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Abstract

Background: The multifunctional, nucleolar proteins nucleophosmin (B23) and nucleolin
(C23) are involved in different cellular processes in normal and transformed cells. Both
proteins are highly expressed in dividing cells and are regulators of gene expression, rRNA
synthesis, and protein and RNA transport during cell proliferation. The multitude of functions
of nucleolin and nucleophosmin are reflected by their multidomain architecture. However, the
functional relationship between the subdomains of nucleophosmin and nucleolin, their
subcellular localization and their function in proliferative and survival signalling remains

unclear so far.

Aim: This study aims at identifying nucleophosmin and nucleolin subdomains with

dominant- negative effects on tumour cell proliferation.

Methods: The methods and techniques used were cloning, eukaryotic overexpression of
defined nucleophosmin and nucleolin subdomains in cell culture (HeLa and Cos-7 cell lines)
along with comparative analysis of proliferation and viability (MTT assay, FACS-based

analysis of DNA amount) as well as subcellular localization by confocal microscopy.

Results: Following the transient overexpression of the C-terminal RNA-binding and glycine-
arginine-rich domains (RRM4GAR) of nucleolin, MTT assays revealed a reduction of 40 %
for HeLa cells and 20 % for Cos-7 cells in proliferation, respectively. The reduction observed
was significant on a p <0.001 level in HeLa cells and significant on a p < 0.01 level in Cos-7
cells. In agreement, herewith, both cell lines showed increased SubG1 fractions in FACS
analysis. Further antiproliferative activities could be ascribed to the glycine-arginine-rich
(GAR) domain of nucleolin and the histone-RNA-binding domain (HBD-RNABD) of
nucleophosmin. The RRM4GAR and GAR domains were found localized in the cytoplasm
and the HBD-RNABD in the nucleus using confocal imaging.

Conclusion: The dominant-negative effects of the RRM4GAR, GAR and HBD-RNABD
demonstrated in HeLa and Cos-7 cells point out the importance of the C-terminus of
nucleophosmin and nucleolin in the proliferation of primate and human tumour cell lines.
These findings provide a lead for further investigations concerning the structure and function
of these nucleolar proteins. The subdomains identified are possible targets for an

antiproliferative tumour therapy.



Zusammenfassung

Hintergrund: Die multifunktionalen, primér nukleoldren Proteine Nucleophosmin (B23) und
Nucleolin (C23) sind wichtige, direkt mit der Tumorentstehung assoziierte Proteine. Sie
werden in hohem MaB in proliferativen Zellen exprimiert und sind in der Regulation von
Genexpression, rRNA-Synthese sowie Protein- und RNA-Transport wihrend der Proliferation
involviert. Der funktionelle Zusammenhang zwischen der Domédnenstruktur von
Nucleophosmin und Nucleolin, der subzelluliren Lokalisation und der Funktion in

Proliferation und survival ist groBtenteils unverstanden.

Ziel: Das Ziel dieser Arbeit war die Identifikation von Nucleophosmin- und Nucleolin-

Doménen mit dominant-negativer Wirkung auf die Tumorzellproliferation.

Methodik: Die verwendeten Methoden und Technologien waren Klonierung und
eukaryotische Uberexpression definierter Dominen von Nucleophosmin und Nucleolin in
Zellkultur (HeLa-, Cos-7-Zellen) mit vergleichender Analyse von Proliferation und Viabilitét
(MTT assay, FACS-basierte DNA-Gehaltsanalyse) sowie subzelluldrer Lokalisation mittels
Konfokal-Mikroskopie.

Ergebnisse: HeLa-Zellen zeigen im MTT-Assay nach transienter Uberexpression der C-
terminalen RNA-bindenden und Glycin-Arginin-reichen Dominen (RRM4GAR) von
Nucleolin, eine um 40% signifikant (p<0.001) und Cos-7-Zellen eine um 20% signifikant
(p<0.01) verminderte Proliferation im Vergleich zur ,Leer-Vektor-Kontrolle®.
Ubereinstimmend hiermit sind in der FACS-Analyse die SubGl-Fraktionen in beiden
Zelllinien signifikant erhoht. Weitere antiproliferativ-wirkende Doménen sind die Histon-
RNA-bindende-Doméne (HBD-RNABD) von Nucleophosmin und die Glycin-Arginin-reiche
Doméne (GAR) von Nucleolin. Konfokal-mikroskopisch sind die RRM4GAR- und GAR-
Doméne im Zytoplasma und die HBD-RNABD im Nukleus lokalisiert.

Schlussfolgerung: Die hier nachgewiesenen dominant-negativen Effekte in HeLa- und Cos7-
Zellen unterstreichen die Bedeutung der C-Termini von Nucleophosmin und Nucleolin in der
Proliferation humaner Tumorzellen. Die erwéhnten Doméinen ermdglichen weitere gezielte
Untersuchungen zur Struktur-Funktionsanalyse nukleoldrer Proteine und sind mogliche

Zielstrukturen fiir eine antiproliferative Tumortherapie.
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1 Introduction

1 Introduction

Nucleophosmin (B23) and nucleolin (C23) are two mainly nucleolar localized proteins
(Lischwe et al., 1979) which can also shuttle between the nucleus and the cytoplasm (Borer et
al., 1989). They were first found in 1973 by separating nucleolar proteins by two-dimension
gel electrophoresis (Orrick et al., 1973). Highly phosphorylated forms of both proteins were
found in Novikoff hepatoma ascites tumour cells (Olson et al., 1974). This finding led to
naming nucleolin and nucleophosmin nucleolarphosphorproteins. Both proteins are suggested
to be essential for ribosomal biogenesis (Herrera et al., 1995, Allain et al., 2000, Itahana et al.,
2003), function as histone chaperones (Angelov et al., 2006, Okuwaki et al., 2001, Prinos et
al., 2011), defining the localization of their binding partners (Bhat et al., 2011, Khurts et al.,
2004), and transport of ribosomal proteins (Borer et al., 1989), proliferation, apoptosis and
tumorigenesis (Ugrinova et al., 2007, Qin et al., 2011, Xu et al., 2012). Nucleolin has been
reported to undergo a large variety of posttranslational modifications, such as phosphorylation
(Schwab and Dreyer, 1997), ADP-ribosylation (Leitinger and Wesierska-Gadek, 1993),
glycosylation (Galzio et al,, 2012) and acetylation (Das et al., 2013). The mechanistic
relationship between differential modifications, localization and functions of nucleolin is still
unclear. Apart from that, the functional implication of each subdomain of nucleolin and

nucleophosmin in the proliferation of the cells is also not very well understood.

1.1 Nucleolin

Nucleolin consists of 710 amino acids (100 kDa) and was first extracted from Chinese
Hamster ovary cells nucleoli (Bugler et al., 1982). The nucleolin gene was first isolated from
rat and hamster (Bourbon et al., 1988). The nucleolus consists of a pars granulosa, which
surrounds the pars fibrosa and defines the periphery of the nucleolus. Nucleolin is mainly
located in the fibrillar centre of the pars fibrosa of the nucleolus and also in the fibrillar shell
enclosing the centre (Spector et al., 1984) for interacting with pre-rRNA (Ginisty et al., 1998).
However, some reports doubt the localization of nucleolin in the fibrillar centre (Biggiogera
et al., 1989). Minor amounts of nucleolin are found in the cytoplasm (Borer et al., 1989) and
on the cell surface (Hovanessian et al., 2000). Nucleolin may act as a shuttle protein, while

cell surface localized nucleolin acts as a ligand and transport receptor (Hovanessian et al.,
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2000, Destouches et al., 2008). Nucleolin consists of an N-terminal acidic domain (50 kDa)
followed by a central part with four RNA-recognition motifs (RRMs) and a glycine-arginine-
rich (GAR) sequence (10 kDa) at the very end forming the C-terminus (Lapeyre et al., 1986).
A variety of functions have been ascribed to these individual domains, reflecting the

multifunctional character of nucleolin.

