 2 (CK2) during mitosis. Successive
phosphorylation of nucleolin by CDC2 and CK2 could regulate its cell cycle dependent nucleolar
function and localization (Schwab & Dreyer, 1997). Taken together, the structure of nucleolin gives us
an impression regarding its importance in the various cellular processes.

Figure 1.3 Schematic drawing of nucleolin.
Nucleolin consists of four acidic streches in the N terminus. The central domain of nucleolin consists of 4 RNA
recognition motifs. The C terminus is composed of Arg-Gly-Gly (RGG) motifs.

1.5.2 Function of nucleolin
The most characteristic feature of nucleolin is its multifunctionality. Localization of nucleolin within the
nucleolus, and its transient interaction with preribosomes and ribosomal RNA (rRNA) suggest its
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prominent role in ribosomal biogensesis. However, most of its functions are based on the hypothesis
and speculation although there are direct and indirect evidences that nucleolin has been implicated in
various cellular activities, depicted in table 1.2.
Table 1.2 Multiple role of nucleolin
Proposed function/interactions

Refrences

Regulation of rDNA transcription and processing of pre-rna

Bouche et al., 1984, 1987; Jordan,1987; Egyhazi
et al., 1988; Ginisty et al., 1998

Maturation & assembly of ribosomes

Herrera & Olson, 1986; Bugler et al., 1987

Regulation of chromatin & certain types of DNA
condensation during mitosis

Erard et al., 1988; Kharrat et al., 1991

DNA helicase, RNA helicase, DNA dependent ATPase

Tuteja et al., 1991, 1995; Tuteja & Tuteja, 1996

Cell growth and proliferation

Hoffman & Schwach, 1989; Ohmori et al., 1990;
Lee et al., 1991; Yokoyama et al., 1998

Apoptosis

Pasternack et al. (1991)

Nuclear matrix

Caizergues-Ferrer et al., 1984; Gotzmann et al.,
1997; de Carcer et al. (1997)

Differentiation & sustainance of neural tissue

Zaidi and Malter, 1995

Regulating hepatitis delta virus (HDV) replication

Lee et al., 1998

Laminin binding protein

Kleinman et al. 1991; Kibbey et al. 1995; Yu et al.
1998

Topoisomerase I localization

Bharti et al., 1996

In addition to the functions described in Table 1.2, nucleolin protein act as a mRNA stabilizer in the
cytoplasm, including IL-2, BCL-2, CD154 and various tumor associated mRNA; and plays role in
microRNA biogenesis (Otake et al., 2007; Singh et al., 2004; Chen et al., 2000; Wang et al., 2011;
Pickering et al., 2011). In the nucleolus, nucleolin acts as transcription factor and bind directly to the
promoter sequences of various target genes thereby controling their expression (Wei et al., 2013;
Shang et al., 2012; Gonzalez et al., 2009; Angelov et al., 2006; Grinstein et al., 2007).
Most of its functions are not linked to each other which make it challenging to trace evolutionary
history of this protein. However, the ability to use one protein for various functions is certainly
energetically favorable for the cell.

1.5.3 Expression of nucleolin in stem and cancer cells
Studies on the role of nucleolin have gained significant attention in the recent years, not only because
of its involvement in various fundamental cellular processes but also due significance of its
overexpression in various malignant cells. Elevated levels of nucleolin are generally associated with
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the cell proliferation. In all nucleolar proteins (silver stained), nucleolin is one of the major proteins
which can lead to the poor prognosis in various cancers (Derenzini, 2000). Flow cytometry and
confocal microscopy studies have revealed that at least 90% of human CLL cells express nucleolin in
+

their cytoplasm and on the cell surface when compared to CD19 B-cells (5%) from the healthy
volunteers (Otake et al., 2007; Soundararajan et al., 2008). Elevated levels of nucleolin stabilize BCL2 mRNA in the leukemic cells, including human chronic lymphocytic leukemia (CLL) and HL-60 cells
(Sengupta et al., 2004; Otake et al., 2005, 2007). In another study, apoptosis of U937 leukemia cells is
accompanied by differential levels and localization of nucleolin (Mi et al., 2002). Furthermore,
endothelial cells incubated with anti nucleolin antibody lead to the down regulation of BCL-2 mRNA
and induce apoptosis (Fogal et al., 2009). The stabilization of bcl-2 mRNA through nucleolin, allows
cells to overproduce BCL-2 protein and thus protecting them from apoptosis.
Since the first report of expression of nucleolin on the surface of hepatocarcinoma cells (Semenkovich
et al., 1990), emerging evidence suggest a role of surface nucleolin in angiogenesis, tumour cell
growth and proliferation. Nucleolin is found to be expressed on the surface of various types of tumour
cells (Hovanessian et al., 2000; Sinclair and O’Brien, 2002; Otake et al., 2007; Chen et al., 2008;
Soundararajan et al., 2008). Elevated levels of nucleolin are reported both in vito and in vivo on
activated lymphocytes in the lypmphoid organs and angiogenic endothelial cells in the tumour
vasculature (Hovanessian et al., 2000; Krust et al., 2001; Christian et al., 2003; Destouches et al.,
2008). Surface nucleolin could bind and shuttle several ligands and thus act as mediator of
extracellular regulation for nuclear activities. Interestingly, the majority of these ligands which interact
with surface nucleolin play an important role in angiogenesis and tumorigenesis. For example, growth
factors, pleiotropin and midkines can transform cells, and exert mitogenic and angiogenic effect on
endothelial cells (Kadomatsu et al., 2004; Perez-Penira et al., 2008). In addition, several surface
nucleolin binding proteins, such as factor J, L & P selectins, laminin 1 and hepatocyte growth factor
(HGF) are implicated in the tumor development, angiogenesis, cell differentiation and cell adhesion
(Kleinmann et al., 1991; Turck et al., 2006; Larrucea et al., 1998; Harms et al., 2006; Reyes-Reyes et
al., 2008; Tate et al., 2006). Although a high expression of nucleolin has been reported in several
malignancies including leukemia, but still the mechanism underlying induction of leukemogenesis and
aiding tumor growth is still not well understood.

1.6 Wnt signaling
1.6.1 Introduction
Wnt proteins belong to a family of secreted signal transduction molecules, which are expressed in
diverse tissue types and have been involved in the invertebrate and vertebrate development (Cadigan
and Nusse, 1997). Wnt signaling regulates wide variety of cellular processes including motility,
polarity, organogenesis, cell fate determination, primary axis formation, stem cell renewal and also
plays a crucial role in the embryogenesis, therefore control of this pathway is tightly regulated. In
addition to its key role in the normal development of an organism, mutation in the Wnt gene can result
into defects in axis, limbs, and somite formation and abnormal development of kidney, reproductive
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tract and brain (Parr and Mcmohan, 1994; Monkley et al., 1996; Yoshikawa et al., 1997; Miller and
Sasoon, 1998; Liu et al., 1999). Dysregulation of Wnt signaling can have significant oncogenic effects
on the tissue, including breast, prostate, skin and colon (Korinek et al., 1997; Morin et al., 1997;
Tsukamoto et al., 1998; Polakis et al., 2000).
Wnt signaling is broadly divided in two categories: Canonical Wnt signaling or beta/E-catenin
dependent pathway and non-canonical pathway/E-catenin independent pathway. Wnt signaling
pathway is regulated by binding of Wnt protein / ligands to two types of receptor molecules expressed
on the cell surface: these two types of receptor molecules are categorized into the Fizzled family (Fz)
of seven pass transmembrane protein family, which comprises a cysteine rich extracellular domain
(Wodarz and Nusse, 1998) and low density lipoprotein receptor protein (LRP) family where especially
LRP5 and LRP6 of this family harbours only a single pass transmembrane protein (Pinson et al., 2000;
Tamai et al., 2000; Werli et al., 2000) (Figure 1.4). Fizzled and LRP 5/6 recepetors are required to
activate downstream components of the canonical Wnt signaling pathway. During its inactive state, Ecatenin form multiprotein complex with glycogen synthase kinase-3 beta (GSK-3E), axin,
adenomatosis polyposis coli (APC) and casein kinase1-D. E-catenin is phosphorylated by GSK-3E on
its N-terminus and thereby leads to its ubiqutination and subsequently degradation by proteasomes
(Cadigan and Nusse, 1997) (Figure 1.4). Axin is a key member of this multiprotein complex and it acts
as a scaffold and thereby significantly enhances the ability of GSK-3E to phosphorylate E-catenin.
During binding of Wnt protein to their Fizzled or LRP 5/6 receptor or during active state,
phosphorylation of E-catenin is inhbited by GSK-3E. This prevents the degradation of E-catenin, which
allows E-catenin to accumulate in the cytosol and further translocate into the nucleus (Figure 1.4). In
the nucleus, E-catenin binds to LEF/ T-cell receptor family (TCF) proteins and thereby regulates the
cellular response through targeted expression of appropriate genes (Eastman and Grosschedl, 1991)
(Figure 1.4).
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Figure 1.4 Schematic drawing of canonical Wnt signaling.
During inactive state, E-catenin forms a multiprotein complex with GSK-3E, axin, APC and CK1-D. E-catenin is
phosphorylated by GSK-3E on its N-terminus and thereby leads to its ubiqutination and subsequently degradation
by proteasomes. During binding of Wnt protein to their Fizzled or LRP 5/6 receptors or during active state,
phosphorylation of E-catenin is inhibited by GSK-3E. This prevents the degradation of E-catenin, allows E-catenin
to accumulate in the cytosol and further translocate into the nucleus.

1.6.2 Role of Wnt signaling in HSPSc development
While the role played by Wnt signaling in the development of various tissues and organs has been
well established, its role in the hematopoiesis is not well understood. However, recent studies strongly
point out its crucial role in the HSPSc development, during fetal and adult stages. There are growing
evidences that Wnt signaling provides self-renewal ability to the stem cells in the hematopoietic
system. For instance, during early hematopoiesis in the embryo, elevated levels of Wnt5A & Wnt10B
ligands in the yolk sac and in the fetal liver have been reported (Austin et al., 1997). Moreover,
hematopoietic progenitors express high levels of Wnt10B, which suggest that Wnt ligands may be
utilized by the cells in an autocrine manner (Austin et al., 1997). Media conditioned with Wnt1, Wnt5A
and WNT10B induced 11-fold expansion in the murine fetal liver hematopoietic progenitor cells in
combination with stem cell growth factor (SCF) (Austin et al., 1997). In the same study, in vitro
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analysis have also shown increased colony forming ability and especially given blast colonies, which
suggest an immature nature of these cells proliferated due to Wnt induction. These effects of soluble
Wnt ligands were also consistently reported during human hematopoiesis (Van Den Berg et al., 1998).
When human CD34

+

–

lin HSPSc growing on the stromal cells have been exposed to Wnt5A,

expansion of an undifferentiated progenitor population was noticed which was determined by
production of 10 to 20 fold more colony forming units (CFU) in ex vivo colony forming assay (Van Den
Berg et al., 1998). Moreover, human HSCs overexpressing WNT5A provided three fold increased
engraftment in the mice (Murdoch et al., 2003). Furthermore, overexpression of active E-catenin in
murine HSCs led to the expansion of undifferentiated stem cell pool for long-term in vitro and also
allowed constant reconstitution of myeloid and lymphoid lineages in vivo (Reya et al., 2003). In the
same report, authors were able to show the activation of a LEF/TCF reporter in HSCs progenitor
population in their natural microenvironment, suggests that the Wnt pathway can also be induced in
vivo. Independently, increased proliferation of a multipotent progenitor population was observed in
vivo upon constitutive expression E-catenin (Baba et al., 2006). Long-term reconstitution and better
recovery of neutrophils and megakaryocytes was observed when mouse or human HSCs transplanted
to recipient mice were administered with GSK-3 inhibitor (Trowbridge et al., 2006b).

1.6.3 Wnt signaling in leukemia
Role of Wnt signaling in the development of leukemia has been well established over the last couple
of years. Although the mechanism underlying the induction of leukemia is rather unclear, mutations
resulting in the elevated expression of Wnt genes or mutations in the key molecules of Wnt cascade
appear to be crucial. Epigenetic changes in the Wnt signaling molecules have been studied, but still its
functional impact on the Wnt cascade and development of leukemia is not well understood (RomanGomez et al., 2007; Bennett et al., 2010). For instance, differential methylation pattern of Wnt
inhibitors have prognostic implications in the case of AML (Valencia et al., 2009). Furthermore,
inactivation by hypermethylation in the promoter region of secreted fizzled related protein genes
(sFRPs) have been reported in the case of acute lymphoblastic leukemia (ALL) and AML (Jost et al.,
2008). In chronic myeloid leukemia (CML) having the translocation t (9, 22), activation of Wnt signaling
was generally obsereved during blast crisis (Jamieson et al., 2004), but the exact reasons for this
abberant induction of Wnt signaling are predominantly unknown.
In a mouse model, deletion of E-catenin significantly abolishes the CML development (Zhao et al.,
2007). Moreover, in the case of drug resistant BCR-ABL+ CML cells, E-catenin plays a crucial role in
the survival of these leukemic populations (Hu et al., 2009). There are reports categorizing AML on the
basis of dysregulated Wnt activation (Muller-Tidow et al., 2004; Wang et al., 2010), suggesting that
Wnt signaling could provide stem cell characteristics to the leukemic stem cells (LSCs) (Lane et al.,
2011). Therefore, it could be possible that likewise during early development of HSCs in the embryo,
LSCs may require higher activation of Wnt signaling as compared to normal HSCs in the bone
marrow. In the case of T-acute lymphoblastic leukemia (T-ALL), constitutive expression of activated Ecatenin in the mouse model under the control of a thymus promoter leads to the development of
thymic lymphoma (Guo et al., 2007). However, this work needs to be extended to a cohort of patients
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and rigorous assessment is required to find out whether dysregulated Wnt signaling play significant
role in the human leukemia as well (Weerkamp et al., 2006).
In summary, these studies suggest that Wnt signaling is implicated in providing stem cell
characteristics to the LSCs (Lane et al., 2011). Therefore specific targeting of impaired Wnt signaling
could be useful way to target LSCs, unlike conventional chemotherapies rather targeting bulk of
malignant cells than leukemia initiating cells.

1.7 PI3K / Akt signaling
1.7.1 Introduction
Cells can sense whether the conditions are favorable for their proliferation and growth by inducing
signaling pathways in response to interactions between ligands and their respective receptors. One
such category of interactions involves binding of the growth factors to their respective receptor
tyrosine kinase, which in turn directly interacts and activates a lipid kinase, phophotidylinositide-3kinase (PI3K) (Schlessinger, 2000). PI3 kinases belong to a family of enzymes, which function as an
intracellular signal transducer involved in many cellular responses, including proliferation, cell growth,
motility, intracellular trafficking and survival through the activation of several downstream pathways
(Yuan and Cantley, 2008). In addition to the growth factors, the PI3 kinase can also be activated by
insulin receptor substrate-1 (IRS-1) and thereby plays a crucial role in regulating glucose intake by
cells through a series of phosphorylation events. The PI3K family can be categorized into three
different classes, on the basis of their lipid substrate, primary structure and regulation: Class I, Class II
& Class III. PI3K belongs to class I which acts by converting phosphatidylinositol-4,5-bisphosphate
(PIP2) into phosphatidylinositol-3,4,5-trisphosphate (PIP3), which further interacts with downstream
proteins having pleckstrin-homology domains, such as protein kinase B (PKB) / Akt and protein
dependent kinase 1 (PDK1) (Yuan and Cantley, 2008). These direct interactions of PIP3 produced by
PI3K lead to the recruitment of Akt to the plasma membrane, which later induces the activation of Akt
through phosphorylation on its Threonine-308 residue by PDK1 (Yuan and Cantley, 2008).
Since the initial discovery of Akt as a proto-oncogene, attention is focused on its role in various cellular
mechanisms. Akt belongs to the family of serine / threonine kinases and regulates key cellular
functions, including cellular metabolism, proliferation and survival, cell migration and apoptosis
(Manning and Cantley, 2007). The Akt signaling pathway can be activated by stimuli inducing PI3K via
PIP3, B- and T-cell receptors, receptor tyrosine kinases and G protein coupled receptors. There are
three structurally related isoforms of Akt, Akt 1, Akt 2, and Akt 3. Akt act on the cell growth through
regulating the mammalian target of rapamycin (mTOR) and TSC 1/TSC 2 complexes (Tang et al.,
1999; Inoki et al., 2002; Bhaskar and Hay, 2007). Furtermore, Akt can acts on the cell proliferation and
cell cycle by directly modulating the expression of cyclin dependent kinase (CDK) inhibitors p27& p21,
and indirectly by the expression of p53 & cyclin D1 (Manning and Cantley, 2007). Akt also acts as a
significant mediator of cell survival through its direct inhibiton of pro-apoptotic regulators, such as
Foxo, Myc and Bad. The tumor supressor protein phosphatase and tensin homologue (PTEN) was
found to be a major inhibitor of PI3K / Akt pathway which is frequently absent in tumor cells (Salmena
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et al., 2008). Deletion of PTEN results in the overactivation of Akt that can induce proliferation, growth
and better survival of the cells through inhibiting apoptosis (Datta et al., 1997; Salmena et al., 2008).

1.7.2 PI3K / Akt signaling in HSPSc
Akt signaling has been implicated in various cellular processes; but its role in regulating HSCs is still
not well understood. However, among all signal transduction pathways, PI3K / Akt signaling has
recently attracted major attention as possibly being involved in the self-renewal of HSCs. In general,
PI3K activity regulates erythropoiesis and helps in the survival and proliferation of erythroid
progenitors (Myklebust et al., 2002; Bouscary et al., 2003). Available evidences suggest that Akt
signaling regulates the determination of lineage during myleopoiesis. Differently from the studies
mentioned above, a recent study reported that the simultaneous activation of Wnt / E-catenin and
PTEN / PI3K / Akt promotes primitive HSCs population with increase self-renewal and proliferation
capacity (Perry et al., 2011). However the activation of either of these pathways is insufficient to
sustain primitive HSCs population (Perry et al., 2011). Furthermore, HSCs with reduced PI3K activity
exhibit impaired hematopoietic reconstitution ability and reduced proliferation (Haneline et al., 2006).

1.7.3 PI3K / Akt signaling in leukemia
Correlation between dysregulated PI3K signaling and cancer is well documented. PI3K activity is
associated to several human tumours, including lung cancer, breast cancer, leukemia, and melanoma
among others (Krasilnikov et al., 1999; Fry et al., 2001; Martinez-Lorenzo et al., 2000). Moreover the
PI3K / Akt signaling pathway is frequently induced in patients with AML (Tamburini et al., 2007; Xu et
al., 2003). Around 50-80% AML patient samples exhibits Akt phosphorylation at Ser473 residues in
their purified blast cells and around 50% de novo AML patient samples have constitutively active
PI3K / Akt (Tamburini et al., 2007; Xu et al., 2003; Grandage et al., 2005). However, the mechanism
underlying the activation of Akt signaling during AML is not clear. Constitutive active AKT 1 has been
found in cancers resulted from mutation in its PIH domain (Greenman et al., 2007). Dysregulated
activity of the Akt mutant is due to PIP2 and PIP3 independent recruitment of Akt to the membrane,
which can result in the activation of the downstream signaling cascade and induce leukemia in mice
(Carpten at al., 2007). There are studies showing that patients with high PI3K activity have poor
prognosis compared to the patients with low PI3K activity (Min et al., 2003; Kornblau et al., 2006). In
addition, it was reported that PI3K / Akt signaling regulates clonogenicity of leukemic cells and
proliferation of the blast cells (Sujobert et al., 2005; Xu et al., 2003). The PI3K / Akt / PTEN signaling
pathway also plays a significant role in regulating angiogenesis, mediated by vascular endothelial
growth factor (VEGF) in many tumors including leukemia (Naoko et al., 2012). Furthermore, mutated
p85, a subunit of PI3K is reported to be expressed in CO, a Hodgkin’s lymphoma derived cell line
(Jucker et al., 2002). In a different study, PTEN knockout mice die due to leukemia or
myeloproliferative disorder (MPD), transplantable T-ALL and AML (Yilmaz et al., 2006; Zhang et al.,
2006; Guo et al., 2008).

29

1.8 Aims of the PhD thesis
The former introductory sections illustrate the role of several molecular factors involved in the
regulation of HSPCs and in the case of leukemia. AC133 is a specific glycoform of CD133 that marks
+

+

+

the uncommitted CD34 HSPCs and CD34 GM progenitors (Yin et al., 1997). Human AC133 HSPCs
are enriched for colony-forming units, LTC-ICs and are capable of hematopoietic reconstitution.
AC133 is used as marker for the prospective isolation of clinical relevant cell populations in case of
AML and ALL AML (Cox et al., 2009; Medina et al., 2014; Beghini et al., 2012). However, the
mechanism regulating the expression AC133 and CD133 is not clearly understood. Thus, AC133 an
interesting candidate to investigate mechanism implicated in its regulation, and its related potential
effects on the proliferation and differentiation of early HSPCs. Recently, a direct link of CD133
expression with the activation of Wnt / E-catenin and PI3K / Akt signaling was shown (Mak et al., 2012;
Wei et al., 2013). Wnt signaling strength regulates normal haematopoiesis, and its deregulation is
involved in the leukemia development. In our previous study, it came out that nucleolin acts as a CD34
promoter factor, and is enriched in the mobilized peripheral blood (MPB) derived undifferentiated
+

-

CD34 HSPCs as opposed to differentiated CD34 cells (Grinstein et al., 2007). Nucleolin is a
multifunctional nucleolar phosphoprotein, overexpressed in actively growing and cancer cells, involved
in transcriptional regulation, chromatin remodeling, and RNA metabolism. Abberant activity of
nucleolin is generally associated with several haematological malignancies.
Working out mechanisms controlling AC133 expression and factors influencing functional properties of
HSPCs is important to understand homeostasis in normal and dysregulated hematopoietic tissues at
molecular level.
x

Therefore, the first aim of this work is to investigate whether nucleolin regulate the expression
of AC133 and CD133 both in human MPB derived HSPCs, and in leukemic cell line model.

x

In order to gain more insights into functional effects of nucleolin in HSPCs and in a leukemic
cell line model, the second aim is to look for the impact of nucleolin on its proliferative capacity
by assaying functional properties like colony forming ability and effects on lineage
commitment.

x

Following, the third aim is to examine whether in HSPCs, nucleolin affects the number of longterm culture initiating cells (LTC-IC) and supports their long-term maintenance on stroma free
culture.

x

Final aim is to look for a mechanism implicated in nucleolin-dependent functional properties to
HSPCs.
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2.1 Patients
The patient samples were provided by the Children’s University Hospital Duesseldorf under the
direction of Prof. Dr. Roland Meisel. Leukapheresis samples used for HSPCs isolation were
specimens from deceased patients with nonhematologic cancer, which were designated to be
discarded. Donors' informed consent was taken, in agreement with our Faculty Ethic Committee. The
agreement for the molecular characterization of these samples was acquired in the scope of previous
therapy protocols. All personal data were encrypted and concealed for privacy reasons.

2.2 Human, adherent cell lines
Cell line:

5637

DSMZ no.:

ACC 35 (DSMZ Braunschweig, Germany)

Species:

human

Cell type:

urinary bladder carcinoma

Morphology:

epithelial-like adherent cells

Medium:

90% RPMI 1640 + 10% h.i. FBS

Subculture:

split confluent cultures 1:4 to 1:5 using trypsin/EDTA); seed out at ca. 2 x 10
cells/80 cm

6

2

Incubation:

at 37 °C with 5% CO2

Doubling time:

ca.24 hours

References:

Fogh et al., 1974; Welte et al., 1985; Kaashoek et al., 1991; Quentmeier et al.,
1997

Cell line:

293T

DSMZ no.:

ACC 635 (DSMZ Braunschweig, Germany)

Species:

human

Cell type:

embryonal kidney

Morphology:

fibroblastoid cells growing adherently as monolayer

Medium:

90% Dulbecco´s MEM + 10% h.i. FBS
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6

2

Culture:

seed out at ca. 2-3 x 10 cells/80 cm ; split ratioo 1:4 - 1:5 every 2-3 days

Incubation:

at 37 °C with 5% CO2

Doubling time:

ca.24-30 hours

References:

Rio et al., 1985; DuBridge et al., 1987; Pear et al., 1997

Cell line:

M2-10B4

Catalogue no.:

ATCC CRL-1972 (CLS, Eppelheim, Germany)

Species:

mouse

Cell type:

bone marrow/stroma

Morphology:

fibroblast, adherent

Medium:

RPMI-1640 + 10% FBS

Subculture:

Subcultivation ratio 1:6 to 1:10, medium renewal every 2-3 days

Incubation:

at 37 °C with 5% CO2

References:

Lemoine et al., 1988, 1990; Sutherland et al., 1991

®

™

2.3 Human, suspension cell lines
Cell line:

MUTZ-2

DSMZ no.:

ACC 271 (DSMZ Braunschweig, Germany)

Species:

human

Cell type:

acute myeloid leukemia

Morphology:

single cells in suspension, growing partly in clumps

Medium:

60% alpha-MEM + 20% h.i. FBS + 20% vol conditioned medium of cell line
5637 (DSM ACC 35) (cells grow well with 50 ng/ml SCF)

Subculture:

optimal split ratio of 1:2 to 1:3 twice a week; seed out at about 0.5 x 10
cells/ml; cells should be grown in 24-well-plates.

Incubation:

at 37 °C with 5% CO2

Doubling time:

about 47 hours

References:

Hu et al., 1996; Drexler et al., 1997

Cell line:

SEM

DSMZ no.:

ACC 546 (DSMZ Braunschweig, Germany)

Species:

human

Cell type:

B cell precursor leukemia

Morphology:

round to polygonal single rather small cells in suspension

Medium:

90% Iscove's MDM + 10% h.i. FBS

Subculture:

split saturated culture 1:2 to 1:6 every 2-3 days; seed out at ca. 0.5 x 10
6

6

cells/ml; maintain at ca. 0.2-2.0 x 10 cells/ml; maximum density at ca. 3-4 x
6

10 cells/ml
Incubation:

at 37 °C with 5% CO2
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Doubling time:

ca. 30 hours

Harvest:

cell harvest of ca. 3-4 x 10 cells/ml

Storage:

frozen with 70% medium, 20% FBS, 10% DMSO at about 9 x 10

6

6

cells/ampoule
References

Reichel M, 1998; Drexler, H.G, 2004;

2.4 Chemicals
Table 2.1 General chemicals
Identifier
Bis-Acrylamide 30% (19:1)

Company

Agarose

Biozym, Hessisch Odendorf, Germany

840004

Ammonium Persulfate

Sigma-Aldrich, St. Louis, MO, USA

A-3678

Albumin fraction V (BSA)

Roth, Karlsruhe, Germany

8076.3

Chloroform 99.4%

Merck, Darmstadt, Germany

67-66-3

DMSO (Dimethylsulfoxide)

Sigma-Aldrich, St. Louis, MO, USA

D2650

EDTA (Ethylenediamine-tetraacetic acid)

Sigma-Aldrich, St. Louis, MO, USA

60-00-4

Ethanol

Merck, Darmstadt, Germany

1.00983.2511

Ethidiumbromide Solution

Sigma-Aldrich, St. Louis, MO, USA

E1510-10ML

Glycerine

Merck, Darmstadt, Germany

1.04094.2500

HCl (Hydrochloric acid)

Merck, Darmstadt, Germany

1.09911.0001

KCl (Potassium chloride)

Merck, Darmstadt, Germany

1.04938.

KOH (Potassium hydroxide)

Merck, Darmstadt, Germany

105012

Magnesium (Mg2)

Merck, Darmstadt, Germany

105815

Mg2Cl

Merck, Darmstadt, Germany

1.05833.0250

NaCl (Sodium chloride)

Merck, Darmstadt, Germany

1.06404.1000

NaF (Sodium fluoride)

AppliChem, Darmstadt, Germany

A3904.0500

NaOH (Sodiumhydroxide)

Merck, Darmstadt, Germany

1.06498.100

SDS 20%

Ambion, Huntingdon, UK

50 x TAE (Tris/Acetic Acid/EDTA) Buffer

Bio-Rad, München, Germany

161-0743

TEMED (Tetramethylethylendiamin)

Merck, Darmstadt, Germany

1.10732.0100

Tris

Roth, Karlsruhe, Germany

5429.3

Tween 20

Roth, Karlsruhe, Germany

9127,1

β-Mercaptoethanol

Merck, Darmstadt, Germany

Ponceau S Solution

Sigma-Aldrich, St. Louis, MO, USA

P-7170

Na2EDTA

Sigma-Aldrich, St. Louis, MO, USA

E5134-500G

Nonidet P40 Substitute

Fluka Biochemica

74385

Na2HPO4

Merck, Darmstadt, Germany

6580

Bio-Rad, München, Germany
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2.5 Specific reagents/Media
Table 2.2 Specfific reagents and media
Reagents/Media
Retronectin

Company

Ordernumber

TAKARA Clontech, Saint-Germain-en-Laye France

FRT100A

Solucortef

STEMCELL Technologies, Vancouver, Canada

07904

Power SYBR Green

ABI, Carlsbad, CA, USA

4368702

MACS LNGFR Microbeads

Miltenyi,Gladbach, Germany

130-091-330

MACS Seperation Columns (LS)

Miltenyi,Gladbach, Germany

130-042-4010

MACS Seperation Buffer

Miltenyi,Gladbach, Germany

130-091-221

FcR Blocking Reagent, Human

Miltenyi,Gladbach, Germany

130-059-901

GelPilot 1kb plus DNA ladder

Qiagen, Hilden, Germany

239095

Page Ruler Prestained Protein Ladder

Fermentas, St. Leon-Rot, Germany

SM0671

Myelocult H5100

STEMCELL Technologies, Vancouver, Canada

05150

X-Vivo 20 w/Gentamycin

Lonza, Cologne, Germany

BE04-448QEA

Methocult H4100

STEMCELL Technologies, Vancouver, Canada

04100

DMEM

Gibco, Invitrogen, Carlsbad, CA, USA

31966-021

RPMI-1640

Gibco, Invitrogen, Carlsbad, CA, USA

61870-010

D-MEM

Gibco, Invitrogen, Carlsbad, CA, USA

22571038

IMDM

Sigma-Aldrich, St. Louis, MO, USA

I3390

FBS Heat Inactivated

Sigma-Aldrich, St. Louis, MO, USA

F4135-500ML

L-Glutamine

Gibco, Invitrogen, Carlsbad, CA, USA

25030-024

Dulbecco’s PBS

Sigma-Aldrich, St. Louis, MO, USA

D8537

Sodium pyruvate

Gibco, Invitrogen, Carlsbad, CA, USA

11360-039

Trypsin-EDTA

Gibco, Invitrogen, Carlsbad, CA, USA

25300-054

Pen Strep

Gibco, Invitrogen, Carlsbad, CA, USA

15140-122

Puromycin

Sigma-Aldrich, St. Louis, MO, USA

P8833

DMSO

Sigma-Aldrich, St. Louis, MO, USA

D2650

Cercosporin

Bioaustralis, NSW, Australia

BIA-C1521

Caliphostin C, PKF11584

Tocris Biosciences, bristol, UK

1626

2.6 Restriction Enzymes
Table 2.3 Restriction enzymes
Name
Ecor1

Company
NEB, Frankfurt a. M., Germany

R0101

Xba1

NEB, Frankfurt a. M., Germany

R0154

Bamh1

NEB, Frankfurt a. M., Germany

R0136

Sal1

NEB, Frankfurt a. M., Germany

R0138

HindIII

NEB, Frankfurt a. M., Germany

R0104

Cla1

NEB, Frankfurt a. M., Germany

R0197

BspEI

NEB, Frankfurt a. M., Germany

R0540

ACCI

NEB, Frankfurt a. M., Germany

R0161

Abbreviations: NEB - New England Biolabs, a.M. - am Main,
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2.7 Nucleic acids
Table 2.4 Oligonucleotides
Description
Total CD133 for

Company

Length

MWG, Ebersberg, Germany

21 nt

Sequence (5'

3')

Total CD133 rev

MWG, Ebersberg, Germany

22 nt

CCATAGAAGATGCCAATGCTTA

Promoter P1 CD133 for

MWG, Ebersberg, Germany

18 nt

GGCCATGCTCTCAGCTCT

Promoter P1 CD133 rev

MWG, Ebersberg, Germany

26 nt

TTCCCGCACAGCCCCAGCAGCAACAG

Promoter P2 CD133 for

MWG, Ebersberg, Germany

20nt

CGTCGCGGTGGTCCCAGAAG

Promoter P2 CD133 rev

MWG, Ebersberg, Germany

20nt

CCCAGCAGCAACAGGGAGCC

CD34 for

MWG, Ebersberg, Germany

20 nt

CTCCAGCTGTGCGCAGTTTA

CD34 rev

MWG, Ebersberg, Germany

20 nt

TTGGCCAAGACCAGCAGTAG

NCL for

MWG, Ebersberg, Germany

28 nt

GATCACCTAATGCCAGAAGCCAGCCATCC

NCL rev

MWG, Ebersberg, Germany

24 nt

CAAAGCCGCCTCTGCCTCCACCAC

E actin for

MWG, Ebersberg, Germany

18 nt

GCACTCTTCCAGCCTTCC

E actin rev

MWG, Ebersberg, Germany

18 nt

CTCGAAGCATTTGCGGTG

ACTATGAAGCAGGGATTATTCTATG

Table 2.5 shRNA seuences
Description

Sequence (5'

3')

shRNA-a sense

GATCCCCGAACGTGGCTGAGGATGAATTCAAGAGATTCATCCTCAGCCACGTTCTTTTTA

shRNA-a antisense

AGCTTAAAAAGAACGTGGCTGAGGATGAATCTCTTGAATTCATCCTCAGCCACGTTCGGG

shRNA-b s (sh-1)

GATCCCCACGGTGAAATTGATGGAAATAACTCGAGTTATTTCCATCAATTTCACCGTTTTTTA

shRNA-b as (sh-1)

AGCTTAAAAAACGGTGAAATTGATGGAAATAACTCGAGTTATTTCCATCAATTTCACCGTGGG

shRNA-c s

GATCCCCACCTTGGAAATCCGTCTAGTTACTCGAGTAACTAGACGGATTTCCAAGGTTTTTTA

shRNA-c as

AGCTTAAAAAACCTTGGAAATCCGTCTAGTTACTCGAGTAACTAGACGGATTTCCAAGGTGGG

shRNA-d s (sh-2)