1.1.1 The N-terminus

The N-terminus (aa 1-286) of nucleolin shows evidence of nucleo-cytoplasmic shuttling by
using its nuclear localization signal (NLS; aa 256-273) (Schmidt-Zachmann and Nigg, 1993).
Interestingly, the nuclear localization of nucleolin is regulated by phosphorylation sites for the
protein kinases cdc2 and CK2 within the N-terminus (Schwab and Dreyer, 1997). More
precisely, nuclear localization, that takes place after dephosphorylation, and cytoplasmic
localization, is dependent on nucleolin phosphorylation (Schwab and Dreyer, 1997). The
nucleolar localization of nucleolin is not based on a specific signal sequence within the
protein. However, the presence of the NLS sequence and, thus, nuclear transport is a
prerequisite for its nucleolar localization (Schmidt-Zachmann and Nigg, 1993). In addition,
the N-terminus of nucleolin encompassing four acidic-rich stretches is responsible for binding
to the histone H1 and reduces chromatin condensation (Erard et al., 1988). The N-terminus
can also bind to the Hdm2-RING, a protein which normally antagonizes the tumour-
suppressor protein p53 (Bhatt et al., 2012). There are further serine residues which can be
phosphorylated by the protein kinase CK2 (Caizergues-Ferrer et al., 1987). This leads to the
conclusion that the nucleolin N-terminus has, on the one hand, mainly histone- and
chromatin-binding functions and, on the other hand, shuttling functions between the

cytoplasm and the nucleoplasm depending on its phosphorylation status during mitosis.

1.1.2 The RNA-binding domains

The four RNA-binding domains (also called RRMs or RNA recognition motifs), located in the
central part and at the beginning of the C-terminus (aa 308-644), are vital for specific binding
to pre-rRNA molecules and, therefore, for the ribosome biogenesis (Serin et al., 1997). These

domains are commonly used sequences in diverse proteins such as nucleolin. Each of these
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four RRMs of nucleolin adopts a BapPap-fold where two a-helices are packed against a four-
stranded antiparallel B-sheet. The B-sheets can change their confirmation after binding to pre-
rRNA (Ghisolfi et al., 1992b). It has been shown that RRM 1 and RRM 2 have high rRNA
affinity (Serin et al., 1997) and can bind to a nucleolin recognition element (NRE), which is
part of a pre-rRNA stem-loop, by forming a clamp and stabilizing this part of the pre-rRNA.
This suggests that these two domains have chaperone functions (Allain et al., 2000). It is also
possible that all four RRMs have the ability to bind to the pre-rRNA sequences called
evolutionary conserved motifs (ECMs) to specify the pre-rRNA interaction (Ginisty et al.,
2001). The RNA-binding domains can also bind to ten ribosomal proteins (Bouvet et al.,
1998). Herewith, it becomes clear that the RNA-binding domains of nucleolin are essential for

a correct ribosome assembly and protein biosynthesis.

1.1.3 The GAR domain

The GAR domain, first described in 1986, consists of the last 66 C-terminal amino acids of
nucleolin and includes several arginine and glycine residues (Lapeyre et al., 1986). It is
suggested that the domain assists the unfolding of RNA secondary structure (Ghisolfi et al.,
1992a), so that the binding specificity of the RRM domains will be increased (Ghisolfi et al.,
1992b). Furthermore, the GAR domain is required for ligand-binding on the cell surface and
shows evidence of being involved in HIV infections (Hovanessian et al., 2000, Nisole et al.,
2002, Said et al., 2002) and also hosting the hepatitis C virus NS5B through binding to its
replication sequence (Kusakawa et al., 2007). The nucleolin GAR domain also binds to the
tumour-suppressor protein p53, leading to an excitatory effect on its ubiquitination and
degradation (Bhatt et al., 2012). It is also crucial for the co-localization of nucleolin to the
nucleolus in vivo (Heine et al., 1993, Pellar and DiMario, 2003). Our group recently showed
the interaction of the nucleolin GAR domain and the N-terminus of a protein called fragile X
mental retardation protein, which is involved in Fragile X Syndrome (Taha et al., 2014).
Taken all together, the GAR domain is crucial for protein and nucleic acid ligand recognition

by nucleolin and most probably supporting the RRM domains in their RNA-binding activity.
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1.1.4 Nucleolin and cell proliferation

The amount of nucleolin generally correlates with the proliferation rate of tumour cells and
other highly proliferating cells (Derenzini et al., 1990, Storck et al., 2009). Consequently,
nucleolin has been suggested as an indicator for cell proliferation (Sirri et al., 1995). In fact,
nucleolin is overexpressed in stimulated HL-60 promyelocytic leukaemia cells (Mehes and
Pajor, 1995) and shows a similar change in its expression to support melanoma growth
(Mourmouras et al., 2009). In addition, the tumour cells growth can be stopped by the
inhibition of cell surface-expressed nucleolin (Destouches et al., 2008, Soundararajan et al.,
2009). Knockdown of the endogenous nucleolin using siRNA in HeLa and DT40 chicken B
lymphocyte cells led to decreased cell proliferation and increased apoptosis (Ugrinova et al.,
2007, Storck et al., 2009). Other experiments uncovered the fact that the knockdown of
nucleolin also inhibits the proliferation and the growth of human astrocytoma cells (Xu et al.,
2012). These findings lead to the conclusion that nucleolin is directly involved in tumour cell

proliferation.

Nucleolin is known to interfere with the regulation of other proteins involved in cancer cell
proliferation. One of them is the protooncogen Bcl2, which is known to be involved in
apoptotic pathways. A decrease in nucleolin along with Bcl2 mRNA destabilization has been
shown to induce apoptosis in HL-60 leukaemia cells (Otake et al., 2005). It was shown that
nucleolin is involved in the expression of the Bcl2 gene in CD34-positive hematopoietic cells
(Grinstein et al., 2007). In addition, the stabilization of Bcl2 mRNA was determined to be
caused by an overexpression of nucleolin in chronic lymphocytic leukaemia B-cells (Otake et

al., 2007).