GATCCCCGAGGTAGAAGAAGATAGTGTTCAAGAGACACTATCTTCTTCTACCTCTTTTTA

shRNA-d as (sh-2)

AGCTTAAAAAGAGGTAGAAGAAGATAGTGTCTCTTGAACACTATCTTCTTCTACCTCGGG

shRNA-e s

GATCCCCGGTCGTCATACCTCAGAAGTTCAAGAGACTTCTGAGGTATGACGACCTTTTTA

shRNA-e as

AGCTTAAAAAGGTCGTCATACCTCAGAAGTCTCTTGAACTTCTGAGGTATGACGACCTTTTTA

shRNA-f s

GATCCCCGGCAAAGCATTGGTAGCAATTCAAGAGATTGCTACCAATGCTTTGCCTTTTTA

shRNA-f as

AGCTTAAAAAGGCAAAGCATTGGTAGCAATCTCTTGAATTGCTACCAATGCTTTGCCGGG

sh RNA 7 ctrl-1 s

GATCCCCCGCTGAGTACTTCGAAATGTCTTCAAGAGAGACATTTCGAAGTACTCAGCGTTTTTA

sh RNA 7 ctrl-1 as

AGCTTAAAAACGCTGAGTACTTCGAAATGTCTCTCTTGAAGACATTTCGAAGTACTCAGCGGGG
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sh RNA 8 ctrl-2 sen

GATCCCCCGTACGCGGAATACTTCGATTCAAGAGATCGAAGTATTCCGCGTACGTTTTTA

sh RNA 8 ctrl-2 asen

AGCTTAAAAACGTACGCGGAATACTTCGATCTCTTGAATCGAAGTATTCCGCGTACGGGG
MWG, Ebersberg, Germany

2.8 Cytokines
Table 2.6 Cytokines
Cytokine
Recombinant Human G-CSF

Company
Peprotech, Hamburg, Germany

Ordernumber
300-23

Recombinant Human TPO

Peprotech, Hamburg, Germany

300-18

Recombinant Human SCF

Peprotech, Hamburg, Germany

300-07

Recombinant Human Flt3

Peprotech, Hamburg, Germany

300-19

Recombinant Human GM-CSF

Peprotech, Hamburg, Germany

300-03

Recombinant Human IL-3

Peprotech, Hamburg, Germany

200-03

Recombinant Human IL-2

Peprotech, Hamburg, Germany

200-02

Recombinant Human IL-6

Peprotech, Hamburg, Germany

200-06

Recombinant Human IL-7

Peprotech, Hamburg, Germany

200-07

Recombinant Human IL-15

Peprotech, Hamburg, Germany

200-15

Human Erythropoietin (EPO)

Ebiosciences, San Diego, USA

14-8992-80

2.9 Antibodies
Table 2.7 Western Blot Antibodies
Name
CD133/1 Pure

Company
Miltenyi,Gladbach, Germany

Ordernumber
130-092-395

CD34

Santa Cruz, Heidelberg, Germany

sc-9095

NCL/C-23 (MS-3)

Santa Cruz, Heidelberg, Germany

sc-8031

Flag tag (M2) HRP

Sigma-Aldrich, St. Louis, MO, USA

A8592

BCL-2

Santa Cruz, Heidelberg, Germany

sc-7382

Akt (pan)

Cell Signaling, Danvers, MA, USA

4691

pAkt Ser473

Cell Signaling, Danvers, MA, USA

4060

Active-E-catenin (8E7)

Millipore, Billerica, MA, USA

05-665

E-catenin

Cell Signaling, Danvers, MA, USA

8408

NCL (EPR7952)

Abcam, MA, USA

Ab-129-200

E-actin (AC-74)

Sigma-Aldrich, St. Louis, MO, USA

A1978
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Table 2.8 FACS antibodies
Name
CD133/1-APC

Company
Miltenyi,Gladbach, Germany

Ordernumber
130-090-826

CD34-PerCp (8G12)

Becton Dickinson, Hiedelberg, Germany

345803

CD11b (Mac-1)-PE

Beckman Coulter,California,USA

PN-IM2581U

CD14-FITC (RM052)

Beckman Coulter,California,USA

B36297

CD56-APC (AF12-7H3)

Miltenyi,Gladbach, Germany

130-090-843

CD71-FITC

Becton Dickinson, Hiedelberg, Germany

555536

CD3 (UCHT1)-FITC

Becton Dickinson, Hiedelberg, Germany

561806

CD19-APC

Miltenyi,Gladbach, Germany

130-098-069

CD271 LNFGR-FITC

Miltenyi,Gladbach, Germany

130-091-917

CD33-PE

Miltenyi,Gladbach, Germany

130-098-896

CD45-PerCP (H130)

Becton Dickinson, Hiedelberg, Germany

564105

2.10 Kits, size markers and other materials
Table 2.9 Kits, size markers and other materials
Kit Identifier
Picopure RNA Isolation kit

Company

Ordernumber

ABI, Carlsbad, CA, USA

12204-01

miRNeasy RNA Isolation kit

Qiagen, Hilden, Germany

217004

Quantitech Reverse transcription kit

Qiagen, Hilden, Germany

205313

Amaxa Nucleofector Kit V

Lonza, Cologne, Germany

VCA-1003

CD34 microbead kit, human

Miltenyi,Gladbach, Germany

130-046-702

1kb Plus DNA Ladder 250 μg (1 μg/μl)

Invitrogen, Carlsbad, CA, USA

10787-018

Cryo freezing container 500 ml

Nalgene, NY, USA

5100-0001

Culture Dish 150 x 25 mm

Corning, Amsterdam, Netherlands

430597

Extra Thick Blot Paper

Bio-Rad, München, Germany

170-3965

Page Ruler Prestained Protein Ladder

Fermentas, St. Leon-Rot, Germany

SM0671

PCR Stripes

Eppendorf, Hamburg, Germany

14.11.2008

Quick Load 100bp DNA Ladder

NEB, Frankfurt a. M., Germany

N0467L

Blunt-End Needles, 16 gauge

STEMCELL Technologies,Canada

28110

Amersham ECL WB Detection Reagents

GE Healthcare, Germany

RPN2209

MicroAmp Fast Otical 96 well plate barcode

Becton Dickinson, Hiedelberg, Germany

I2753Q524

Amersham Protran 0.45 uM NC Membrane

GE Healthcare, Germany

10600002
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2.11 Software and hardware
Table 2.10 Software and database
Software

Company/Available at

L-CalcTMSoftware

STEMCELL Technologies, Vancouver, Canada

Flowjo FACS analysis software

http://www.flowjo.com/

Graphpad Prism Software

http://www.graphpad.com/scientific-software/prism/

CorelDraw Graphic Suite

http://www.coreldraw.com/us/product/graphic-design
software/

Table 2.11 Hardware
Hardware
7900 HT Fast Real-Time PCR System

Company
ABI, Carlsbad, CA, USA

Centrifuge 5417

Eppendorf, Hamburg, Germany

LAS-3000 mini 2UV Transilluminator

Fujifilm, Düsseldorf, Germany

Milli-Q Integral 15 Serial No. FODA 15851D

Millipore, Billerica, MA, USA

NanoDrop Spectrophotometer ND-1000

PeqLab, Erlangen, Germany

Transfer Blot Mini Trans Blot Cell

Bio-Rad, München, Germany

Vortex2 Genie

Scientific Industries, NY, USA

Axiovert 200 Inverted microscope

Carl Zeiss Microscopy GmbH, Jena, Germany

Axiocam Color Camera

Carl Zeiss Microscopy GmbH, Jena, Germany

2.12 Buffers for Western Blot
Separation gel

30% Acryl-Bisacrylamide mix 19:1, 375 mM Tris-HCl (pH 8.8), 0.1%
SDS, 0.06% TEMED and 0.1% APS

Stacking gel

30% Acryl-Bisacrylamide mix 19:1,189 mM Tris-HCl (pH 6.8), 0.1%
SDS, 0.1% TEMED and 0.1% APS

10 x SDS Running Buffer

25 mM Tris, 192 mM Glycine, 0.1% SDS

10 x Transfer Buffer

25 mM Tris, 192 mM Glycine

10 x TBST Blocking

1 M Tris-HCl, 1.5 M NaCl, 0.5% Tween 20, 5% BSA

Washing Buffer

1 M Tris-HCl, 1.5 M NaCl, 0.5% Tween 20 or 1x PBS, 0,5% Tween 20
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3.1 Cell cultivation
The handling of mobilized peripheral blood (MPB) derived human HSCs and cell lines were carried out
under sterile conditions. The rules for dealing with “Genetically Modified Organisms” (GMO) were
followed as prescribed. Biological waste and working equipment were autoclaved.

3.1.1 Isolation and culture of human CD34+ Stem & Progenitor Cells (HSPSc)
+

Human CD34 cells were isolated from aliquots of leukapheresis samples, using either direct Isolex
300i HSC concentration system (Nexell) or indirectly using immunomagnetic technique from
mononuclear cells (MNC) fraction (Miltenyi Biotech). Purity of cell preparations employed for
+

experiments were monitored by flow cytometry (FACS) and was always >90% CD34 cells. After
isolation, HSPCs were stimulated prior to transduction for 24 h in X-vivo 20 medium containing human
recombinant cytokines: 100 ng/ml stem cell factor (SCF), 100 ng/ml thrombopoietin (TPO), 100 ng/ml
fms-like tyrosine kinase 3 ligand (Flt-3) and 20 ng/ml interleukin (IL-3) in 24 well plates at a
6

concentration of 2 x10 cells/ml. The resulted stimulated cells were washed after 24h and grown in Xvivo medium containing 50 ng/ml SCF, 50 ng/ml Flt-3, 10ng/ml TPO, and 10 ng/ml IL-6. HSPCs were
+

also monitored for CD133 expression (~85% AC133 ) on their surface by FACS in addition to the
CD34 expression prior to transduction.

3.1.2 Cultivation of human cell line
Mutz-2 (Hu et al., 1996), a human acute myeloid leukemia cell line, and was cultured in alpha-MEM
medium supplemented with 20% fetal calf serum (FCS), 20% conditioned medium from 5637 cells,
1% 200 mM L-Glutamine, 1% sodium pyruvate, 1% Pen Strep. Mutz-2 cells were grown in 12 well
6

plate and at seeding density of 1 x 10 cells/ml. SEM, a human acute lymphoblastic leukemia (ALL)
cell line, and was cultured in IMDM medium supplemented with 10%FCS and 1% Pen Strep in T2

6

75cm flask at seeding density of 1 x 10 cells/ml. 5637, a human bladder carcinoma cell line known to
secrete functional cytokines, and was grown in RPMI1640 medium supplemented with 10% FCS and
1% Pen Strep. 293T was cultured in DMEM medium supplemented with 10% FCS and 1% Pen Strep
(all cell lines mentioned above were obtained from DSMZ, Braunschweig, Germany). M2-10B4, a
murine fibroblast cell line, and was maintained in RPMI1640 medium supplemented with 10% FCS
and 1% Pen Strep (CLS, Eppelheim, Germany).
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3.2 Cryopreservation of human cells
For long time storage of normal growing and transduced cell lines, cells were initially removed from
their culture flasks and were centrifuged at 400 x g for 5 minutes. The resulted pellets were washed
6

with PBS, resuspended in the freezing medium at density of 1 x 10 cells/ml and later transferred in the
cryotubes. The freezing medium consisted of growing medium of a particular cell line, FCS and DMSO
in a ratio of 7:2:1 respectively. The cryotube were then placed into cryobox containing isopropanol and
frozen at -80°C for 24 h and subsequently transferred into liquid nitrogen for long term storage. For
thawing or recultivation of cells, a cryo tube was thawed in a water bath at 37°C, freezing medium was
removed by centrifuging the cells at 400 x g for 5 minutes, and finally resuspended in fresh medium.
After 24 h of thawing, the medium was again replaced to remove any residual DMSO.

3.3 Lentiviral vector construct
For the overexpression of nucleolin, either full-length human nucleolin cDNA (NCL), or a derivative
thereof encoding for nucleolin devoid of 288 N-terminal amino acids (dN/NCL-289-709) was cloned
into the lentiviral pCDH-EF1D-T2A-ΔLNGFR vector (System biosciences) under control of an
EF1Dpromoter (Figure 3.1). This lentiviral plasmid was constructed by inserting a ΔLNGFR cDNA
fragment from a pMACS LNGFR vector (Miltenyi Biotec). The final construct was monitored by
restiriction digestion and sequencing analysis for mutations.
For down-modulation experiments, distinct short hairpin RNAs (shRNAs) targeted to different regions
of human nucleolin were designed and cloned under the control of a H1 promoter and a puromycin
selection resistant gene driven by PGK promoter into the pLenti X1-puro expression vector (Addgene)
(Figure 3.2). Around 6 shRNAs (shRNA 1–8) targeted to different regions of nucleolin mRNA and
along with two different non targeted controls (shRNA ctrl1–2) were initially designed. Out of these,
sh2 and sh4 were selected on the basis of degree of nucleolin downregulation and the impact on the
viability of HEK 293 cells, and along with shRNA-ctrl 2 as a non-specific luciferase targeting control.
The shRNAs used for experiments were: i) sh1, targeted to human nucleolin mRNA from 208–226
nucleotides (nt), ii) sh2, targeted human nucleolin mRNA from 2036–2057nt, iii) control shRNA
targeted to luciferase and empty vector. The sequences of shRNA sequnces are mentioned in the
material section (Table 2.5).
Lentiviral particles were produced by using 293T cells, and by following supplier‘s protocol (System
Biosciences). In brief lentiviral particles were generated in 293T by co-transfecting packaging plasmids
(System Biosciences) and expression contructs in 293T. Medium was replaced gently after 12 h to
remove excess plamid and transfection reagent. 56 h post tranfection, supernatant containing lentiviral
particles was recovered. The resulted supernatant was briefly centrifuged and later filtered through a
0.45uM filter to remove any dead cells or debris from 293T. For concentration of virus, filtered
supernatant was transferred in ultracentrifuge tubes (SPL life sciences). For every round of
centrifugation, 30–40 mL of viral supernatant was centrifuged at 11000 rpm for 120 minutes at 4°C in
a Beckman JA-12 rotor. After centrifugation the supernatant was gently removed, and pellet was
resuspended in the growing medium of cells to be transduced.
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Figure 3.1 Schematic drawing of lentiviral overexpression constructs.
Overexpression construct consists of either full-length human nucleolin cDNA (NCL), or a derivative thereof
encoding for nucleolin devoid of 288 N-terminal amino acids (dN/NCL-289-709) cloned into lentiviral pCDH-EF1DT2A-ΔLNGFR vector (System biosciences) under EF1Dpromoter. Mock LNGFR is an empty vector devoid of any
cDNA.

Figure 3.2 Schematic drawing of lentiviral down-modulation constructs.
Distinct short hairpin RNAs (shRNAs) targeted to different regions of human nucleolin cloned under H1 promoter
into pLenti X1-puro expression vector (Addgene). The vector also has a puromycin selection gene cloned under
PGK promoter. Mock puromycin construct is an empty vector devoid of any shRNA.
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3.4 Lentiviral transduction and selection
For transduction of HSPCs with minimum ex vivo manipulation, published protocol was followed
(Millington et al., 2009). In brief, after prestimulation in X-vivo medium, cells were incubated for 18h in
lentivirus containing medium on retronectin (Takara Bio Inc.) coated plates. Subsequently, transduced
cells were enriched by ΔLNGFR expression using MACselect LNGFR microbeads 72 h post
transduction (Miltenyi Biotec) (Wiehe et al., 2006). Resulting cell preparations containing ~ 90%
LNGFR+ cells monitored by FACS, were cultured in X-vivo medium supplemented with 50 ng/ml SCF,
50 ng/ml Flt-3, 10 ng/ml TPO, 10 ng/ml IL-6 (Peprotech), and aliquots for further analysis were taken
at indicated time points. Mutz-2 and SEM cells were also transduced as described above and were
either enriched by LNGFR microbeads or subjected to antibiotic selection with puromycin (250 ng/ml,
Sigma-Aldrich) for shRNA expression.

3.5 Nucleofection
Nucleofection of HSPSc with shRNA expression constructs was performed with CD34+ cell, human
Nucleofector kit (Lonza). Cells were prepared according to manufacturer's specifications (Lonza) and
as described (Salati et al., 2008). 48–72h post-nucleofection, aliquots were taken for further analysis.
Cell viability was assessed by trypan exclusion method and by immunoblotting with antibodies (Ab)
specific to caspases-3, 1:5000 (R&D Systems).

3.6 Gelelectrophoretic separation and detection of proteins
3.6.1 SDS-PAGE
The separation of proteins by SDS-PAGE was performed following standard procedure (Laemmli,
1970). Protein samples for loading SDS-PAGE were prepared by mixing 1 x SDS-Sample Buffer and
denatured at 95°C for 5 minutes. The gelelectrophoresis was carried out in 1x SDS Running buffer in
a Mini-Cell gel chamber (Bio-Rad) with 25 mA per gel.