Another tumour-suppressor protein is the so-called p53 protein, which induces a wide variety
of repair functions in response to DNA damage, for instance, the control of translation after
gamma-irradiation (Fu and Benchimol, 1997). It is also mutated in patients with the Li-
Fraumeni syndrome, which causes different types of tumours (Malkin et al., 1990). Nucleolin
is involved in up- and down-regulation of p53. An increase in cellular nucleolin leads to a
reduction of p53 translation, and a decrease in cellular nucleolin induces p53 protein synthesis
(Takagi et al., 2005). Taken together, these interactions show that nucleolin is a key player in
the control of cell cycle, DNA repair and apoptosis.
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1.2 Nucleophosmin

Nucleophosmin, which consists of 294 amino acids (37 kDa), was first isolated from rat liver
nuclei (Fields et al., 1986). Its gene was isolated and characterized from both rat liver cells
(Chang and Olson, 1990) and the human genome (Chan et al., 1997). Nucleophosmin is
mainly located in regions of nucleolus containing rRNA, but not the fibrillar centres (Spector
et al., 1984, Okuwaki et al, 2002). There are also reports suggesting the presence of
nucleophosmin in the dense fibrillar component surrounding the fibrillar centre and the
granular component (Biggiogera et al., 1989). Further reports suggest nucleophosmin in
nucleoplasm of serum-starved HeLa-cells (Chan et al., 1985) and cytoplasm (Borer et al.,
1989), especially at anaphase and telophase (Zatsepina et al., 1997) and in the cytoplasm of
regenerative hepatocytes (Yun et al., 2003). As nucleolin, a variety of functions have also
been described for nucleophosmin. These include ribosome biogenesis (Itahana et al., 2003),
histone chaperone activity (Okuwaki et al,, 2001) and involvement in proliferation and
apoptosis (Qin et al., 2011). Nucleophosmin is a multidomain protein comprising an N-
terminal oligomerization domain (13 kDa, aa 1-119) (Hingorani et al., 2000), followed by a
central histone-binding domain (7 kDa, aa 120-188) and a C-terminal RNA- and DNA-
binding domain (11 kDa, aa 189-294). The biologically active form of nucleophosmin seems
to be a homopentameric assembly, where two of those pentamers form a decamer for binding

to core histones (Dutta et al., 2001, Namboodiri et al., 2004, Lee et al., 2007).

1.2.1 The oligomerization domain

The N-terminal oligomerization domain of nucleophosmin (aa 1-119) (Hingorani et al., 2000)
includes mainly nonpolar amino acids and a nuclear export signal (NES) at amino acid 92-
104 (Wang et al., 2005, Falini et al., 2006). The oligomerization domain folds into an eight-
stranded B-barrel with jellyroll topology that forms homopentameric complexes (Dutta et al.,
2001, Lee et al., 2007, Okuwaki et al., 2012). A hexameric form of nucleophosmin has been
proposed as a predominant and biologically active form, however, monomeric forms have
also been observed (Yung and Chan, 1987). In line with the observation that the pentameric
form of nucleophosmin is the active form, presence of a functional oligomerization domain
seems to be critical for an aberrant cell growth in haematologic diseases (Bischof et al., 1997).

Substitution of key residues responsible for nucleophosmin oligomerization (e.g. C21 with
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Phe) or blockade of oligomerization interfaces using RNA aptamers, interferes with
oligomerization (Prinos et al, 2011), chaperone activity (Prinos et al., 2011), induces
apoptosis in cancer cells (Qi et al., 2008) and changes the subcellular localization of
nucleophosmin (Jian et al., 2009). The oligomerization domain also interacts with the HIV-1
protein Rev and the HSV-1 protein US11 (Nouri et al., 2015). Taken together, these data
indicate that the nucleophosmin oligomerization domain is vital for the correct function of the

protein and for the survival of the cells.

1.2.2 The histone-binding domain

The central histone-binding domain of nucleophosmin (aa 120-188) contains two acidic
stretches (aa 120-132 and 160-188) with an additional NLS (aa 152-157) (Hingorani et al.,
2000, Okuwaki et al., 2001, Murano et al., 2008). The two acidic stretches are necessary for
binding to histone H3, leading to nucleosome formation (Okuwaki et al., 2001). This
interaction is dependent on acetylated forms of proteins modulating chromatin transcription
(Swaminathan et al., 2005). Nucleophosmin also interacts with the linker histone H1 by the
first acidic stretch of its central domain and here indirectly shows evidence of chaperone
function (Gadad et al., 2011). The overexpression of nucleophosmin lacking the C-terminus
(aa 120-294) revealed a dominant-negative effect on endogenous nucleophosmin concerning
its histone-binding and chaperon activity (Murano et al., 2008). This mutant, furthermore,
does not bind to histone H3 in vitro and in 2937 cells and has a dominant-negative effect on
the proliferation of 2937 cells (Murano et al., 2008). The central part of nucleophosmin,
especially its first acidic stretch, has ribonuclease activity, which is probably required for
ribosome biogenesis (Hingorani et al., 2000). In summary, the central part of the protein is

important for the binding to histones and, thus, for a correct nucleosome assembly.

1.2.3 The RNA- and DNA-binding domain

This domain of nucleophosmin is located at the C-terminal end of the protein (aa 189-294)
(Wang et al., 1994, Hingorani et al., 2000). An additional NLS (aa 190-197) is embedded
within the RNA- and DNA-binding domain. There is also a nucleolar localization signal

(NuLS, aa 286 and 288) located within the C-terminal region (Nishimura et al., 2002). Cyclin
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B/cdc2-mediated phosphorylation has been shown to lead to a reduced RNA-binding capacity
of nucleophosmin and to its redistribution from the nucleolus into nucleoplasm and cytoplasm
(Okuwaki et al., 2002). The C-terminus of nucleophosmin is mutated in about 60 % of the
patients with acute myeloid leukaemia (AML), leading to its dislocation from the nucleolus to
the cytoplasm (Falini et al., 2005). These mutations include the presence of an additional NES
within the C-terminal domain (Nakagawa et al., 2005), loss of Trp288 and/or Trp290, and
subsequent loss of nucleolar localization of nucleophosmin (Falini et al., 2006, Grummitt et
al., 2008). Interestingly, the C-terminus of nucleophosmin also contains a cluster of basic
amino acids (aa 188-243), which is probably an intrinsically disordered region (IDR). Such
flexible IDRs have been described for numerous proteins as hubs for protein-nucleic-acid-
interactions (Vuzman and Levy, 2012) and have recently been suggested as promising drug
targets (Metallo, 2010). The cluster of basic amino acid in the C-terminus of nucleophosmin
is important for binding to RNA molecules. This binding is supported through interaction
with acidic stretches within the histone-binding domain mentioned above (Hisaoka et al.,
2014). In addition, the RNA- and DNA-binding domain can interact with the tumour-
suppressor protein p53 through its amino acids 242-269 (Lambert and Buckle, 2006). All in
all, the C-terminus is important for the correct nucleolar localization of nucleophosmin.
Furthermore, it plays a critical role in AML and can most probably assist ribosome assembly

through its RNA-binding capacity.

1.2.4 Nucleophosmin and cell proliferation

Nucleophosmin is overexpressed in a variety of human tumours, such as hepatocellular
carcinoma (Chan et al., 1989, Yun et al., 2007), colorectal carcinoma (Nozawa et al., 1996),
bladder carcinoma, here associated with overexpression of nucleophosmins mRNA (Tsui et
al., 2004), and thyroid tumours (Pianta et al., 2010). In addition, it can also be used as an
indicator for proliferating lymphocytes (Dergunova et al, 2002). Similar to nucleolin,
knockdown of nucleophosmin leads to reduced proliferation together with increased apoptosis
in human leukaemic K562 cells (Qin et al., 2011) and UoC-M1 leukaemic cells (Li et al.,
2005), cell cycle arrest in HepG2 hepatoblastomacells (Wang et al., 2011) and also G1 phase
arrest in human glioma (Chen et al., 2015). Furthermore, decreased nucleophosmin mRNA

levels prevent cells from entering mitosis (Jiang and Yung, 1999). These results indicate that
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nucleophosmin is not only essential for the proliferation of tumour cells, but also for normal

cell cycle progression.