3.6.2 Western Blot analysis
After running SDS-PAGE, the gel was blotted to a protran 0.45uM nitrocellulose membrane (GE
Healthcare) with 100 mA per blot for 2 hours with 1 x Transfer Buffer, using a wet transfer (Bio-rad).
Subsequently, the membrane was blocked in 1 x TBST buffer with 5% BSA for 1 hour. The blocked
membrane was further incubated over-night with primary antibodies (Abs). The following are Abs and
their dilutions: mAb specific for FLAG-tag (Sigma), 1:1000; Ab specific for a N-terminal peptide of
nucleolin, purified on the peptide column (Grinstein et al., 2007), 1:10000; mAb specific for AC133
(W6B3C1; Miltenyi Biotech), 1:500; mAb specific for E-actin (AC-74; Sigma), 1:2000; Ab specific for
Caspase-3 (R&D Systems); 1:5000, mAb specific for active E-catenin (Millipore), 1:1000; Ab specific
for E-catenin (Cell Signaling), 1:2000; mAb specific for Bcl-2 (Santa Cruz Biotechnology), 1:2000; mAb
specific for Pan-Akt (Cell signalling) 1:4000; mAb specific for Akt activated phosphorylated at the
Thr308 (Cell Signaling), 1:3000; mAb specific for Akt phosphorylated at Ser473 (Cell Signaling).
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Afterwards, the membrane was washed again three times for 5 minutes with 1 x TBST buffer, and
incubated with appropriate secondary ab labeled with HRP for 1 h. The membrane was again washed
with 1 x TBST buffer for 5 minutes three times. Proteins were detected by incubation Amersham ECL
WB Detection Reagents for 1 minute, subsequently pictures were taken by using LAS 3000 UV mini
system (Fujifilm).

3.7 Quantitative reverse transcription real time PCR (qRT-PCR)
Total RNA was isolated with RNeasy kit (Qiagen), reverse transcribed using QuantiTect Reverse
Transcription Kit (Qiagen), and levels of gene expression were quantified by real-time PCR, using
Power SYBR® Green Real-Time PCR Master Mix on a 7900HT Fast Real Time PCR system (Life
Technologies). Primer sequences are summarized in material section (Table 2.4) and specificity
thereof was monitored by melting curve analysis as well as loading PCR products on agarose gels.
The comparative threshold cycle (ΔΔCt) method and an internal control (E-actin) were used to
determine differential expression.

3.8 Flourescence-activated cell sorting (FACS)
´The cells to be analysed were resuspended and washed with FACS buffer (PBS + 0.5% FCS). After
spinning, the cells were incubated in 50 ul of FACS buffer containing either uncoupled primary
antibody or primary antibody coupled to flourochrome, and later incubated at ice in the dark for 25–30
minutes. This was followed by washing the stained cells thrice with the FACS buffer for 5 minutes
each. After the last wash, the cells were either measured by adding 200ul of FACS buffer in case of
primary coupled antibody or incubated with secondary antibody coupled to flourochrome in case of
uncoupled primary antibody for additional half an hour on ice in the dark. The cells were again washed
thrice and measured using FACSCalibur (Becton Dickinson, Heidelberg, Germany). FACS analysis
used the following fluorochrome coupled monoclonal antibodies (mAbs): anti-AC133 (CD133/1;
Miltenyi Biotec), anti-CD34 (8G12; BD Biosciences), anti-CD11b (Bear1; Beckman Coulter), anti-CD14
(RMO52; Beckman Coulter), anti-LNGFR-FITC (ME20.4-1.H4; Miltenyi Biotec), CD33 (Miltenyi
Biotec), CD3 (UCHT1; BD Biosciences), CD19 (Miltenyi Biotec), CD71 (BD Biosciences), CD45 (BD
Biosciences) and CD56 (Miltenyi Biotec) as well as isotype-matched control mAbs.

3.9 Colony forming assay (CFC-assay)
3.9.1 Primary CFC assay
CFC activity was assessed by plating transduced cells in methylcellulose medium (Methocult

TM

H4100, STEMCELL Technologies) supplemented with 50 ng/ml SCF, 10 ng/ml granulocytemacrophage

colony-stimulating

factor

(GM-CSF),

10 ng/ml

IL-3

and

3 U/ml

erythropoietin

(ebiosciences). After 14 days of culture, granulocyte-erythrocyte-macrophage-megakaryocyte colony
forming units (CFU-GEMM), granulocyte-macrophage colony forming units (CFU-GM), erythroid burstforming units (BFU-E), erythroid colony forming units (CFU-E), granulocyte colony forming units (CFU43
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G), and macrophage colony forming units (CFU-M) were scored (STEMCELL Technologies). Cell
morphology was determined by Wright-Giemsa staining by plucking individual colonies.

3.9.2 Secondary CFC assay
For assessing secondary colony forming capacity, colonies from the primary plating after 14 days of
cultures were collected and washed with phosphate buffer saline (PBS) solution for three times. The
resulted cells were seeded for additional 2 weeks in the fresh methylcellulose medium containing
human recombinant cytokines (50 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml GMCSF, 3 U/ml EPO).

3.10 Long term culture initiating assay (LTC-IC assay)
LTC-IC assays were performed by seeding transduced cells on irradiated murine M2-10B4, as a
feeder layer (STEMCELL Technologies). Long term cultures were maintained in the Myelocult H5100
−6

medium (STEMCELL Technologies) supplemented with hydrocortisone (10 M) (STEMCELL
Technologies), after 6 to 9 weeks, cells were seeded into methylcellulose medium containing
cytokines mentioned above. LTC-IC frequencies were calculated by limiting dilution analysis, using Lcalc™ software (STEMCELL Technologies).

3.11 Ex vivo assay for B cell development
4

To determine B cell progenitor activity, 2 x 10 transduced HSPSc were seeded similarly on irradiated
M2-10B4 feeder layer cells in X-vivo 20 (Lonza) medium containing 50 ng/ml SCF, 100 ng/ml Flt-3,
50 ng/ml TPO, 10 ng/ml IL-2, 10 ng/ml IL-7 and 10 ng/ml IL-15 (Peprotech), favoring conditions for Blymphoid cell development in addition to conditions permissive for myeloid development (Buske et al.,
2002). Fresh media containing cytokines was replaced after every 4 days. After 3 weeks, FACS
analysis for CD19 (B lymphoid), CD3 (T lymphoid), CD56 (NK-cells) and CD34 was performed.
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4.1 Nucleolin dependent expression of AC133 and CD133 in HSPCs
4.1.1 Overexpression
To assess the effects of overexpression of nucleolin in hematopoietic progenitors, MPB-derived
HSPCs were transduced with lentiviral overexpression constructs for the expression of full-length
FLAG-tagged human nucleolin (HSPC-NCL), or FLAG-tagged N-terminal truncated nucleolin, aa 289–
709 (HSPC-NCL-289–709), or with no cDNA (HSPC-mock) (Figure 1). N-terminal nucleolin was
implicated previously in the gene regulation (Hanakahi et al., 1997; Angelov et al., 2006). Therfore,
lentivirus expressing N-terminal truncated nucleolin variant was also employed as an additional control
along with the empty control.
HSPCs were collected from the leukapheresis samples from pediatric patients with nonhematologic
+

cancer, eligible for autologous stem cell transplantation. CD34 cells were purified using either direct
Isolex 300i HSC concentration system or indirectly using the immunomagnetic technique from
mononuclear cells (MNC) fraction (See Methods). HSPCs were enriched therefrom to ~90% purity of
CD34+ cells (~85% AC133+). After prestimulation for 24h in X-vivo medium supplemented with human
recombinant cytokines (100 ng/ml SCF, 100 ng TPO, 100 ng Flt-3 and 20 ng/ml IL-3) , cells were
incubated for 18h in lentivirus containing medium on retronectin coated plates. Subsequently,
transduced cells were enriched upto ~90% purity at 72 hrs post-infection by dLNGFR expression using
MACSelect LNGFR microbeads, and were referred as HSPC-NCL, HSPC-NCL-289-709 and HSPCmock cells (Figure 4.1). Enriched cells were cultured in serum free medium supplemented with
cytokine (50 ng/ml SCF, 50 ng/ml Flt-3, 10 ng/ml TPO, 10 ng/ml IL-6) for 7 days. Identical amounts of
dLNGFR positive viable cells were assayed for further analysis.
FACS analysis revealed ~4 fold higher levels of cell surface AC133 (CD133/1) in HSPC-NCL cells
+

+

(~95% AC133 ) as compared to controls (~80% AC133 ) (Figure 4.1, left). Immunoblotting with
antibodies specific for the FLAG-tag epitope was performed to monitor exogenous nucleolin levels
(Figure 4.1, middle). Antibody specific for N-terminal peptide of nucleolin and CD133 revealed ~4 fold
and ~8 fold increase respectively, with HSPC-NCL cells versus HSPC-NCL-289-709 or HSPC-mock
cells (Figure 4.1, middle). Total cellular CD133 transcripts, or transcript initiated at single CD133 gene
P1 promoter, revealed >9 fold higher levels with nucleolin transduced HSPCs, as compared to mock,
while levels of transcripts initiated at promoter P2 were unchanged, identified by appropriate RTprimers (See Methods) (Figure 4.1, right). Analysis of CD34 expression revealed >2 fold increase in
levels of surface CD34 (Figure 4.2, left). While immunobot anaylsis with Ab specific to CD34 revealed
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~6 fold increase (Figure 4.2, middle), as well as a strong increase in CD34 transcripts in HSPC-NCL
cells versus HSPC-NCL-289-709 or HSPC-mock cells (Figure 4.2, right).
HSPCs transduced with nucleolin were morphologically distinct from control cells and exhibited
membrane protrusions (Figure 4.3). Percentage of HSPCs with membrane protrusions in HSPC-NCL,
HSPC-NCL-289-709 and HSPC-mock transduced populations was 33%±10%, 4%±4% and 3%±1%
respectively, suggestive of plasma membrane polarization.

Figure 4.1 AC133 and CD133 expression in HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock
cells after transduction.
In the left, FACS analysis of AC133 expression (M1: HSPC-NCL, M2: HSPC-NCL-289-709, M3: HSPC-mock and
with isotype control). In the middle, immunoblot analysis with antibodies specific for, nucleolin (NCL), Flag-tag,
CD133 (CD133/1) and E-actin. In the right, RT-PCR analysis of total CD133 transcripts, or transcripts initiated at
single CD133 promoters P1 or promoter P2.
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Figure 4.2 CD34 expression in HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells
In the left, FACS analysis of CD34 expression on the surface (M1: HSPC-NCL, M2: HSPC-NCL-289-709, M3:
HSPC-mock and with isotype control). In the middle, immunoblotting analysis with antibodies specific for CD34
and E-actin. In the right, qRT-PCR analysis of CD34 transcripts.
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Figure 4.3 Influence of nucleolin on cell morphology.
Light micrographs of HSPC-NCL, HSPC-NCL-289–709 and HSPC-mock cells, cultured in cytokine-supplemented
medium for 7 days. Cells with protrusions are indicated by arrows. Bars, 10μm. In cells with polarized shape,
black arrows indicate the leading edge and the opposite sides of the cell indicate uropod-like structure.
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4.1.2 Down-modulation
To investigate further roles of nucleolin, silencing of nucleolin expression was carried out through
nucleofection with shRNA constructs targeted to its different regions and along with non-specific
controls. Around 6 shRNAs (shRNA 1–6) targeting to different regions of nucleolin mRNA and along
with two different non targeting controls (shRNA 7–8) were initially designed. Western botting of the
corresponding cell lines using NCL specific antibodies revealed a clear downregulation of nucleolin by
shRNA2–5 (Figure 4.4). Out of these, shRNA-2 & 4 (marked red) were selected on the basis of effects
on the cell viability and degree of nucleolin downregulation in HEK 293 cells. shRNA-8 (marked green)
was selected as a non-specific luciferase targeting control (Figure 4.4). These two shRNAs along
control (shRNA targeted to luciferase) were used for further experiments and designated as shRNA-1
and shRNA-2 and control-shRNA, respectively.

Figure 4.4 Validation of nucleolin-targeting shRNA.
HEK293 cells were transfected with different shRNAs and after 48h the aliquots were subjected to immunoblot
analysis with Abs specific to nucleolin and E-actin. Sh2 and Sh4 marked red were taken as nucleolin targeting
shRNAs further experiment and hence designated as shRNA-1 and shRNA-2, respectively. Whereas, sh8 (green)
were picked up as a non-targeting control and designated as ctrl-shRNA.

MPB-derived HSPCs were nucleofected after 24h of prestimulation with shRNAs described above. Of
note, HSPC-NCL-shRNA-1 and HSPC-NCL-shRNA-2 cells were obtained using constructs expressing
shRNA targeted (shRNA-1 & shRNA-2) to two different regions of nucleolin mRNA. HSPC-controlshRNA and HSPC-empty cells were obtained using constructs expressing luciferase-targeted shRNA
or no shRNA, respectively. After prestimulation of HSPCs for 24h in X-vivo medium, supplemented
with human recombinant cytokines (100 ng/ml SCF, 100 ng/ml TPO, 100 ng/ml Flt-3 and 20 ng/ml IL3), nucleofection was performed using CD34+ cell, human Nucleofector kit. 48-72h post-nucleofection;
aliquots were taken for further analysis. Identical amounts of viable cells were used for further
anaylsis.
FACS analysis revealed that AC133 was expressed at 6 to 8 fold lower levels in HSPC-NCL-shRNA1
+

+

(<15% AC133 ) and HSPC-NCL-shRNA2 (<15% AC133 ) cells as compared to HSPC-control-shRNA
+

+

(~85% AC133 ) and HSPC-empty (~85% AC133 ) nucleofected cells (Figure 4.5, left). Immunoblotting
with nucleolin and CD133 antibodies revealed that either nucleolin-targeting shRNAs reduced
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nucleolin or CD133 levels to ~20% or ~30%, respectively (Figure 4.5, middle). As observed by
immunoblot analysis with cleaved caspase-3 (Figure 4.5, middle) and trypan exclusion, viability of the
cells was not affected. Total cellular CD133 transcripts or transcripts initiated at single CD133 gene P1
promoter, provided ~3 fold lower levels with shRNA1 and shRNA2 as compared to controls, while
levels of transcripts initiated at promoter P2 were unchanged (Figure 4.5, right). Analysis of CD34
expression revealed >2 fold decrease in levels of cell surface protein as well as of CD34 transcripts
after nucleolin knockdown (Figure 4.6).
+

Thus, nucleolin modulates AC133 and CD133 expression in CD34 MPB HSPCs. This is attained by
upregulating CD133 gene transcripts initiated at promoter P1 and involves the N-terminal domain of
nucleolin thereof.

Figure 4.5 AC133 and CD133 expression in HSPC-ctrl shRNA, HSPC-NCL-shRNA1 and HSPCempty cells after nucleofection.
In the left top, FACS analysis of AC133 expression with HSPC-NCL-shRNA1 cells, and on the left bottom with
HSPC-NCL-shRNA-2 cells, together with their respective controls (Green: HSPC-empty, Black: HSPC-ctrl
shRNA, Grey: HSPC-NCL-shRNA1/2 and with isotype control). In the middle, immunoblotting analysis with Abs
specific for nucleolin, CD133 (CD133/1), cleaved caspases and E-actin. In the right, qRT-PCR analysis of total
CD133 transcripts, or transcripts initiated at single CD133 promoters P1 or promoter P2.
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Figure 4.6 CD34 expression in HSPC-ctrl shRNA, HSPC-NCL-shRNA1 and HSPC-empty cells
after nucleofection.
In the left top, FACS analysis of CD34 expression with HSPC-NCL-shRNA1 cells, and in the left bottom with
HSPC-NCL-shRNA-2 cells, together with their respective controls (Green: HSPC-empty, Black: HSPC-ctrlshRNA, Grey: HSPC-NCL-shRNA1/2 and with isotype control). In the right, RT-PCR analysis of CD34 transcripts.
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4.2 Nucleolin dependent expression of AC133 and CD133 in Mutz-2 cell line
4.2.1 Overexpression
To evaluate whether the effects of nucleolin can be replicated in different cell line model as well,
+

+

CD34 CD133 cell line Mutz-2 (Kratz et al., 1998), derived from PB of patient displaying AML FAB: M2
phenotype (Figure 4.7) were transduced with the overexpression constructs described above. The
corresponding cell line was designated as: Mutz-2-NCL, Mutz-2-NCL-289-709 and Mutz-Mock,
respectively.
Transduced cells were enriched upto ~ 90% purity at 72 hrs post-transduction by dLNGFR expression
using MACSelect LNGFR microbeads (see Methods). Expression of AC133 and CD133 was analyzed
+

after 7 days, post-transduction. Mutz-2-NCL cells revealed ~3 fold (>95% AC133 ) higher levels of
+

AC133 on the surface versus Mutz-2-NCL-289-709 (~85% AC133 ) and Mutz-2-Mock cells (~85%
+

AC133 ) (Figure 4.7, left). Expression of exogenous nucleolin was monitored by immunoblotting with
antibody specific for the Flag-tag (Figure 4.7, middle). Immunoblotting analysis with antibodies specific
to endogenous nucleolin and CD133 (CD133/1) revealed ~4 fold and ~7 fold increase respectively, in
Mutz-NCL cells versus control cells (Figure 4.7, middle). Total cellular CD133 transcripts, or transcripts
initiated at single CD133 gene P1 promoter, revealed ~5 fold higher levels with NCL, when compared
to control constructs, while levels of transcripts initiated at promoter P2 were unchanged (Figure 4.7,
right).
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Figure 4.7 AC133 and CD133 expression in Mutz-2-NCL, Mutz-2-NCL-289-709 and Mutz-2-mock
cells after transduction.
In the left, FACS analysis of AC133 expression (M1: Mutz-NCL-289-709 & Mutz-2-mock, M2: Mutz-NCL and with
isotype control). In the middle, immunoblotting analysis with antibodies specific for the FLAG-tag, nucleolin,
CD133 (CD133/1), and E-actin. In the right, RT-PCR analysis of total CD133 transcripts, or transcripts initiated at
single CD133 promoters P1 or promoter P2.
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4.2.2 Down-modulation
To attain knockdown of nucleolin, Mutz-2 cells were transduced with the shRNA expression constructs
targeting different regions of nucleolin as mentioned above in the Method section (3.3). Transduced
cells were subjected to puromycin selection for 2 weeks. Resulting selected cells were immediately
employed for further analysis, and were designated as: Mutz-NCL-shRNA-1, Mutz-NCL-shRNA-2,
Mutz-2-control-shRNA and Mutz-2-empty. AC133 was expressed at ~8 fold lower levels in both Mutz+

+

NCL-shRNA1 (~35% AC133 ) and Mutz-NCL-shRNA2 (~35% AC133 ) as compared to Mutz-2+

+

control- shRNA (~95% AC133 ) and Mutz-2-control (~95% AC133 ) transduced cells (Figure 4.8, left).
Whereas immunoblot analysis revealed that nucleolin and CD133 protein levels were reduced to
~30% in Mutz2-NCL-shRNA-1 and Mutz2-NCL-shRNA-2 cells versus control cells (Figure 4.8, middle).
Immunoblot analysis with cleaved caspase-3 (Figure 4.8, middle) and by trypan exclusion revealed
that the viability of the cells was not affected. Total cellular CD133 transcripts or transcripts initiated at
single CD133 gene P1 promoter, revealed ~3 fold lower levels with shRNA1 and shRNA2 as
compared to controls, while levels of transcripts initiated at promoter P2 were unchanged (Figure 4.8,
right). Doubling time of Mutz-2-control-shRNA and Mutz-2 empty cells were approximately 2–3 days,
however the doubling time of Mutz-2-NCL-shRNA-1 and Mutz-2-NCL-shRNA-2 cells were
approximately 16 days.
Thus, nucleolin modulates AC133 and CD133 expression in Mutz-2 cells. This is attained by
upregulating CD133 gene transcripts initiated at promoter P1 and involves the N-terminal domain of
nucleolin thereof.
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Figure 4.8 AC133 and CD133 expression in Mutz-2-ctrl shRNA, Mutz-2-NCL-shRNA1, Mutz-2NCL-shRNA2 and Mutz-2-empty cells after transduction.
In the left top, FACS analysis of AC133 expression with HSPC-NCL-shRNA1 cells, and on the left bottom with
HSPC-NCL-shRNA-2 cells, together with their respective controls. In the middle, immunoblotting analysis with
antibodies specific for nucleolin, CD133 (CD133/1), cleaved caspases-3 and E-actin. In the right, RT-PCR
analysis of total CD133 transcripts, or transcripts initiated at single CD133 promoters P1 or promoter P2.
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4.3 Nucleolin dependent expression of AC133 and CD133 in SEM cell line
To evaluate whether the effects of nucleolin can be replicated in ALL cell line model as well, CD133

+

cell line SEM, derived from PB of patient were transduced with the overexpression constructs, as
mentioned above and cells were designated as: SEM-NCL and SEM-Mock (Figure 4.9). N-terminal
truncated form of nucleolin was not taken for these studies, as it was not possible to express the Flagtagged dN protein in SEM cell line.
Transduced cells were enriched upto ~ 90% purity at 72 hrs post-transduction by dLNGFR expression
using MACSelect LNGFR microbeads (see Methods). Expression of AC133 and CD133 was analyzed
after 7 days, post-transduction. SEM-NCL cells revealed ~3 fold higher levels of AC133 on the surface
versus control cells (Figure 4.9, left). Expression of exogenous nucleolin was monitored by
immunoblotting with antibody specific for Flag-tag (Figure 4.9, middle). Immunoblotting analysis with
antibodies specific to endogenous nucleolin and CD133 (CD133/1) revealed ~4 fold and ~7 fold
increase respectively, in SEM-NCL cells versus control cells (Figure 4.9, middle). Total cellular CD133
transcripts, or transcript initiated at single CD133 gene P1 promoter, revealed ~5 fold higher levels
with NCL, when compared to control constructs, while levels of transcripts initiated at promoter P2
were unchanged (Figure 4.9, right).
To attain knockdown of nucleolin, SEM cells were transduced with the shRNA expression constructs
as mentioned above (Figure 4.9). Transduced cells were subjected to puromycin selection for 2
weeks. Resulting selected cells were immediately employed for further analysis, and were designated
as: SEM-NCL-shRNA-1, SEM-NCL-shRNA-2, and SEM-control-shRNA. Immunoblot analysis revealed
that nucleolin and CD133 protein levels were significantly reduced in SEM-NCL-shRNA-1 and SEMNCL-shRNA-2 cells versus control cells (Figure 4.9, middle bottom).
Thus, nucleolin modulates AC133 and CD133 expression in SEM cells. This is attained by
upregulating CD133 gene transcripts initiated at promoter P1.
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Figure 4.9 AC133 and CD133 expression in SEM-NCL, SEM-mock (overexpression) and SEMctrl shRNA, SEM-NCL-shRNA1 and SEM-NCL-shRNA2 (down-modulation) cells.
In the left, FACS analysis for AC133 expression in SEM-NCL and SEM-mock cells.On the middle (top),
immunoblotting analysis with antibodies specific for FLAG-tag, nucleolin, CD133 (CD133/1), and E-actin with
SEM-NCL and SEM-mock sample (overexpression). In the middle (bottom), immunoblotting analysis with
antibodies specific for nucleolin, CD133 (CD133/1), and E-actin with SEM-ctrl shRNA, SEM-NCL-shRNA1 and
SEM-NCL-shRNA2 (down-modulation). In the right, RT-PCR analysis of total CD133 transcripts, or transcripts
initiated at single CD133 promoters P1 or promoter P2 with SEM-mock and SEM-NCL cells. (qRTs provided by
Sven Reister).
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4.4 Nucleolin increases the frequency of hematopoietic colony forming units
(CFUs) and impacts myeloid differentiation in HSPCs
4.4.1 Overexpression
To test the possible effects of nucleolin on HSPCs proliferative potential, HSPC-NCL, HSPC-NCL289-709 and HSPC-mock cells were seeded in methylcellulose medium supplemented with human
recombinant cytokines (50 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml GMCSF, 3 U/ml EPO) for 14 days.
Primary colony forming assay with nucleolin revealed significant difference in both total colony count
and individual colony types after 14 days (Figure 4.10, A). Increase in the clonogenic cells generated
by HSPC-NCL versus HSPC-NCL-289-709 and HSPC-mock: total CFU ~4 fold, CFU-GEMM ~7 fold,
CFU-GM ~9 fold, BFU-E ~6 fold, CFU-G ~8 fold, CFU-E ~3 fold and CFU-M ~2 fold (Figure 4.10, A).
In addition, enrichment of ~2 fold CFU-GM together with ~2 fold depletion of CFU-M was observed
(Figure 4.11). With the exception of CFU-E, individual colony type produced by HSPC-NCL cells
exhibited a significant increase in the size (Figure 4.12). Moreover, the cellularity (cell number per
colony) was determined by plucking individual colonies during primary plating and was found
significantly increased, with exception of CFU-E colony type (Figure 4.13). Wright-Giemsa staining of
individual plucked colonies did not reveal difference in cell morphology between different samples. For
assessing secondary colony forming capacity, colonies from the primary plating after 14 days of
cultures were collected and washed. The resulted cells were seeded for additional 2 weeks in the
fresh methylcellulose medium containing human recombinant cytokines. When compared to HSPCNCL-289-709 and HSPC-mock cells, HSPC-NCL exhibited increased replating capacity with an
increase in the both total and indvidual colony output (Figure 4.10, B)
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A
CFU-GEMM assay

B

Figure 4.10 Clonogenic capacity of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells.
(A): Results of primary hematopoietic CFU-frequencies from 4 different patients, data represent the means + s.d.
*P<0.05, **P<0.005, ***P<0.001, ****P<0,0001 of n=10 independent experiments. (B): Results of secondary
plating, from 4 different patients, data represent the means + s.d. *P<0.05, **P<0.005, ***P<0.001, ****P<0,0001
(n=10).
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Figure 4.11 Impact on differerntiation of myeloid progenitors in HSPC-NCL, HSPC-NCL-289-709
and HSPC-mock cells after CFU-GEMM assay.
Results showing percentages of individual colony types detected during primary plating after 14 days.
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HSPC-NCL

Colony types

HSPC-NCL-289-709

HSPC-mock

CFU-GEMM assay

Figure 4.12 Impact on sizes of individual colonies detected in HSPC-NCL, HSPC-NCL-289-709
and HSPC-mock cells after CFU-GEMM assay.
Morphology of day-14 colonies derived from seeding HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells in
methylcellulose–based CFU-GEMM assay after 14 days.
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Cellularity (Cell number per colony)

Figure 4.13 Impact on cellularity of individual colonies detected in HSPC-NCL, HSPC-NCL-289709 and HSPC-mock cells after CFU-GEMM assay.
Cell number per colony derived from seeding HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells in
methylcellulose–based CFU-GEMM assay after 14 days, data represent the means + s.d. *P<0.05, **P<0.005,
***P<0.001, ****P<0,0001 and represent samples from 4 different patients (n=10).
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4.4.2 Down-modulation
To better characterize the role of nucleolin in HSPSc differentiation, shRNA transfected HSPCs were
seeded in methylcellulose at 48h post-infection. Significant reduction in the clonogenic capacity was
observed with HSPC-NCL-shRNA-1 and HSPC-NCL-shRNA-2 versus HSPC-ctrl shRNA and HSPCempty cells (Figure 4.5), and was: total CFU ~3 fold, CFU-GEMM ~5 fold, CFU-GM ~5 fold, BFU-E ~6
fold, CFU-G ~5 fold, CFU-E ~6 fold and CFU-M ~1.5 fold (Figure 4.14). When compared to control
cells, HSPC-NCL-shRNA-1 and HSPC-shRNA-2 were ~2 fold enriched for CFU-M colonies (Figure
4.15). With the exception of CFU-E, individual colony type produced by HSPC-NCL-shRNA-1 and
HSPC-NCL-shRNA-2 cells exhibited a significant reduction in the size (Figure 4.16). Moreover, the
cellularity (cell number per colony) was determined by plucking individual colonies and was found
significantly increased, with exception of CFU-E colony type (Figure 4.17)

CFU-GEMM assay
Figure 4.14 Clonogenic capacity of HSPC-ctrl-shRNA, HSPC-NCL-shRNA-1, HSPC-NCL-shRNA2 and HSPC-empty cells.
Results of hematopoietic CFU-frequencies, data represent the means + s.d. *P<0.05, **P<0.005, ***P<0.001,
****P<0,0001 and represent samples from 4 different patients (n=10).
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Figure 4.15 Impact on differentiation of myeloid progenitors in HSPC-ctrl-shRNA, HSPC-NCLshRNA-1, HSPC-NCL-shRNA-2 and HSPC-empty cells after CFU-GEMM assay.
Results showing percentages of individual colony types detected during primay plating after 14 days.
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Figure 4.16 Impact on sizes of individual colonies detected in HSPC-ctrl-shRNA, HSPC-NCLshRNA-1, HSPC-NCL-shRNA-2 and HSPC-empty cells after CFU-GEMM assay.
Morphology of day-14 colonies derived from seeding HSPC-ctrl-shRNA, HSPC-NCL-shRNA-1, HSPC-NCLshRNA-2 and HSPC-empty cells in methylcellulose–based CFU-GEMM assay after 14 days.
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Cellularity

Figure 4.17 Impact on cellularity of individual colonies detected in HSPC-ctrl-shRNA, HSPCNCL-shRNA-1, HSPC-NCL-shRNA-2 and HSPC-empty cells after CFU-GEMM assay.
Cell number per colony derived from seeding HSPC-ctrl-shRNA, HSPC-NCL-shRNA-1, HSPC-NCL-shRNA-2
and HSPC-empty cells in methylcellulose–based CFU-GEMM assay after 14 days, data represent the means
+ s.d. *P<0.05, **P<0.005, ***P<0.001, ****P<0,0001, represent samples from 4 different patients (n=10).

66

4 Results

4.5 Nucleolin increases the frequency of hematopoietic colony forming units
(CFUs) and impacts myeloid differentiation in Mutz-2 cells
4.5.1 Overexpression
Aliquots of Mutz-NCL, Mutz-2-NCL-289–709 and Mutz-2-mock cells described above (Figure 4.8)
were also analyzed by CFU-GEMM assays. Compared to Mutz-2-NCL-289–709 and Mutz-2-mock
cells, Mutz-2-NCL cells exhibited an increase in the total number and individual colony type (Figure
4.18). In addition, enrichment of 2 fold CFU-GM together with ~2 fold depletion of CFU-M was
observed (Figure 4.19). Furthermore, each individual colony type produced by Mutz-2-NCL cells
exhibited a significant increase in size (Figure 4.20) and cellularity (Figure 4.21).

Figure 4.18 Clonogenic capacity of Mutz-2-NCL, Mutz-2-NCL-289-709 and Mutz-2-mock cells.
Results of hematopoietic CFU-frequencies, data represent the means + s.d. *P<0.05, **P<0.005, ***P<0.001,
****P<0,0001 (n=5).
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Figure 4.19 Impact on differentiation of myeloid progenitors in Mutz-2-NCL, Mutz-2-NCL-289709 and Mutz-2-mock cells after CFU-GEMM assay.
Results showing percentages of individual colony types detected during primay plating after 14 days.

68

4 Results

Mutz-2-NCL

Colony types
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CFU-GEMM assay

Figure 4.20 Impact on sizes of individual colonies detected in Mutz-2-NCL, Mutz-2-NCL-289-709
and Mutz-2-mock cells after CFU-GEMM assay.
Morphology of day-14 colonies derived from seeding of Mutz-2-NCL, Mutz-2-NCL-289-709 and Mutz-2-mock
cells in methylcellulose–based CFU-GEMM assay after 14 days.
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Cellularity

Colony type

CFU-GEMM assay

Figure 4.21 Impact on cellularity of individual colonies detected in Mutz-2-NCL, Mutz-2-NCL289-709 and Mutz-2-mock cells after CFU-GEMM assay.
Cell number per colony derived from seeding of Mutz-2-NCL, Mutz-2-NCL-289-709 and Mutz-2-mock cells in
methylcellulose–based CFU-GEMM assay after 14 days, data represent the means + s.d. **P<0.005,
***P<0.001 (n=5).
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4.5.2 Down-modulation
Aliquots of Mutz2-NCL-shRNA-1, Mutz2-NCL-shRNA-2, Mutz2-control-shRNA and Mutz2-empty cells
(described above in Figure 4.22) were seeded for a CFU-GEMM assay. Substantial reduction in the
clonogenic activity was observed with a significant decrease in the total CFUs, and just a rare CFU-M
colony was detected after knockdown of nucleolin (Figure 4.23).
Aliquots of Mutz-2-ctrl shRNA, Mutz-2-NCL-shRNA-1, Mutz-2-NCL-shRNA-2 and Mutz-2 empty cells were
employed within 2 weeks after puromycin selection for the FACS analysis of CD34, AC133, CD14 and CD11b
expression. FACS analysis revealed that knockdown of nucleolin resulted in a more differentiated,

myeloid phenotype, as was assessed by upregulation of CD11b and CD14, and by a downregulation
of CD34 and CD133 markers (Figure 4.24).
Thus, nucleolin regulates the frequency of CFUs and impacts early diiferentiation of myeloid
progenitors in Mutz-2 cells.