By contrast, overexpression of nucleophosmin has antiapoptotic effects on promyelocytic
leukaemia HL-60cells (Hsu and Yung, 2000). Similar observations have been also noted in
PC12 neuronal cells where overexpression of nucleophosmin leads to inhibition of caspase-
activated DNase (Ahn et al., 2005). Increased nucleophosmin levels also reduced p53

accumulation and, thus, apoptosis in murine mitochondria (Dhar and St Clair, 2009).

In line with the functions of nucleophosmin in proliferation and cell cycle progression,
nucleophosmin antagonists have been shown to increase apoptosis of tumour cell lines.
Several approaches, including antisense RNA against nucleophosmin (Liu and Yung, 1998),
small molecule inhibitors of nucleophosmin oligomerization (Qi et al,, 2008) and RNA
aptamers (Jian et al., 2009), were employed in these studies to underline the critical role of

pentameric nucleophosmin for cell proliferation.

Similar to nucleolin, many proteins influencing the cell cycle and cell proliferation have been
reported to interact with nucleophosmin, and the p53 tumour-suppressor protein, mentioned
above, is one of these. Nucleophosmin seems to play an ambivalent role: on the one hand,
acting as a negative regulator of p53 and, thus, as an inhibitor of apoptosis (Dhar and St Clair,
2009, Li et al., 2007) and, on the other hand, acting as a p53 stabilizer (Colombo et al., 2002)
by inhibiting the Hdm2-mediated p53 down-regulation (Kurki et al., 2004).

Another nucleophosmin binding protein is the nucleolar Arf, which inhibits Mdm2 and has
been suggested to act as a tumour-suppressor protein. Arf is stabilized by binding to
nucleophosmin (Kuo et al., 2004) and also helps to down-regulate nucleophosmin (Itahana et
al., 2003), suggesting that ARF also has a negative feedback on the nucleophosmin

interaction.

The nucleophosmin gene is activated by c-Myc, a protooncogene that mediates
tumourigenesis (Zeller et al., 2001). C-Myc participates in the regulation of transcription of
many genes involved in proliferation. Interestingly, its localization to the nucleolus arises

through interaction with nucleophosmin (Li and Hann, 2013).
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1.3 An intricate balance of nucleolin and nucleophosmin regulates tumour
cell proliferation

As highlighted in the paragraphs above, nucleophosmin and nucleolin are involved in the
proliferation of cells, their apoptosis and in cell cycle functions. The knockdown of both
proteins via siRNA showed an inhibition of cancer cell proliferation. It is possible to interfere
with the proliferation of tumour cells by either inhibiting the nucleophosmin oligomerization
or providing a dominant negative approach by overexpressing its N-terminus. Therefore, in
conclusion, both proteins are interesting targets towards an anti-tumour therapy. In addition,
the involvement of nucleophosmin in hematological diseases, such as AML and non-
Hodgkin’s lymphoma, and the crucial role of nucleolin in ribosome biogenesis clearly point
out that these multifaceted nucleolar proteins are key proteins, especially in the control of cell
proliferation. An approach to decipher the complex role of these two multifunctional proteins
in tumour cell proliferation can be overexpression of individual domains. Such a strategy
would provide insights into the structure function relationship underlying the proliferative
function of both proteins and, at the same time, identify the potential target sites for drug

development.

Based on the information in the literature so far, we are tempted to hypothesis that: The
overexpression of single nucleolin or nucleophosmin domains has dominant-negative effects

on the proliferation of HeLa and Cos 7 cells in cell culture.



2 Aims

2 Aims

Nucleolin and nucleophosmin are two nucleolar proteins which are associated with
tumorigenesis. The functional relationship between the subdomains of these multidomain
proteins and the proliferation of cells still remains unclear. Unravelling the role of individual
domains of these two proteins on the proliferation of cells will provide new insights into how

nucleolin and nucleophosmin are involved in cancer growth and development.

The objective of this work was to identify nucleolin and nucleophosmin subdomains with

dominant-negative effects on the proliferation of eukaryotic cells.

Defined subdomains of both proteins were subcloned in the pcDNA3.1flag vector. The
resulting variants were transfected and overexpressed in HelLa and Cos7 cells in order to

analyse the effects of the variants on proliferation.

A further aim was to define the subcellular localization of those subdomains within the cells.
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3 Materials

3.1 Chemicals and Reagents

3 Materials

Chemical — Reagent

Company

6x DNA loading dye

10x restriction enzyme buffer
Ac-DEVD-AMC ALX -260-031-M005
Acrylamid

Ammonium persulphate (APS)
Ampicillin

Bacto-Agar

Bacto-Trypton

Beta-Glycerolphosphat
Beta-Mercaptoethanol

Bovines Serumalbumin (BSA)
Bradford Solution

Bromphenole blue

CHAPS Detergent

ddH,O

DAPI mounting solution P3693
Dimethyl sulphoxide (DMSO)
Dinatrium-Ethylendiamintetraacetat (EDTA)
Dithiothreitol (DTT)

dNTP Mix

ECL Prime Western Blotting Detection
EDTA-free inhibitor tablet
Ethyliumbromid

Gel Extraction Kit

GeneRuler DNA Ladder Mix SMO0331

Glucose

Thermo Fisher Scientific Inc., Waltham, USA
Fermentas, Waltham, USA

Enzo Life Science GmbH, Loérrach, Germany
Carl-Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich Co. LLC, St. Louis, USA
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany

BD Biosciences, San Jose, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
AppliChem, Darmstadt, Germany

BIO-RAD Laboratories, Hercules, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
Thermo Fisher Scientific Inc., Waltham, USA
AG Ahmadian, Diisseldorf, Germany

life technologies, Carlsbad, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
MERCK, Darmstadt, Germany

GERBU Biotechnik, Heidelberg, Germany
Fermentas, Waltham, USA

GE Healthcare, Buckinghamshire, UK
Sigma-Aldrich Co. LLC, St. Louis, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
Qiagen, Hilden, Germany

Thermo Fisher Scientific Inc., Waltham, USA

Carl-Roth GmbH, Karlsruhe, Germany
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Glycerol

Glycine

Hydrochloride (HCL)

HEPES

Igepal CA-630

Magnesium Chloride (MgCI2)
NucleoBond Xtra Midi/Maxi Kit
Methanol

Milk powder

Mini-Prep Kit

Paraformaldehyd (PFA)

PCR Purification Kit

Potassium Chloride (KCL)
Phusion Buffer

PromegaCellTiter 96 One Solution
Propidium-Iodid

Sodium Chloride (NaCl)

Sodium Citrate (Na-Citrate)
Sodium dodecyl sulphate (SDS)
Sodium hydroxide (NaOH)
Sodium orthovanadate (Ortho-Na3VO4)
Spectra Low Range Protein Ladder
Sucrose

T4 DNA Ligase buffer
Tetramethylethylendiamin (Temed)
Tricine

Tris

Tris-HCL

Triton x 100

Trypanblue 0.4 %

TurboFect Transfection Reagent

Tween 20

3 Materials

Carl-Roth GmbH, Karlsruhe, Germany
Carl-Roth GmbH, Karlsruhe, Germany
MERCK, Darmstadt, Germany
Carl-Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich Co. LLC, St. Louis, USA
MERCK, Darmstadt, Germany
Macherey-Nagel, Diiren, Germany
VWR, Darmstadt, Germany