Figure 4.22 Clonogenic capacity of Mutz-2-ctrl shRNA, Mutz-2-NCL-shRNA1, Mutz-2-NCLshRNA-2 and Mutz-2-mock cells.
Aliquots of shRNA transduced Mutz-2 were employed immediately after puromycin slelection in CFU-GEMM
assay. Results of hematopoietic CFU-frequencies derived from seeding Mutz-2-ctrl shRNA, Mutz-2-NCL-shRNA1,
Mutz-2-NCL-shRNA-2 and Mutz-2-mock cells after 14 days (n=5)
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Figure 4.23 Impact on sizes of individual colonies detected in Mutz-2-ctrl shRNA, Mutz-NCLshRNA2, Mutz-NCL-shRNA1 and Mutz-2-empty cells after CFU-GEMM assay.
Morphology of day-14 colonies derived from seeding Mutz-2-ctrl shRNA, Mutz-NCL-shRNA2, Mutz-NCL-shRNA1
and Mutz-2-empty cells in methylcellulose–based CFU-GEMM assay after 14 days.
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Figure 4.24 Influence of silencing of the nucleolin on the early differentiation of Mutz-2 cells.
Aliquots of Mutz-2-ctrl shRNA, Mutz-2-NCL-shRNA-1, Mutz-2-NCL-shRNA-2 and Mutz-2 empty cells were
employed within 2 weeks after puromycin selection for the FACS analysis of CD34, AC133, CD14 and CD11b
expression. On the top, diagrams of bivariate flow cytometry analysis of AC133 (CD133/1) versus CD34
(8G12).Middle, diagrams of bivariate flow cytometry analysis of CD11b versus CD14. Bottom, diagrams of
bivariate flow cytometry analysis of AC133 (CD133/1) versus CD14.
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4.6 Nucleolin amplifies the number of cells with LTC-IC activity
To assess the effect of nucleolin expression on primitive hematopoietic cells having long-term
culture initating capacity, transduced cells (HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock)
were subjected to irradiated stromal cells for upto 6 and 9 weeks. Nucleolin levels in cells used for
the LTC-IC assay were controlled by immunoblotting (Figure 4.25).
Long-term cultures were maintained in the Myelocult H5100 medium supplemented with
hydrocortisone (See Methods). After 6 to 9 weeks culture on the feeder, transduced cells were
recovered and subsequently seeded in methylcellulose medium supplemented with human
recombinant cytokines (50 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml GMCSF, 3 U/ml EPO) for 14 days.
Total numbers of CFU were increased significantly in HSPC-NCL samples versus HSPC-NCL-289709 or HSPC-mock samples (Figure 4.26, left). As was determined by limiting dilution analysis,
HSPC-NCL cells generated LTC-IC at 5- to 9 fold higher frequency, than HSPC-NCL-289-709 and
HSPC-mock cells (Figure 4.26, middle). On the other hand, number of CFC generated per LTC-IC
was decreased (Figure 4.26, right).

Figure 4.25 Levels of nucleolin in HSPCs employed for LTC-IC assay.
Immunoblot anaylsis of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells with the antibodies specific to
FLAG-tag, nucleolin and E-actin.
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Figure 4.26 LTC-IC activity of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells.
Transduced HSPC were seeded on an irradiated M210B4 feeder layer for upto 6 and 9 weeks. Results showing
LTC-IC carried out with HSPC-NCL, HSPC-NCL-289-709 and HSPC mock cells at week 6 and 9. On the left, total
CFUs obtained after 6 and 9 weeks. On the middle, number of LTC-IC detected after seeding transduced cells for
6 and 9 weeks, and was determined by limiting dilution analysis. On the right, CFU obtained per LTC-IC. These
results represents sample from three different patients (n=5).
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4.7 Nucleolin supports long-term maintenance of HSPCs in stroma free
cultures
To further evaluate whether nucleolin can support long-term maintenance of HSPCs in stroma free
cultures; HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells were subjected to serum free Xvivo medium supplemented with cytokines. No obvious difference in growth of HSPC-NCL, HSPCNCL-289–709 and HSPC-mock cells was detected in cultures containing 100 ng/ml SCF only, with
exhaustion of cultures within 3 weeks (Figure 4.27). However, significant difference was observed
when grown under medium supplemented with 50 ng/ml SCF, 50 ng/ml Flt-3, 10 ng/ml TPO, and
10 ng/ml IL-6 (Figure 4.28). HSPC-NCL-289-709 and HSPC-mock cells were typically expanded
just transiently over 5 week-period. By contrast, HSPC-NCL cells were maintained in culture for
>16 weeks without exhaustion (Figure 4.28, left). Within 16 weeks, these cells underwent >10-fold
increase in numbers and were to >95% viable throughout. During this period, the cells retained
expression of nucleolin and progenitor cell activity as was assessed by seeding in the CFU-GEMM
assay (Figure 4.28, right).
Thus, nucleolin supports long-term maintenance of HSPCs on cytokine-dependent stroma free
cultures.

Figure 4.27 Long-term maintenance of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells on
stroma free cultures.
HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells were grown in the presence of SCF only. (100ng/ml
SCF)
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Figure 4.28 Long-term maintenance of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells on
stroma free cultures.
On the left, HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells were grown in the presence of cytokines
(50ng/ml SCF, 50ng/ml Flt-3, 10ng/ml TPO, and 10ng/ml IL-6) dependent stroma free cultures, and were counted
every week. On the right top, clonogenic potential of long-term growing HSPC-NCL, HSPC-NCL-289-709 and
HSPC-mock cells. On the right bottom, immunobot analysis with antibodies specific to nucleolin and E-actin for
the analysis of nucleolin expression during long-term cultures.
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4.8 Nucleolin promotes B cell development
To analyze, whether growth enhancing effects of nucleolin might expand to the lymphoid pathway as
well, transduced HSPCs were assayed for their potential to generate B cells ex vivo. HSPC-NCL,
HSPC-NCL-289–709 and HSPC-mock cells were grown on irradiated M210B4 cells, in X-vivo medium
containing 50 ng/ml SCF, 100 ng/ml Flt-3, 50 ng/ml TPO, 10 ng/ml IL-2, 10 ng/ml IL-7 and 10 ng/ml IL15, as described. After 3 weeks of culture, cells were assayed for CD19, CD56, CD34 by FACS, and
positive cells are expressed as percentage of all cells in the respective cultures. HSPC-NCL cells were
+

+

+

found to be ~12-fold enriched in CD19 cells (P<.05) as well as CD34 CD19 cells (P<.001) (Table
+

4.1). HSPC-NCL generated 27.6±10.47 % CD19+, 1.2±0.03 % CD34±CD19+ and 0.05±0.01 % CD56
+

+

cells. HSPC-NCL-289–709 generated 2.1±1.56 % CD19+, 0.1±0 % CD34 CD19
+

and 0.03±0 %

+

+

+

CD56 cells (Table 4.7.I). HSPC-mock generated 2.0+1.15% CD19 , 0.1+0.01 CD34 CD19 and
+

0.04±0 % CD56 cells (Table 4.1). Culturing in these conditions exhibited also no significant difference
+

in expression of CD56 (NK) cells (data not shown). Thus, indicating that nucleolin can promote
production of B cells under permissive conditions applied ex vivo.

Table 4.1 Effects of nucleolin on B cell differentiation
HSPC-NCL, HSPC-NCL-289–709 and HSPC-mock cells were grown on irradiated M210B4 cells, in X-vivo
medium containing 50ng/ml SCF, 100ng/ml Flt-3, 50ng/ml TPO, 10ng/ml IL-2, 10ng/ml IL-7 and 10ng/ml IL-15.
After 3 weeks of culture, cells were assayed for CD19, CD56 and CD34 by FACS, and positive cells are
4

expressed as percentage of all cells in the respective cultures (7.5 x 10 cells/culture). The data represent
measurements of samples from 3 different patients, repeated independently 9x. Depicted are the means + s.d.
Significance was analysed with the paired, two-tailed Student’s t-test, and was identical for the comparison of
HSPC-NCL versus HSPC-mock cells and of HSPC-NCL versus HSPC-NCL-289–709 cells. The values obtained
*P<0.05, **P<0.005, ***P<0.001. ns, not significant.
+

+

+

CD34+CD19

HSPC-NCL

27.6±10.47 % *

1.2±0.03 % ***

1.3±0.06 % **

0.05±0.01 %

HSPC-NCL 289-709

2.1±1.56 %

0.1±0 %

0.1±0 %

0.03±0 %

HSPC-mock

2.0±1.15 %

0.1±0.01 %

0.1±0.01 %

0.04±0 %
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4.9 Functional effects of nucleolin on HSPCs partially relies on E-catenin
activity
To evaluate the potential effect of nucleolin on Wnt / β-catenin and PI3K / Akt pathway, aliquots of
HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells were taken and subjected to immunoblotting
with Abs specific for active β-catenin, total β-catenin, and for two distinct forms of Akt activated
through phosphorylation, pSer308-Akt or pSer473-Akt (Manning and Cantley, 2007) (Figure 4.29, left).
Levels of active β-catenin, pSer308-Akt and pSer473-Akt, were increased ~4 fold each, and total Ecatenin ~3 fold in HSPC-NCL versus HSPC-NCL-289-709 and HSPC-empty cells (Figure 4.29, left).
No increase in total Akt levels was detected, while BCL2, an established target of nucleolin (Otake et
al., 2007; Grinstein et al., 2007) was increased ~5 fold (Figure 4.29, left). Similarly, immunoblot
analysis with aliquots of cells subjected to down-modulation of nucleolin expression (HSPC-NCLshRNA-1, HSPC-NCL-shRNA-2, HSPC-control-shRNA and HSPC-empty cells) confirmed its
involvement in Wnt / β-catenin and PI3K / Akt pathway (Figure 4.29, right).
To investigate, whether the nucleolin dependent increase of β-catenin would, at least in part, accounts
for any effect on its clonogenic potential, a β-catenin antagonist PKF-115-584 was administered during
a CFU-GEMM assay (Figure 4.30). At a concentration >8 fold below IC50 (Leourcelet et al., 2004),
PKF-115-584 exhibited no toxicity on HSPCs, both in liquid and semisolid cultures. Upon inhibitor
addition to semisolid media, HSPC-empty cells exhibited ~2 fold decrease in total colonies, CFUGEMM and CFU-GM (Figure 4.30). By contrast, there was a significantly stronger effect of the inhibitor
on HSPC-NCL cells, whereby most effects of nucleolin on HSPCs, detectable by CFU-GEMM assays,
were abrogated (Figure 4.30). These effects were: ~4-fold decrease in total CFU and CFU-GEMM, ~5fold depletion of CFU-GM and ~3-fold enrichment of CFU-M. Inhibitor treatment to HSPC-mock cells
showed no or little effect on colony size (Figure 4.31) and cellularity (Figure 4.32) whereas HSPC-NCL
cells exhibited an evident decrease in size (Figure 4.31) and cellularity of CFU-GM (Figure 4.32).
Furthermore, HSPC-NCL cells maintained the expression of active β-catenin in long-term stroma-free
cultures for at least 16 weeks (Figure 4.33A). Treatment of liquid cultures with PKF-115-584 or with
another, structurally distinct, β-catenin inhibitor CGP049090 (Leourcelet et al., 2004) at a
concentrations >20-fold below IC50, resulted in exhaustion of HSPC-NCL cells within 2-4 weeks of
treatment. In Figure 4.33, B, the effect of each inhibitor on a 16-week-culture is exemplarily shown.
Thus, effects of nucleolin on HPCs partially rely on β-catenin activity.
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Figure 4.29 Functional effects of nucleolin on HSPCs partially relies on E-catenin activity
(Immunoblots).
On the left, immunoblot analysis of HSPC-NCL, HSPC-NCL-289-709 and HSPC-mock cells with Abs specific for
active E-catenin, total E-catenin, pSer308-Akt, pSer473-Akt, pan-Akt, Bcl-2 and E-actin. On the right, immunobot
analysis of HSPC-ctrl shRNA, HSPC-NCL-shRNA-1, HSPC-NCL-shRNA-2 and HSPC-empty with Abs specific for
active E-catenin, total E-catenin, pSer308-Akt, pSer473-Akt, pan-Akt, Bcl-2 and E-actin.

80

4 Results

Figure 4.30 Functional effects of nucleolin on HSPCs partially rely on E-catenin activity (CFUGEMM assay).
HSPC-NCl and HSPC-mock cells were seeded in the methylcellulose medium containing either DMSO solvent
only (from left to right) or 35 nM PKF-115-584, or 50 nM PKF-115-584 for 14 days. Results are depicting the
number of total and individual colony counts, and the data represent the means + s.d. *P<0.05, **P<0.005,
***P<0.001, ****P<0,0001. These reults represents samples from 3 different patients (n=5).
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Figure 4.31 Functional effects of nucleolin on HSPCs partially rely on E-catenin activity (Colony
photographs).
HSPC-NCL and HSPC-mock cells were seeded in the methylcellulose medium containing either DMSO solvent
only (from left to right) or 35 nM PKF-115-584, or 50 nM PKF-115-584 for 14 days. Morphology of day-14 colonies
derived from seeding HSPC-NCL and HSPC-mock cells treated with either DMSO solvent only (from left) or
35 nM PKF-115-584, or 50 nM PKF-115-584.

82

4 Results

Figure 4.32 Functional effects of nucleolin on HSPCs partially rely on E-catenin activity
(Cellularity).
HSPC-NCl and HSPC-mock cells were seeded in the methylcellulose medium containing either DMSO solvent
only (from left to right) or 35 nM PKF-115-584, or 50 nM PKF-115-584 for 14 days. Cell number per colony
derived from seeding HSPC-NCL and HSPC-mock cells in methylcellulose–based CFU-GEMM assay after 14
days, data represent the means + s.d. *P<0.05, **P<0.005, ***P<0.001, ****P<0,0001 and represent samples
from 3 different patients (n=5).
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A

B

Cell counts

Weeks

Long-term stroma free culture
Figure 4.33 Functional effects of nucleolin on HSPCs partially rely on E-catenin activity
(Immunoblot & liquid culture).
(A) Immunoblot analysis of HSPC-NCL cells, growing for long-term on stroma free liquid culture with Abs specific
for active E-catenin and E-actin. (B) HSPC-NCL cells in stroma-free liquid culture and was treated with 20nM
PKF-115-584

or

CGP049090,

or

with

DMSO

solvent
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5 Discussion

5.1 AC133 & CD133 expression in the hematopoietic system
Hematopoiesis is carried out of a few numbers of uncommitted HSPCs, which are capable of self
renewing and differentiate into entire lineages of the hematopoietic system. Since the number of this
rare primitive population is very low in the large heterogenous population, their selective enrichment
and in vivo chraracterization in the bone marrow compartment depends upon the expression or the
absence of some specific surface markers. From the past decades, CD34 is the marker of choice to
enumerate HSPCs and even clinically for autologous and allogenic bone marrow transplantation
(Krause et al., 1996; Lee et al., 2004).
CD133 (Prominin-1), a pentaspan transmembrane glycoprotein has obtained a considerable interest in
the recent times because of its expression on the stem and progenitor cells from various sources,
including the hematopoietic system (Yin et al., 1997). AC133 antigen is a specific glycoform of CD133,
and has significant importance in hematopoietic stem cell biology, originally identified as an additional
+

–

marker to isolate CD34 HSCs, and later found on CD34 HSCs fraction as well (Yin et al., 1997;
+

Gallacher et al., 2000; Bauer et al., 2008; Takahashi et al., 2014). CD34 HSCs marked with AC133
exhibit primitive nature, and possess elevated clonogenic potential and long term maintenance (Yin et
al., 1997; de Wynter et al., 1998; Gallacher et al., 2000; Gordon et al., 2003). Furthermore, CD133 is
released from HSPCs in membrane vesicles upon differentiation (Bauer et al., 2011). CD133 functions
as modifier of hematopoietic progenitor cell (HPC) frequencies in a mouse model (Arndt et al., 2013).
+

–

Microarray expression profiling of CD133 versus CD133 cells in several studies have reported a
significant difference in the regulation of several sets of genes between these two cell populations,
which could provide a insight into the biological pathways that regulate CD133 expression or its
biological function (Toren et al., 2005; Liu et al., 2006; Hemmoranta et al., 2007; Sepherd et al., 2008;
+

Bertolini et al., 2009; Yan et al., 2011). These studies indicate primitive nature of CD133 cells over
+

CD34 cells, as well as the different roles played by these two populations during hematopoietic
regeneration.
+

Beside that, CD133 HSPCs have the capacity to reconstitute the whole immune system of a lethally
irradiated mouse (de Wynter et al., 1998). AC133 is frequently referred, but still a debated marker of
stem/progenitor cells in normal and cancerous tissues (Irollo and Pirozzi, 2013). However, AC133 is
used in the prospective isolation of tumour-initiating cells in childhood ALL, mantle cell lymphoma,
AML (Cox et al., 2009; Medina et al., 2014; Beghini et al., 2012) and its expression is required for the
+

growth of AC133 ALL cells (Mak et al., 2012). Immunomagnetic selection of CD133+ HSPCs allowed
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adequate enrichment of the cells capable of performing hematopoietic stem cell transplantation
+

(Gordon et al., 2003). In pilot trials with children suffering from leukemia, CD133 selection has proven
the possibility for allogenic transplantion (Koehl et al., 2002; Lang et al., 2004). In a different study,
+

CD133 enriched stem cells have exhibited successful transplantation of haploidentical mismatched
PB stem cells (Bitan et al., 2005).
Nevertheless, mechanisms that activate AC133 and CD133 expression in HSPCs and their potential
relationship to properties of these cells need to be further explored. Human AC133 expression is
controlled at multiple levels, partly in a tissue-specific fashion (Irollo and Pirozzi, 2013; Tabu et al.,
2013). Transcriptional, epigenetic and post-transcriptional control of AC133 expression has been well
demonstrated (Shmelkov et al., 2004; De Felice et al., 2005; Florek et al., 2005; Kemper et al; 2010;
Bauer et al., 2011; Irollo and Pirozzi, 2013). CD133 is transcribed from alternative tissue-dependent
+

promoters and, of these, promoter P1 is utilized by CD34 HSPC, as opposed to more differentiated
hematopoietic cells, thus paralleling CD133 mRNA and protein levels (Shmelkov et al., 2004; Florek et
al., 2005). Beside that, wide range of tissues and cell types express the CD133 mRNA but nearly all
fetal and adult tissues are negative for AC133 expression on their surface, except in the case of
human bone marrow samples (Miraglia et al., 1997; Yu et al., 2002; Shmelkov et al., 2004; Florek et
al., 2005).