Carl-Roth GmbH, Karlsruhe, Germany
Qiagen, Hilden, Germany

MERCK, Darmstadt, Germany

Qiagen, Hilden, Germany

AppliChem, Darmstadt, Germany
Fermentas, Waltham, USA

Promega Corporation, Madison, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
AppliChem, Darmstadt, Germany
MERCK, Darmstadt, Germany
Carl-Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich Co. LLC, St. Louis, USA
Sigma-Aldrich Co. LLC, St. Louis, USA
Thermo Fisher Scientific Inc., Waltham, USA
Carl-Roth GmbH, Karlsruhe, Germany
Fermentas, Waltham, USA

Carl-Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich Co. LLC, St. Louis, USA
Carl-Roth GmbH, Karlsruhe, Germany
Carl-Roth GmbH, Karlsruhe, Germany
MERCK, Darmstadt, Germany
BIO-RAD Laboratories, Hercules, USA
Thermo Fisher Scientific Inc., Waltham, USA

Sigma-Aldrich Co. LLC, St. Louis, USA

12



Yeast Extract

3.2 Enzymes

3 Materials

Carl-Roth GmbH, Karlsruhe, Germany

Enzyme

Company

Bam HI restriction enzyme
Fast AP

Not I restriction enzyme
Phusion Polymerase

T4 DNA Ligase

Fermentas, Waltham, USA
Fermentas, Waltham, USA
Fermentas, Waltham, USA
Fermentas, Waltham, USA

Fermentas, Waltham, USA
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3.3 Machines and Softwares

3 Materials

Machine — Software

Company

Automatic cell counter TC 20

BD CellQuest Pro software

Carl Zeiss Axiovert 25
Electrophoresis Chambers

EPS Power Supplies 600

Eppendorf Bio Photometer plus
Eppendorf centrifuge 5810R
Eppendorf centrifuge 5417R
Eppendorf Mastercycle

FACS Calibur

GraphPad Prism 5 Version 5.04
Hera freeze -80 °C

Heracell 150 CO, Incubator
Heraeus instruments Labofuge 400 P
Hera Safe cell culture bench

Hettich Universal 30F

INTAS imaging chemo camera
Lauda Aqualine AL 25
LSM510-Meta confocal microscope
Mini Trans-Blot Cell

Nanodrop

Nikon TE2000 fluorescence microscope
Shaker WS5

TECAN Infinite M 200 microplate reader
TECAN I control software

UV Table

Bio-Rad Laboratories, Hercules, USA

BD Biosciences, San Jose, USA

Zeiss, Jena, Germany

Bio-Rad Laboratories, Hercules, USA

GE Healthcare Life Science, Freiburg, Germany
Eppendorf GmbH, Wesseling-Berzdorf, Germany
Eppendorf GmbH, Wesseling-Berzdorf, Germany
Eppendorf GmbH, Wesseling-Berzdorf, Germany
Eppendorf GmbH, Wesseling-Berzdorf, Germany

BD Biosciences, San Jose, USA

GraphPad Software Inc., La Jolla, USA

Heraeus Holding GmbH, Hanau, Germany

Heraeus Holding GmbH, Hanau, Germany

Heraeus Holding GmbH, Hanau, Germany

Heraeus Holding GmbH, Hanau, Germany

Gemini bv, Apeldoorn, Netherlands

INTAS Science Imaging Instruments, Gottingen, Germany
Lauda Dr. R. Wobser GmbH, Lauda-Koénigshofen, Germany
Zeiss, Jena, Germany

Bio-Rad Laboratories, Hercules, USA

Thermo Fisher Scientific Inc., Waltham, USA

Nikon Instruments Europe BV, Amsterdam, Netherlands
Edmund Biihler GmbH, Hechingen, Germany

Tecan Trading AG, Ménnedorf, Switzerland

Tecan Trading AG, Ménnedorf, Switzerland

Bio Budget Technologies GmbH, Krefeld, Germany
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3.4 Oligonucleotides

3 Materials

Primers

Sequences

Nclflfw(1-710)
Neclflrev(1-710)
NcIN-Termrev(1-297)
NcIN-TermRRM Irev(1-381)
NcIRRM14GARfw(273-710)
NcIRRM12fw(273-466)
NcIRRM12rev(273-466)
NcIRRM34fw(467-644)
NclRRM34rev(467-644)
NcIRRM4GARfw(499-710)
NclGARfw(645-710)
Npmflfw(1-294)
Npmflrev(1-294)
NpmODrev(1-122)

NpmHBD-RNABDfw(123-
294)

NpmRNABDfw(241-294)

5’- TAATAAGGATCCATGGTGAAGCTCGCGAAGGCAGGT-3’

3’- TAATAAGCGGCCGCCTATTCAAACTTCGTCTTCTTTCC-5’

3’- TAATAAGCGGCCGCCTATTTCTGTTTCTTGGCTTCAGGAGC-5°

3’- TAATAAGCGGCCGCCTATGGTTTCTCTAGTTTAATTTC -5¢

5’- TAATAAGGATCCGTCAAAGAAGCACCTGGAAAACG-3¢

5’- TAATAAGGATCCGTCAAAGAAGCACCTGGAAAACGA-3*

3’- TAATAAGCGGCCGCCTACTCTCCAGTATAGTACAG -5°

5’- TAATAAGGATCCGGTCAAAATCAAGACTATAGAGGT-3¢

3’- TAATAAGCGGCCGCCTACCAGTCCAAGGTAACTTT-5¢

5’- TAATAAGGATCCACTCTGTTTGTCAAAGGCCTG-3*

5’- TAATAAGGATCCAAACCTAAGGGTGAAGGTGGC-3¢

5’- TAATAAGGATCC G ATG GAA GAT TCG ATG GAC ATG-3¢

3’- TAATAAGCGGCCGC AAG AGA CTT CCT CCA CTG CCA-5°

3’- TAATAAGCGGCCGCTTAATCTTCCTCCACAGCTACTAAG-5¢

5’- TAATAAGGATCC AAG AGA CTT CCT CCA CTG CCA-3¢

5’- TAATAAGGATCCAGTTCTGTAGAAGACATTAAA-3’

From Eurofins Genomics, Ebersberg, Germany
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3.5 Antibodies

Antibodies for Immunoblot

3 Materials

Primary Antibody

Company

Anti-Flag mouse F3165
Anti-Npm mouse ab10530
Anti-Ncl rabbit ab22758

Anti-a-tubulin rat SM568

Sigma Aldrich Co. LLC, St. Louis, USA
abcam, Cambridge, UK
abcam, Cambridge, UK

Acris Antibodies GmbH, Herford, Germany

Secondary Antibody

Company

Anti-mouse in rabbit P0161
Anti-rabbit 7074P2

Anti-rat ab7010,

Dako Deutschland GmbH, Hamburg, Germany
Cell Signaling Technology, Cambridge, UK

abcam, Cambridge, UK

Antibodies for Confocal laser scanning microscopy

Primary Antibody

Company

Anti-Flag mouse F3165
Anti-Ncl rabbit ab22758

Alexa Fluor®546 Phalloidin

Sigma Aldrich, Co. LLC, St. Louis, USA
abcam, Cambridge, UK

life technologies, Carlsbad, USA

Secondary Antibody

Company

Alexa Fluor®488 Goat Anti-rabbit
Alexa Fluor®488 Goat Anti-mouse
Alexa Fluor®633 Goat Anti-rabbit