5.2 Nucleolin mediated AC133 and CD133 expression
The present study dissects the activation of AC133 and CD133 expression by nucleolin, a nucleolar
phosphoprotein found at elevated levels in human and murine HSCs as opposed to differentiated
hematopoietic tissues (Terskikh et al., 2001; Grinstein et al., 2007). In previous studies, it was
demonstrated that nucleolin binds to the promoter region of the CD34 gene through direct sequence
specific interaction and modulates both the endogenous and the cell surface level of the CD34 in
+

human CD34 cells (Grinstein et al., 2007). In this present study, nucleolin enriched HSPCs were
found to express higher levels AC133 on the surface in contrast to a N-terminally truncated nucleolin
variant (aa 289–709) and control cells (Figure 4.1). Beside that, there was a significant increase of cell
surface CD34 level, CD34 transcripts and endogenous CD34 was observed (Figure 4.2). Similar
effects of nucleolin on AC133 expression was observed in leukemic cell line models (Figure 4.7 & 4.9).
Total cellular CD133 transcripts, or transcripts initiated at single CD133 gene P1 promoter, revealed
higher levels with nucleolin overexpressing HSPCs, Mutz-2 and also SEM cells, while the level of
transcripts initiated at promoter P2 (Shmelkov et al., 2004) were unaffected (Figure 4.1, 4.7 & 4.9). To
further confirm the role of nucleolin in the regulation of AC133 and CD133 expression, knockdown of
nucleolin was carried out either by nucleofecting shRNA constructs targeting different regions of
nucleolin in the case of HSPCs or stable expression of shRNA in the case of leukemic cell line
models. In line with the overexpression analyses, down-modulation of nucleolin resulted in a
significant decrease of AC133 and CD34 surface expression, both in case of HSPCs and Mutz-2 cells
(Figure 4.5 & 4.6). To add further, endogenous CD133 protein and CD133 transcripts revealed
significant reduction upon nucleolin down-modulation in primary HSPCs and in Mutz-2 cells (Figure
4.5 & 4.6). Total cellular CD133 transcripts or transcripts initiated at single CD133 gene promoter P1
revealed lower levels of transcripts in HSPCs and Mutz-2 cells, when treated with the nucleolin
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targeting shRNA versus controls shRNA. Again the levels of transcripts initiated at promoter P2 were
identical (Figure 4.5 & 4.6). Immunoblot analyses and trypan exclusion revealed that the viability of the
HSPCs and Mutz-2 was not affected.
The results in this work demonstrate the role of nucleolin in the activation of AC133 and CD133
expression by nucleolin via its promoter P1, which is a novel mechanism that crucially contributes to
+

AC133 expression in CD34 HSPCs. Expression of endogenous CD133 protein and CD133 transcripts
in HSPCs and in Mutz-2 cells behaved in line with the AC133 surface expression and also in
agreement with the previous studies (Miraglia et al., 1997; Yu et al., 2002; Shmelkov et al., 2004;
Florek et al., 2005). Beside that, surface CD34 and endogenous CD34 protein levels were found
upregulated in the context with the previous report (Grinstein et al., 2007). N-terminal truncated
nucleolin variant has not regulated the expression of AC133 and it cognate gene CD133. These
results are in line with the previous studies, as N-terminal of nucleolin was implicated in the gene
regulation (Hanakahi et al., 1997; Angelov et al., 2006).
+

Thus, nucleolin modulates AC133 and CD133 expression of CD34 MPB HSPCs and leukemic cell
line models. This is attained by upregulating CD133 gene transcripts initiated at promoter P1 and
involves the N-terminal domain of nucleolin thereof.

5.3 Nucleolin likely facilitates polarization of HSPCs
Better understanding of trafficking mechanism regulating the migration of HSPCs during an organism’s
development and later maintaining hemtopoeisis is not only important from a biological point of view,
but also comprises therapeutic purpose. For instance, bone marrow transplantation is a renowned
procedure during hematological diseases; however the mechanism involved in the migration and later
on engrafment of HSPCs in the bone marrow niche is not well understood. Among novel biological
features of migrating HSPCs, polarization of their membrane and cytoplasmic components, which later
give rise to the development of a specific sub-cellular organization located at their rear pole (uropod),
has gained significant attention. As a pentaspan transmembrane molecule, AC133 predominantly
localizes to plasma membrane protrusions, thereby associating with membrane microdomains, and
segregation of AC133 can be viewed as a marker of HSPC polarity (Röper et al., 2000; Giebel et al.,
2004; Bauer et al., 2011).
In this study, it came out that the nucleolin overexpressing HSPCs were morphologically distinct from
control cells and exhibited membrane protrusions (Figure 4.3). Percentage of HSPCs with membrane
protrusions in nucleolin overexpressing cells was significantly higher versus control transduced cells.
This indicates that membrane polarization likely occurred, potentially due to increase active Akt levels
(Figure 4.29). Further studies are required to investigate nucleolin-dependent HSPC polarization and
functional significance thereof.
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5.4 Nucleolin regulates hematopoietic colony formation in HSPCs and in Mutz-2
cells
To evaluate whether nucleolin mediated modulation of AC133 and CD133 expression might extend to
colony forming ability as well, nucleolin transduced HSPCs along with the controls cells were seeded
in the standard CFU-GEMM assay. Primary plating with nucleolin enriched HSPCs revealed significant
increase in both total colony count and individual colony types after 14 days (Figure 4.10, A). As was
found in earlier reports, AC133+ HSPCs are of primitive nature and are enriched for CFUs (Yin et al.,
1997; de Wynter et al., 1998; Gallacher et al., 2000; Gordon et al., 2003). Beside that, a MPB derived
+

+

–

+

AC133 CD34 HSPCs fraction is mainly enriched in CFU-GM and CFU-GEMM colony types, while
AC133 CD34 in BFU-E (Gordon et al., 2003). In another report, the CD34 molecule supports
differentiation of HSPCs toward erythroid lineage (Salati et al., 2008). Thus, in line with the activation
of AC133 and CD34 expression, in our study nucleolin significantly increased the frequency of total
CFUs, CFU-GM, CFU-GEMM and BFU-E output (Figure 4.10, A). In addition, nucleolin
overexpressing HSPCs were enriched for CFU-GM colony type and to a lesser extent, CFU-GEMM
(Figure 4.11). With the exception of CFU-E, each colony type produced with nucleolin exhibited
significantly increased cellularity and size (Figure 4.12 & 4.13). Compared to control cells, HSPCs
transduced with NCL exhibited an increased replating capacity (Figure 4.10, B). Similarly, Mutz-2 cells
also exhibited increase in the frequency of total CFUs, size & cellularity of colonies together with the
enrichment of CFU-GM colony type upon nucleolin overexpression (Figure 4.18–4.21).
To further confirm the dependence of colony formation on nucleolin, shRNA transfected HSPCs were
seeded in a methylcellulose assay. Significant reduction of clonogenic cells was observed with a
decrease in the total CFUs and individual colony types (Figure 4.14). When compared to control
shRNA transfected HSPCs, both nucleolin shRNA tramsfected (shRNA-1 & shRNA-2) HSPCs
exhibited enrichment of CFU-M (Figure 4.15). Similar results were obtained when Mutz-2 cells treated
with shRNA were seeded in standard CFU-GEMM assay. The knockdown of nucleolin led to the
strong decrease in the total CFC numbers and just rare CFU-M colonies was detected (Figure 4.22).
Beside that, knockdown of nucleolin in Mutz-2 cells resulted in a more differentiated phenotype as was
monitored by the decrease of CD133 and CD34 levels, and upregulation of CD14 and CD11b levels
(Figure 4.24). These reults provide an independent proof for the role played by nucleolin in
maintaining undifferentiated phenotype of Mutz-2 cells
Thus, nucleolin mediated increase of AC133 and CD133 expression in HSPCs and Mutz-2 cells lead
to the increases of hematopoietic CFU frequencies, individual colony types, and their respective sizes
& cellularity (with exception of CFU-E in HSPCs). In addition, nucleolin also impacted the enrichment
of CFU-GM colony type in HSPCs and Mutz-2 cells. Furthermore, knockdown of nucleolin in Mutz-2
cells can lead to the early differentiation into myeloid phenotype.

5.5 Impact of nucleolin on LTC-IC frequencies and long-term maintenance of
HSPSc
The unique property of primitive progenitors within the hematopoietic system is the ability of
generating blood cells during the entire lifetime of an organism. Characterization of intrinsic and
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extrinsic factors influencing self renewal, lineage commitment and early differentiation of HSPCs
remain a key challenge in clinical and experimental biology. The factors like multilineage
reconstitution, level & time of engraftment has led us to characterize strictly within the HSCs
population, such as long-term engrafting HSCs, short term engrafting or multipotent progenitor cells
(MPP) and more mature lineage commited progenitors that have lost self-renewal capacity (Morrison
et al.,1994; Weissman et al.,2000). Long-term culture initiating cells (LTC-ICs) are a discrete and rare
type of primitive hemopoeitic progenitor fraction, found in the bone marrow and also in the circulating
blood. They are capable of generating clonogenic progeny noticeable after a minimum growth on
appropriate feeder layer cells for 5 weeks.
To assess the effect of nucleolin expression on primitive hematopoietic cells, nucleolin enriched
HSPCs along with control samples were subjected to irradiated stromal cells for upto 6 and 9 weeks
(Figure 4.26). After 6 to 9 weeks culturing on the feeder, transduced cells were recovered and
subsequently seeded in methylcellulose medium supplemented with human recombinant cytokines for
14 days. Limiting dilution analysis provided significant higher frequencies of LTC-IC generated by
nucleolin enriched HSPCs (Figure 4.26, middle). On the other hand, the number of CFC generated per
LTC-IC was decreased (Figure 4.26, right). Both the endogenous and exogenous nucleolin levels in
the cells administered for the LTC-IC assay were controlled for the expression of its endogenous and
exogenous levels (Figure 4.25).
To further evaluate whether nucleolin can support long-term maintenance of HSPCs in stroma free
cultures; nucleolin enriched HSPCs along with the control were subjected to serum free medium
supplemented with cytokines (Figure 4.28). Control HSPCs were typically expanded just transiently
over 5 week-period. By contrast, nucleolin enriched HSPCs were maintained in culture for >16 weeks
without exhaustion (Figure 4.28, left). During this period, the cells retained expression of nucleolin and
progenitor cell activity (Figure 4.28, right). In addition, nucleolin enriched cells underwent a significant
increase in numbers and were predominantly viable throughout the long-term culture. However, no
noticeable difference in growth of nucleolin enriched HSPCs versus control cells was detected in
cultures containing SCF only, with the exhaustion of cultures within 3–4 weeks (Figure 4.27). This
suggests that the nucleolin mediated long-term maintenance of HSPCs is dependent on a mixture of
cytokines (SCF, Flt-3, TPO, and IL-6), because similar effects were not replicated if grown in SCF
only.
In this context, AC133+ HSPCs are of primitive nature and are enriched for LTC-ICs (Yin et al., 1997;
+

de Wynter et al., 1998; Gallacher et al., 2000; Gordon et al., 2003). Furthermore in CD34 HSPCs,
nucleolin transcripts are commonly upregulated by HOXB4 and HOXC4 homeobox proteins (Buske et
al., 2002; Auvrav et al., 2012). Therefore the effect on the amplification of LTC-ICs number with
overexpression of HOXB4 and HOXC4 in CD34+ HSPCs has been well established (Buske et al.,
2002; Auvrav et al., 2012). This study explicitly provides an indirect link between nucleolin and
homeobox protein expression. Serial transplantation analysis in mouse revealed a crucial role of Akt1
and Akt2 in the maintenance of long term HSCs (Juntilla et al., 2010). Moreover, β-catenin in
cooperation with PI3K / Akt or with Bcl-2 can promote expansion of HSPCs with long term function
(Reya et al., 2003; Perry et al., 2011). To add further, activation of PI3K / Akt or Wnt / β-catenin is
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inadequate to expand primitive HSCs, though combination of both these pathway is required to
expand HSCs for long-term (Perry et al., 2011).
The increase in active β-catenin, active Akt and BCL-2 likely provides an explanation for the higher
LTC-IC frequencies and long-term maintenance of hematopoietic progentiors (Figure 4.1 & 4.29).

5.6 Effect of nucleolin on B cell differentiation
To assess, whether growth enhancing effects of nucleolin might expand to the lymphoid pathway as
well, transduced HSPCs were assayed for their potential to generate B cells ex vivo. Nucleolin
+

+

+

enriched HSPCs provided significant enrichment in CD19 and CD19 CD34 cells versus control cells,
after three week of culture in conditions permissive for B cell development (Table 4.1). However there
was no significant increase of CD56

+

NK-cells was observed. As mentioned above, nucleolin

transcripts are commonly upregulated by HOXB4 and HOXC4 homeobox proteins (Buske et al., 2002;
Auvrav et al., 2012). The effect on the amplification of B cells via overexpression of HOXB4 and
+

HOXC4 in CD34 HSPCs has been established (Buske et al., 2002; Auvrav et al., 2012). Moreover, in
mouse studies the role of Bcl-2 has been well established in the development of lymphoid cells from
+

HSCs (Matsuzaki et al., 1997). Therefore, the observed increase in the number of CD19 and
+

+

CD19 CD34 cells by nucleolin in the conditions permissive for B cell development is in line with the
previous reports.

5.7 Nucleolin mediated regulation of β-catenin, PI3K / Akt and BCL-2 axis
+

Here we show that, in CD34 HSPCs, levels of active β-catenin, active Akt and BCL-2 are nucleolin
dependent. In brief, nucleolin overexpressing HSPCs exhibited elevated levels of active and total βcatenin, as assessed by immunobloting analysis (Figure 4.29, left). Similar dependence of nucleolin
was observed in HSPCs, when treated with shRNA targeted nucleolin (Figure 4.29, right). To further
investigate, whether the nucleolin dependent increase of β-catenin would, at least in part, accounts for
its effect on clonogenic potential, a β-catenin antagonist PKF-115-584 was administered during a
CFU-GEMM assay (Figure 4.30). A significant effect of the inhibitor on HSPCs overexpressing
nucleolin was observed, whereby most effects of nucleolin on HSPCs, detectable by CFU-GEMM
assays, were abrogated (Figure 4.30). Inhibitor treatment to HSPCs transduced with control cells
showed no or little effect on colony sizes and cellularity whereas, NCL enriched HSPCs exhibited
evident decrease in sizes and cellularity of CFU-GM (Figure 4.31 & Figure 4.32). Furthermore, NCL
enriched HSPCs maintained expression of active β-catenin in long-term stroma-free cultures for at
least 16 weeks (Figure 4.33, A). Treatment of liquid cultures with PKF-115-584 (Lepourcelet et al.,
2004) or with another, structurally distinct, β-catenin inhibitor CGP049090 (Lepourcelet et al., 2004)
resulted in exhaustion of nucleolin overexpressing HSPCs within 2–4 weeks of treatment (4.33, B).
The dependence of active β-catenin expression on nucleolin is a novel finding of this study. In our
studies, nucleolin mediated regulation of PI3K / Akt signaling and BCL-2 expression was also
examined in HSPCs, as assessed by immunoboltting analysis (Figure 4.29).
These observations are in line with the previous reports, proposing either by crosstalk between
different signaling cascades or by direct cooperation of these pathways, and thereby conferring
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HSPCs with the observed functional properties. For instance, TCF / LEF binding sites were reported in
the intron 2 of CD133 gene; point out the potential role of Wnt signaling in regulating the CD133
transcription (Katoh and Katoh, 2007). Akt can activate β-catenin directly or indirectly (Fang et al.,
2007). Recently, BCL-2 has been shown to increase survival, clonogenic potential and regenerative
capacity of HSCs (McCubrey et al., 2014). To add further, a direct link of CD133 expression with the
activation of Wnt / β-catenin and PI3K/Akt signaling was shown (Mak et al., 2012; Wei et al., 2013).
Beside that, in cooperation with PI3K/Akt or with BCL-2, β-catenin can promote expansion of HSPCs
with long term function (Reya et al., 2003; Pery et al., 2011).
Thus, herein-reported dependence of β-catenin on nucleolin is novel, and observations that nucleolin
activates BCL2 and Akt are in line with the published data (Otake et al., 2007; Grinstein et al., 2007;
Pichiorri et al., 2013).

5.7.1 Wnt / β-catenin signaling during hemetopoiesis
While the role of Wnt signaling in the development of various tissues and organs is well established,
relatively its function in the hematopoiesis is not well understood. However, recent studies strongly
suggest its crucial role in the HSPSc development both during fetal and adult stages. There are
growing evidences that Wnt signaling provides self-renewal ability to the stem cells in the
hematopoietic system. For instance, in hematopoietic niche, Wnt/β-catenin signaling is important for
HSPCs development, while impacts it in a complex fashion, depending on stage of development,
signal strength and on regeneration (Luis et al., 2012; Malhotra and Kincade, 2009; Lento et al.,
2014). Human CD34+ lin- HSPSc growing on stromal cells exposed to Wnt5A promoted the expansion
of human an undifferentiated progenitor population and was determined by production of 10 to 20 fold
more colony forming units in ex vivo colony forming assay (Van Den Berg et al., 1998). Transient
levels of β-catenin are present on MPB derived CD34+ HSPCs from healthy donors (Simon et al.,
2005). Thus, ecotopic expression of active β-catenin preserves CD34 levels and impairs
myelomonocytic differentiation (Simon et al., 2005). Furthermore, overexpression of active E-catenin in
murine HSCs resulted in the expansion of an undifferentiated stem cell pool for long-term in ex vivo
and also constant reconstitution of myeloid and lymphoid lineages in vivo (Reya et al., 2003).
Independently, increased proliferation of a multipotent progenitor population was noticed in vivo upon
constitutive expression of E-catenin (Baba et al., 2006).
In contrast, some studies have reported that enforced and persistent activation of canonical Wnt
signaling can lead to hematopoietic failure with defects in the differentiation of HSCs in the transgenic
mice (Kirstetter et al., 2006; Scheller et al., 2006). For instance, enforced expression of E-catenin led
to hematopoietic failure, lost repopulating ability of stem cells, blocked myeloid and erythroid lineage
commitment (Kirstetter et al., 2006). In another set of studies, deletion of some key components of the
Wnt / E-catenin cascade under hemostatic conditions has shown no or little effect on the differentiation
of HSCs (Cobas et al., 2004; Jeannet et al., 2008; Koch et al., 2008). For instance, simultaneous
deletion of E and Jcatenin in hematopoietic progenitor cells did not abolish the abilty to self-renew and
repopulate of all three set of lineages, including myeloid, lymphoid and erythroid lineage (Koch et al.,
2008). In one of the report, while investigating the role of Wnt signaling in context with stromal cell
microenvironment, authors used media conditioned with Wnt3A during dexter culture (in vitro culture
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of mouse bone marrow) and have reported reduction in the myeloid and B lineage cells. However this
report is very hard to interpret due to complex nature of the experimental setup, as it involves
exposure of Wnt3A ligands to both stromal and hematopoietic stem cells simultaneously and inability
to discriminate its direct and indirect effects (Yamane et al., 2001). In another study, exposure of
Wnt11 to avain whole bone marrow induced erythroid differentiation (Brandon et al., 2000). These
reports concluded the role of Wnt signaling on the lineage commitment; however, purified stem cell
population was not used in both these studies in relation to the purified Wnt ligands. Furthermore,
direct comparison is difficult due to wide variation in the species used in these studies. Use of a
defined primary stem cells population is required to assess the effect of Wnt signaling on HSCs, since
the indirect effects of non-HSC cells could make it hard to distinguish and interpret the results.
Furthermore, variation observed in different studies may be due to the differential influences exerted
by the canonical versus non canonical Wnt signals. For instance, a non-canonical Wnt ligand, Wnt5A
inhibited canonical Wnt signaling mediated by Wnt3A and maintained both the short and long term
repopulating hematopoietic progenitors by enforcing the cells in quiescent G0 cell cycle phase
(Nemeth et al., 2007). Beside that, in a recent study, while studying effects of Wnt signaling on murine
HSCs in their natural microenvironment or niche, using transgenic mice expressing Dickkopf1 (Dkk1),
a Wnt / E-catenin cascade antagonist, it was proposed that activated Wnt signaling is required to
maintain cell cycle quiescence in hematopoietic niche and for their reconstitution ability in irradiated
recipient mice (Fleming et al., 2008).

5.7.2 PI3K / Akt signaling during hematopoiesis
As a major effector of PI3K signaling, AKT is critical to many cellular processes including survival,
proliferation and metabolism (Manning and Cantley, 2007; Jabbour et al., 2014). Therefore, in the
context of metabolic plasticity, PI3K / Akt signaling is actively involved in the proliferation and
commitment of HSPCs (Kohli and Passegue, 2014). Moreover, by using gain or loss of function
approaches, it came out that the signaling via PI3K / Akt pathway is essential for the proliferation,
survival and differentiation of HSCs during early hematopoietic development (Haneline et al., 2006,
Yilmaz et al., 2006; Zhang et al., 2006; Juntilla et al., 2007).
Although self-renewal ability of adult HSCs exceeds with PI3K / Akt signaling, which is physiologically
essential during a normal life span of an organism, but the number of adult HSCs quickly deplete
when they are forced to repeatedly divide (Orford and Scadden, 2008; North and Goessling, 2010).
Majority of long-term reconstitution ability of HSCs resides within quiescent population (Fleming et al.,
1993). Studies in mice with conditional knockout of the tumor suppressor gene PTEN have illustrated
importance of PI3K / Akt signaling in the maintenance of relatively rare and quiescent HSCs
population (Rossi and Weissman 2006; Yilmaz et al. 2006; Zhang et al. 2006). Simultaneous deletion
of phosphatase and PTEN promotes the differentiation and proliferation of HSCs at the expense of
self-renewing property, which results in the depletion of the stem cell pool (Yilmaz et al., 2006; Zhang
et al., 2006). PTEN deleted HSCs population was not able to sustain long term multilineage
reconstitution in the irradiated recipient mice (Yilmaz et al., 2006). Constitutively active maristyolated
Akt (myr-Akt) overexpression in bone marrow progenitors displays higher cell division and depletion of
progenitor fraction over time in the transplantation model (Kharas et al., 2010). The role of
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downstream effectors of PI3K / Akt pathway has also been examined. For example, FOXO, a
transcription factor, negatively regulated by Akt, this controls HSCs quiescence by maintaining low
level of reactive oxygen species (ROS) (Tothova et al., 2007).
Recently it was reported that the simultaneous activation of Wnt / β-catenin and PTEN / PI3K / Akt
promotes a primitive HSCs population with increase self-renewal and proliferation capacity (Perry et
al., 2011). However, activation of either of these pathways is insufficient to sustain a primitive HSCs
population (Perry et al., 2011). Serial transplantation analyses in mice revealed the crucial role of Akt1
and Akt2 in the maintenance of long term HSCs (Juntilla et al., 2010). Furthermore, HSCs with
reduced PI3K activity exhibit impaired hematopoietic reconstitution ability and reduced proliferation
(Haneline et al., 2006).

5.8 Nucleolin as a therapeutic target in leukemia
This study has illustrated that levels of active β-catenin (Wnt/β-catenin) and active Akt are nucleolindependent in MPB derived CD34+ HSPCs. The role of these regulated pathways (Wnt / β-catenin,
PI3K / Akt and BCL-2) in the leukemia development is well acknowledged. For instance, Wnt signaling
strength regulates normal haematopoiesis, and its deregulation is involved in leukemia development
(Luis et al., 2012). In the mouse model, deletion of β-catenin significantly abolished the CML
+

development (Zhao et al., 2007). Moreover, in the case of drug resistant BCR-ABL CML cells, βcatenin plays a crucial role in the survival of these leukemic populations (Hu et al., 2009). There are
reports categorizing AML on the basis of dysregulated Wnt activation (Muller-Tidow et al., 2004; Wang
et al., 2010), suggesting that Wnt signaling could provide stem cell characteristics to the leukemic
stem cells (LSCs) (Lane et al., 2011). In the case of T-acute lymphoblastic leukemia, constitutive
expression of activated E-catenin in the mouse model under thymus promoter leads to the
development of thymic lymphoma (Guo et al., 2007). Wnt / β-catenin is aberrantly activated in
leukemia stem cells (LSCs) derived from chronic myelogenous leukemia (CML), AML and mixedlineage leukemia (MLL), and is tightly regulated in the development of LSCs, providing new
opportunities for therapeutic intervention (Luis et al., 2012; McCubrey et al., 2014). Moreover the
PI3K / Akt signaling pathway is frequently induced in patients with AML (Tamburini et al., 2007; Xu et
al., 2003). However, the mechanism underlying the activation of Akt signaling during AML is not clear
(Tambuirini et al., 2007). In addition, it was reported that PI3K / Akt signaling regulates clonogenicity of
leukemic cells and proliferation of the blast cells (Sujobert et al., 2005; Xu et al., 2003). Moreover,
BCL-2 is upregulated in functionally defined human LSCs, and has been suggested as a potential
therapeutic target for their selective eradication (Lagadinou et al., 2013). Elevated levels of nucleolin
stabilize bcl-2 mRNA in leukemic cells, including human chronic lymphocytic leukemia (CLL) and in
HL-60 cells (Sengupta et al., 2004; Otake et al., 2005, 2007). These studies strongly suggest that the
stabilization of bcl-2 mRNA through nucleolin allows cells to overproduce BCL-2 protein and thereby
protecting them from apoptosis.
Differential expression levels of nucleolin can be a reliable parameter to predict cell proliferation in
tumour growth or a surface marker to target tumor cells. For example AS1411, a 26 oligomer DNA
aptamer that binds to the cell surface nucleolin. Several studies have confirmed the binding of AS1411
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to the cell surface nucleolin with high specificity, which inturn possess antitumor activity (Bates et al.,
1999; Soundararajan et al., 2008). AS1411 acts as a molecular decoy and thus competes the binding
of nucleolin to the bcl-2 mRNA in the cytoplasm; as a result it induces bcl-2 mRNA instability and
apoptosis (Soundararajan et al., 2008). Interestingly, this phenomenon occurs more in the acute
myeloid leukemia (AML) cells as compared to normal cells, because normal cells do not express high
levels of nucleolin in their cytoplasm and their survival may not be solely dependent on the stability of
bcl-2 mRNA (Soundararajan et al., 2008). AS1411 is the first aptamer to reach clinical trial phase I and
II for the potential treatment of leukemia including AML (Antisoma plc). Another example of antitumor
activity which involves surface nucleolin is HB-19, a pseudopeptide that binds to RGG domain located
at the C-terminal region of nucleolin (Nisole et al., 2002; Destouches et al., 2008). Targeting surface
nucleolin by HB-19 impaired tumor growth and angiogenesis. HB-19 significantly reduced the colony
forming ability of various carcinoma cells in the soft agar; prevented migration of endothelial cells
(Nisole et al., 2002; Destouches et al., 2008). Furthermore, HB-19 treatment reduced the xenograft of
human breast tumour cells in the aythmic nude mice and in some instances eliminating the
measurable tumor without affecting the normal tissues (Destouches et al., 2008). The inhibitory action
of HB19 pseudopeptide on endothelial cells, tumor growth and metastasis without displaying
cytotoxicity to normal cells fulfills the criteria to make it an efficient and non-toxic therapeutic drug for
intervention of cancer.
Therefore, future studies will address functional significance of nucleolin for the maintenance of
normal and abnormal tissues.
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In general, AC133 is a key surface marker detected predominantly on a subset of CD34 and a small
–

fraction of CD34 hematopoietic stem/progenitor cells. AC133 marked HSPCs are enriched for colonyforming units, long-term culture initiating cells, and are capable of hematopoietic reconstitution.
Beyond that, AC133 is used for prospective isolation of tumour-initiating cells in certain hematologic
malignancies. However, the mechanism regulating the expression of AC133 and CD133 is not clearly
understood. In a previous study by Grinstein et al.,2007, it came out that the nucleolin acts as a CD34
promoter factor, and is enriched in the mobilized peripheral blood (MPB) derived undifferentiated
+

–

CD34 HSPCs as opposed to differentiated CD34 cells. Nucleolin is a multifunctional nucleolar
phosphoprotein, overexpressed in actively growing and cancer cells, involved in transcriptional
regulation, chromatin remodeling, and RNA metabolism. Abberant activity of nucleolin is generally
associated with several haematological malignancies.
The present study dissects nucleolin-dependent activation of AC133 and CD133 expression in
+

mobilized peripheral blood (MPB) derived CD34 HSPCs and in leukemic cell line models. Beside that,
surface CD34 and endogenous CD34 protein levels were also found out to be nucleolin-dependent
and behaved in the context with former studies. It appeared that nucleolin is likely assosciated with
polarization in HSPCs, and probably involve higher cellular PI3K / Akt levels. In MPB-derived CD34

+

HSPCs and in the AML derived cell line Mutz-2, nucleolin increased hematopoietic CFU frequencies,
individual colony types and their respective sizes and cellularity (with exception of CFU-E in HSPCs).
In addition, nucleolin also impacted the enrichment of CFU-GM colony type in HSPCs and Mutz-2
cells. In down-modulation experiments, silencing of nucleolin in Mutz-2 cells led to an early
differentiation into the myeloid phenotype. Furthermore, in HSPCs; nucleolin amplified numbers of
LTC-IC and supported long-term maintenance of hematopoietic progenitors in cytokine-dependent
stroma-free cultures. Beyond that, a growth promoting effect of nucleolin extended to lymphoid lineage
+

+

+

as well, with an increased output of CD19 and CD34 CD19 cells under condition permissive for B
lymphoid development. Levels of active β-catenin, active Akt and BCL-2 in HSPCs was nucleolin
dependent and functional effects of nucleolin on these cells partially relied on β-catenin activity. Since
most of the differential functional effects observed in a CFU-GEMM assay with nucleolin was
abrogated with the application of a β-catenin antagonist. To add further, in long-term liquid culture,
nucleolin maintained the expression of β-catenin and early progenitor activity. However, these liquid
cultures could be abolished at any time point upon administration of β-catenin antagonists. The
dependence of active β-catenin levels on nucleolin in HSPCs is a novel finding of this study.
Overall, this report strongly indicates that the deregulation of nucleolin, via activation of Wnt / βcatenin, PI3K / Akt and BCL-2, can be implicated in leukemia, suggesting potential therapeutic
implications.
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7 Outlook
To our knowledge, this report provides a first revelation of the functional role associated with nucleolin
in the human MPB derived HSPCs. The dependence of AC133 / CD133 expression in nucleolin
enrichred HSPCs and leukemic cell line models is a novel finding of this study. Influence of nucleolin
on the functional properties of HSPCs such as colony formation, LTC-IC and long-term maintenance is
also novel. Beside that, levels of active β-catenin, active Akt and BCL-2 are nucleolin-dependent.
However, mechanism underlying the regulation of Wnt / β-catenin and PI3K / Akt through nucleolin
needs to be further explored. It would be interesting to monitor in vivo effects of nucleolin on the
proliferation and differentiation ability of human HSPCs. In addition, the potential relationship between
nucleolin and polarization of these cells should be investigated in more detail. It remains a challenge
to establish the position of nucleolin in a molecular network, which is implicated in conferring
proliferative properties to HSPCs. Therefore, search for the novel nucleolin dependent molecular
targets involved in normal and abnormal hematopoiesis appears to be relevant.
Wnt / β-catenin and PI3K / Akt signaling along with BCL-2 play a crucial role in the survival of leukemic
populations and nucleolin can be viewed as a potentially significant therapeutic target. On the basis of
the present work, further studies appear relevant that will address functional significance of nucleolin
for the maintenance of normal and abnormal hematopoietic tissues.
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9 Abbreviations
ALL

Acute lymphoid leukemia

AML

Acute myeloid leukemia

BFU-E

Burst forming unit-Erythroid

BM

Bone marrow

bp

Base pair

BSA

Bovine serum albumin

C. elegans

Caenorhabditis elegans

CD

Cluster of differentiation

cDNA

Complementary DNA

CFU

Colony forming unit

CFU-E

Colony forming unit-Erythroid

CFU-G

Colony forming unit-Granulocyte

CFU-GEMM

Colony forming unit-Granulocyte Erythrocyte Macrophage Megakaryocyte

CFU-GM

Colony forming unit-Granulocyte Macrophage

CFU-M

Colony forming unit-Macrophage

CLL

Chronic lymphocytic leukemia

CML

Chronic myeloid leukemia

CSC

Cancer stem cell

Ct

Cycle threshold

D. melanogaster

Drosophila melanogaster

DMEM

Dulbecco’s modified Eagle’s medium

DNA

Deoxyribonucleic acid

dNTP

Deoxyribonucleotide triphosphate

EPO

Erythropoietin

FACS

Fluorescent-activated cell sorting

FBS

Fetal bovine serum

FC

Fold change

Flt-3

Fms-like tyrosine kinase 3 ligand

G-CSF

Granulocyte-colony stimulating factor

GM-CSF

Granulocyte Macrophage-colony stimulating factor

HEK293

Human embryonic kidney 293

HSC

Hematopoietic stem cell

HSPC

Hematopoietic stem and progenitor cell

IL-2

Interleukin-2

IL-3

Interleukin-3

IL-6

Interleukin-6

IL-7

Interleukin-7

IL-15

Interleukin-15
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9 Abbreviations
IMDM

Iscove's Modified Dulbecco Media

kDa

Kilodalton

LSC

Leukemia stem cells

LTC-IC

Long-term culture initiating cell

MLL

Mixed lineage leukemia

MPB

Mobilized peripheral blood

mRNA

Messenger ribonucleic acid

NCL

Nucleolin

NCL

Nucleolin

NP40

Nonidet P-40

nt

Nucleotide

orf

Open reading frame

PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reaction

RBP

RNA binding protein

RNA

Ribonucleic acid

RNAi

RNA interference

SCF

Stem cell factor

SDS

Sodium dodecyl sulfate

TPO

Thrombopoietin

WB

Western Blot
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