Alexa Fluor®633 Goat Anti-mouse

life technologies, Carlsbad, USA
life technologies, Carlsbad, USA
life technologies, Carlsbad, USA

life technologies, Carlsbad, USA
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3.6 Cell Culture

3 Materials

Supply

Company

6-well plates, 96-well plates
10 cm cell dish,

20 pl, 10 pl pipette

25 ml, 10 ml, 5 ml pipette
1000 pl, 200 pl pipette,
Cos-7 cells

counting slides
cover-slips 18 mm
DMEM Media
Eppendorf Tubes 5 ml
FACS BD Falcon

Falcon tubes 50 ml, 15 ml
Fetal bovine calf serum
HeLa cells

Object glasses

PBS (10 x) with Mg?* and Ca?*

PBS (10 x) without Mg?* and Ca?*

Penicillin and Streptomycin
Trypsin-EDTA solution

T150 flask, T75 flask

TPP Techno Plastic Products AG, Trasadingen, Switzerland
TPP Techno Plastic Products AG, Trasadingen, Switzerland
Eppendorf GmbH, Wesseling-Berzdorf, Germany

TPP Techno Plastic Products AG, Trasadingen, Switzerland
Eppendorf GmbH, Wesseling-Berzdorf, Germany

The Leibniz Institute DSMZ, Braunschweig, Germany
Bio-Rad Laboratories, Hercules, USA

VWR, Darmstadt, Germany

Gibco life technologies, Carlsbad, USA

Eppendorf GmbH, Wesseling-Berzdorf, Germany

BD Biosciences, San Jose, USA

Sigma Aldrich Co. LLC, St. Louis, USA

Gibco life technologies, Carlsbad, USA

The Leibniz Institute DSMZ, Braunschweig, Germany
NeoLab, Heidelberg, Germany

Genaxxon bioscience GmbH, Ulm, Germany

Genaxxon bioscience GmbH, Ulm, Germany

Gibco life technologies, Carlsbad, USA

Sigma-Aldrich Co. LLC, St. Louis, USA

Thermo Fisher Scientific Inc., Waltham, USA
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3 Materials

3.7 Further Supply

Supply Company

Amersham Hybond ECL nitrocellulose membrane | GE Healthcare, Buckinghamshire, UK

Ncl and Npm template in pGEX-4T-1vector Provided by (Yang et al., 2002)
pcDNA3.1flag vector Invitrogen life science, Waltham, USA
Whatman blotting papers Sigma Aldrich Co. LLC, St. Louis, USA

3.8 Mastermix

Polymerase chain reaction

Mastermix

20 pl 5x Phusion Buffer

1 ul DMSO

1 pl ANTP Mix

74.9 ul ddH,0

0.3 pl forward primer

0.3 pl reverse primer

1 ul DNA template Ncl or Npm

Enzyme

1.5 pl Phusion Polymerase

Digestion of variants

Mastermix 1-5 ng DNA
16 ul ddH,0
3 ul 10x buffer
Enzyme 1.5 pul Bam HI
1.5 pl Not I
1.5 pl Fast AP
Ligation of plasmid
Mastermix 100 ng DNA
3.3 ul pcDNA3.1 flag vector
2 ul T4 DNA Ligase buffer
3.7 pl ddH,0
Enzyme 1.5 ul T4 DNA Ligase
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3 Materials

3.9 Media

LB Media 11

10 g Bacto-Trypton
5 g Yeast Extract
10 g NaCl

ddeO toll

1 ml ampicillin

SOC-Media 11

20 g Bacto-Trypton

5 g Yeast Extract

2 ml of 5 M NacCl
2.5mlof 1 M KCI

10 ml of 1 M MgCl,
20 ml of 1 M Glucose

Ampicillin Plates 11 LB Media with ampicillin

16 g Bacto-Agar
3.10 Buffer and Gel

Electrophoresis

TAE-Buffer 1 % 2 M Tris
50 mM EDTA
pH 8.5

1 % Agarose gel 3 g Agar

297 ml TEA-Buffer 1 %
3 pl Ethyliumbromid

Fish Buffer

Mastermix

50 mM Tris-HCL

100 mM NacCl

1 % Igepal CA-630

10 % Glycerol

20 mM beta-glycerol

1 mM Ortho-Na3; VO,

1 EDTA-free inhibitor tablet
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3 Materials

Laemmli Buffer 5x

Mastermix

50 mM Tris/HCl

50 % Glycerol

5 % Beta-Mercaptoethanol
10 % SDS

0.5 % Bromphenole blue

SDS-PAGE

10 % APS

5 g APS
50 ml ddH,0

3x gel buffer

181.5 g Tris
HCL to pH 8.45;
1.5 g SDS
ddH,0 to 500 ml

10x lower buffer

121 g Tris 121 g
12N HCL to pH 8.9
ddH,0 to 500 ml;

10x upper buffer

60.5 g Tris

89.6 g Tricine 89.6 g
5.0 gSDS

ddH,0 to 500 ml;

Resolving Gel

1.4 ml ddH,0

0.6 ml 80 % glycerol
2 ml 3x gel buffer

2 ml 30 % acrylamid
45 ul APS

15 pl Temed

Stacking Gel

1.5 ml ddH,0

0.6 ml 3x gel buffer
0.3 ml 30 % acrylamid
20 ul 10 % APS

10 pl Temed

Transfer buffer 10x 11

30.3 g Tris
144.1 g Glycine
ddH,O up to 11

Transfer buffer 1x 11

100 ml Transferbuffer 10x
200 ml Methanol
ddH,O up to 11

Immunoblot
TBST 10x 11 30 g Tris
80 g NaCl
2 g KCL

5 ml Tween 20
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3 Materials

ddeO to 11

TBS 10x 11

30 g Tris

80 g NaCl

2 g KCL
ddH,O up to 11

Milk

2.5 g Milk powder
TBST 1X up to 50ml

Nikoletti assay

Reaction buffer

1250 pl Propidium-Iodid
891 pl Na-Citrate

50 pl Triton X 100

50 ml ddH,0

Caspase 3 assay

Reaction buffer

50 mM HEPES pH 7.3
100 mM NaCl

10 % Sucrose

0.1 % CHAPS

10 mM DTT

50 uM Ac-DEVD-AMC

Confocal laser scanning microscopy

0.25 % Triton x 100

100 ml PBS without Mg?*
and Ca?*
250 pl Triton x 100

3 % BSA

1.5 g BSA
50 ml 0.25 % Triton x 100

1 % BSA

16 ml 3 % BSA
33.33 ml 0.25 % Triton x 100

Paraformaldehyd (PFA)

4 g PFA

86 ml ddH,O

heating up to 70.°C while
stirring

3 drops 5 M NaOH
cooling down the solution
10 ml PBS (10 x)
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4 Methods

4.1 Cloning of plasmids

Full-length nucleolin (Nclfl, 1-710), the N-terminus (NcIN-Term,1-297), the N-terminus and
the RNA-binding domain 1 (NcIN-TermRRMI1, 1-381), the C-terminus (NcIRRM14GAR,
273-710), the RNA-binding domain 1 and 2 (NcIRRM12, 273-466), the RNA-binding domain
3 and 4 (NcIRRM34, 467-644), the RNA-binding domain together with the GAR domain
(NcIRRM4GAR, 499-710), and the GAR domain (NcIGAR, 645-710) of nucleolin, the full-
length nucleophosmin 1 (Npmfl, 1-294), the oligomerization domain (NpmOD, 1-122), the
histone together with the RNA-binding domain (NpmHBD-RNABD, 123-294), and the RNA-
binding domain (NpmRNABD, 241-294) of nucleophosmin 1 were amplified by standard
PCR methods (compare Figure 1). The resulting PCR products were cloned into the
pcDNA3.1 flag vector via Bam HI and Not I restriction sites. The sequences of all plasmids

generated correctly were, subsequently, confirmed via Sanger sequencing.

Nucleo-cytoplasmic shuttling NLS RNA binding GAR
Nucleolin '[AR]  [AR|[/AR] [AR ][] [RRM1][[RRM2] RRM3| [RRM4] [GAR | 710
Nclfl 1 710
NcIN-Term 1 297
NcIN-TermRRM1 1 381
NclIRRM14GAR 273 710
NcIRRM12 273 466
NcIRRM34 467 644
NcIRRM4GAR 499 710
NCcIGAR 645 710

Oligomerization Histone/RNA/DNA-BD

Nucleophosmin | § OEA EF Beos
Npmfl 1 204
NpmOD e 122

NpmHBD-RNABD 123 294
NpmRNABD 24| e 294

Figure 1: Defined Ncl and Npm variants. 12 Different variants of the Ncl and Npm protein were generated via
polymerase chain reaction (PCR); AR: Acidic Regions; NLS: Nuclear localization signal; RRM: RNA
recognition motif, GAR: glycine-arginine-rich domain; NES: Nuclear export signal; NuLS: Nucleolar
localization signal; (-): acidic regions; (+): basic region; Histone/RNA/DNA-BD: Histone/RNA/DNA-Binding
domain.
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4.1.1 Polymerase Chain Reaction

Polymerase chain reaction (PCR) is a method used to amplify DNA sequences out of a
template DNA for further cloning steps. It is based on the activity of a specific enzyme called
DNA polymerase, which is temperature-dependent and can reproduce the template by using
several components (Mullis and Faloona, 1987). The reaction preparation was always based
on 100 pl volume containing 20 pl 5x buffer, 1 ul DMSO, 1 ul ANTP Mix, 1.5 pl Phusion
enzyme (polymerase), 1 ul DNA template, 74.9 ul ddH,O, 0.3 pl forward primer and 0.3 pl
reverse primer. The reaction starts with a denaturation of the template DNA at high
temperature (> 98 °C) resulting in single-stranded DNA. Reduction of the temperature below
the annealing temperature allows specific oligonucleotide primers to anneal to complementary
sequences of the single-stranded template DNA. Next, the temperature is increased to the
optimal working temperature of the DNA polymerase, which, in turn, can elongate the
primers complementary to the template strand by adding nucleotides (ANTP). Multiple cycles
of denaturing, annealing and elongation are performed throughout the PCR reaction so that
the DNA is amplified exponentially. The PCR was carried out in an Eppendorf mastercycle
(Eppendorf, Germany).

Standard PCR Programme
98 °C 30s Initial
98 °C 10s Denaturing
Tm -5 °C 10s Annealing I x 35
72 °C 15-30 s/kb Elongation
72 °C 5 min Final Elongation

4.1.2 Gel Electrophoresis

Electrophoresis is a method in which samples containing molecules, for example, PCR
samples, are loaded onto an agarose gel. The samples then migrate through the gel covered
with 1 % TEA buffer for approximately 25 min due to an added tension of 100 V and the
fragments containing DNA are separated from each other depending on their size and charge.
Ethidium bromide within the agarose gel intercalates with the DNA and the band can then be
visualized under a photochemical camera. Here, the size of the band can be compared with a

loaded marker running parallel to the bands. The so-called “analytical gel” is used as a control
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if the PCR samples have the correct size. The PCR products were separated from PCR
components, including primers and salt, on preparative gels. The PCR products were isolated
from the gels using a commercial Gel extraction kit (QIAGEN, Hilden), according to the

manufacturer’s instructions.
4.1.3 Digestion of variants

Following gel extraction, the PCR products were digested by so-called restriction enzymes for

later ligation with the pcDNA3.1 flag vector used to transfect mammalian cell lines.

The pcDNA3.1 vector is FLAG-tagged for subsequent immunoblotting and confocal
microscopy experiments. The FLAG-tag is a short sequence of eight amino acids which can
be detected in the cell or cell lysate by the corresponding FLAG-tag antibody and is well-

known to avoid later interaction or disturbance within the cell and its function.

Restriction enzymes originally belong to bacteria and are used as a defence mechanism.
Nowadays, they are a useful tool for cloning DNA constructs. An amount of 1 — 5 pg of DNA
were digested with Bam HI for 1.5 h at 37 °C. After this step, the sample was cleaned,
according to the protocol of the Qiagen PCR Purification Kit. The remainder of the purified
DNA was used for another digestion step using the Not [ restriction enzyme so that the DNA
fragment was cleaved from both sides, followed again by a cleaning step using the Qiagen
PCR Purification Kit. Both enzymes cut the double DNA strand between specific base pairs
(bps). The cutting site is included in the designed primer sequence, which represents the
beginning of each construct. The pcDNA3.1 flag vector was digested with Bam HI and Not |
analogous to the PCR products. However, an additional dephosphorylation step of 30 min at
37 °C using FastAP was carried out for the preparation of the linearized vectors. This step
reduces the probability of vector self-ligation. Following digestion and dephosphorylation, the
linearized pcDNA3.1 flag vector was purified using the Qiagen PCR Purification Kit
mentioned above. The result is a double-sided sticky end-cleaved DNA fragment ready to be

ligated with the similarly cleaved multiple cloning side of the vector.
4.1.4 Ligation of plasmid

The cleaved DNA constructs and the cleaved vector were ligated. For ligation, 100 ng of
vector were ligated for 2 h at room temperature in a 3:1 or 5:1 molar ratio with the

corresponding PCR products using 74 DNA ligase. The result is a pcDNA3.1 flag vector
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containing the target DNA at its multiple cloning site. After this step, the sample needed to be
heated up to 72 °C for 5 min to inactivate the ligase for further steps. This step is followed by
a cleaning step using the Qiagen PCR Purification Kit

4.1.5 Electric transformation

Electric transformation is a method used to transfer extracellular material, such as DNA, into
bacteria cells by applying high voltages. Therefore, 5 pl of ligation product and 45 pl of
Escherichia coli XL1 blue electrocompetent bacteria cells were mixed in an electroporation
cuvette and high voltages were applied. This results in the vector passing through the bacteria
membrane (Neumann et al., 1982). After this step, bacteria containing the vector needed to
recover from the electroporation. Therefore, they were transferred from the cuvette to 1 ml

SOC media and gently shaken at 37 °C for 1 h.
4.1.6 Plasmid amplification

In order to distinguish between E. coli XL1 blue bacteria cells containing the vector with the
desired DNA and those which do not, 100 pl of bacteria grown in 1 ml SOC media were
transferred to a 10 cm LB media agar plate containing ampicillin. Agar plates were incubated
at 37 °C for 12 h. The pcDNA3.1 flag vector contains an ampicillin-resistant gene on its
multiple cloning site. As a consequence, only colonies containing the transferred plasmid can
grow. For the next step, a single colony was picked from the agar plate using a pipette tip.
This colony containing the vector with the desired gene was amplified by incubation in a 50
ml Falcon tube containing 5 ml LB media and 5 pl ampicillin, and gently shaken for 12 h at

37 °C.
4.1.7 DNA extraction of plasmids

DNA was extracted from the 5 ml bacteria culture, according to the protocol of the Qiagen
Mini-Prep Kit. Before extracting the DNA, a glycerol backup stock was prepared from the
culture by using 750 pl grown cultures and 750 pl sterile glycerol, which was then frozen at -
80 °C. Following plasmid isolation, the DNA concentration was measured by detection of the
absorbance at 260 nm using a Thermo Scientific nanodrop, making sure that the absorbance at
A260/280 lies at~ 1.8, which is accepted as pure for DNA. The DNA was also loaded on
agarose gel to control the purity of the band after running a gel electrophoresis. The DNA

extracted was sent for sequencing to verify the DNA sequence accuracy.
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4.1.8 MIDI preparation of plasmids

A number of 100 ml cultures containing LB media and ampicillin were inoculated from
glycerol stocks to obtain more DNA suitable for the transfection of mammalian cell lines. The

DNA was extracted according to the protocol of the Nucleobond Xtra Midi/Maxi Kit.

4.2 Cell culture

HeLa cells and Cos-7 cells were grown at 37 °C and 5 % CO, in DMEM 1 % glucose and 1
% pyruvat media supplemented with 10 % fetal calf serum and 1 % penicillin/streptomycin
(DMEM*™*). Cos-7 cells are fibroblast-like green monkey kidney cells and are transformed
with SV40. They are well-known for an efficient transient transfection. HeLa cells are uterus-
derived human tumour cells and are used to verify results in a human cell system. Both cell

lines were treated in the same way in the following steps.
4.2.1 Seeding of cells

After two days of culturing, the DMEM media was discarded and the cells were washed with
PBS without calcium and magnesium (PBS™). An amount of 3 ml PBS™~ containing 10 %
Trypsin was added to the cells and incubated at 37 °C for 5 min. After all the cells were
detached, 9 ml DMEM*"* was added to the cells to neutralize the Trypsin and to wash the
cells from the dish. The cells were collected in a 50 ml Falcon tube now containing cells,
Trypsin and media. The tube was centrifuged at 1200 rpm for 5 min (Heraeus instruments
Function line Labofuge 400 P, Thermo Fisher Scientific). The cell pellet was resuspended in
fresh DMEM** media. The cells were counted in an automatic cell counter by using 10 pl of
resuspended cells and 10 pl of trypan blue (Bio-Rad Laboratories). The Cos-7 cells (1 x 10°)

or HeLa cells (1 x 10°) were seeded into a new T75 flask for transient transfection.
4.2.2 Transient transfection of cells

Transient transfection of cells is a method by which foreign plasmids containing the desired
DNA are delivered into cells with the aim of studying its effects on defined aspects. The
transfection is not steady, which means the DNA is not integrated into the genome, but
usually remains long enough in the cell to receive various copies of the DNA, protein

synthesis and related biological responses (Graham and van der Eb, 1973). A variety of
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methods, such as viral transfection, calcium phosphate, liposome fusion, polycations,
electroporation, microinjection and protoplast fusion, are known for transient transfection.
The transfection was performed according to a combination of the polycations and liposome
fusion methods which leads to cationic lipids surrounding the DNA being delivered into the
cell (Felgner et al., 1987). TurboFect Transfection Reagent derived by Thermo Scientific is a
lipid-based cationic polymer known for forming positively-charged complexes with the
plasmid containing the DNA desired. This complex interferes with the negatively-charged cell
membrane and is taken up by the cell using endocytosis. Two main benefits, the high

transfection efficiency and the low cytotoxicity, recommend the use of this reagent.

4.2.3 Transfection to 10 cm dish

Cells were transfected by using the Thermo Scientific TurboFect Transfection Reagent. The
cells (1.3 x 10°) were seeded 16 h before transfection onto a 10 cm dish containing 10 ml of
DMEM**media. The next day, 5 ug of DNA, 1 ml of DMEM without fetal calf serum and
antibiotics (DMEM™"), and 10 pl of TurboFect Transfection Reagent were mixed and briefly
vortexed. After an incubation time of 20 min, the mixture was added directly to the cells. The
dish was gently rocked to achieve an even distribution of the mixture. Six hours after
incubation, the media was changed to fresh DMEM** media. The incubation cells were
harvested 48 h afterwards, and used for further analysis. The same protocol was used for the

transfection of 6-well and 96-well plates using the following concentrations.

4.2.4 Transfection of 6-well plates

The cells (1 x 10°) were seeded in 1 ml DMEM medium containing 10 % fetal calf serum and
1 % Penicillin/Streptomycin using 1 pg DNA with 200 ul DMEM media without fetal calf

serum and antibiotics and 2 pl TurboFect.

4.2.5 Transfection of 96-well plates

Two thousand cells were seeded in 200 pl of DMEM media containing 10 % fetal calf serum
and 1 % Penicillin/Streptomycin using 0.2 pg DNA with 20 pl DMEM media without fetal

calf serum and antibiotics and 0.4 pl TurboFect.
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4.3 Protein analysis

4.3.1 Preparing samples for SDS-PAGE and immunoblot

Transfected cells on a 10 cm dish were washed with PBS ™/~

and then lysed directly by using
250 pl of lysis buffer (fish buffer) containing 50 mM Tris-HCL, 100 mM NaCl, 2 mM
MgCl2, 1 % Igepal CA-630, 10 % Glycerol, 20 mM beta-glycerolphosphat, 1 mM Ortho-
Na3VO4 and 1 EDTA-free inhibitor tablet. Cell lysates were collected in 1.5 ml tubes and
centrifuged at 14,000 rpm for 2 min. The supernatant was taken and the protein concentration
was determined using the Bradford Assay. For the Bradford assay, 2 pl of sample were mixed
with 500 pl of Bradford Solution. Protein concentration was determined by measuring the
adsorption of this mixture between 465 nm and 595 nm. The adsorption at 595 nm should lie
between 0.2 and 0.8 to enable the linear measurement. The samples were all adjusted to the

same concentration of protein by using this method and the dilution with ddH,O and 5x

Laemmli buffer.
4.3.2 SDS-PAGE

The SDS-PAGE is a polyacrylamid gel electrophoresis used to separate the loaded samples,
including proteins, concerning their molecular weight. Before being loaded onto the SDS-
PAGE, samples are mixed with 5x Laemmli buffer and heated up to 95 °C for 5 min with the
aim of denaturing the proteins contained. Laemmli buffer consists of Beta-mercaptoethanol,
which breaks disulphide bonds, and SDS, which breaks hydrogen bonds, binds to amino acids
and causes a negative charged protein able to run through the gel from the anode to the
cathode (Laemmli, 1970). Depending on the molecular weight, larger proteins run slower and
smaller proteins run faster through the gel. In addition, the running speed depends on the
charge given by amino acids in the protein. The acryl amide concentration of the gels was
adjusted depending on the molecular weight of the samples. The gel usually runs at 80 V for 2

h and is stacked in a specific cassette including a 1x lower and 1x upper reservoir buffer.
4.3.3 Immunoblotting

Immunoblotting is a sensitive method for protein detection. Proteins are transferred (blotted)
from an SDS-PAGE onto a nitrocellulose membrane (Towbin et al., 1979). Transfer of
proteins from an acrylamide gel to a membrane immobilizes proteins in a specific position

corresponding to their prior position in the acrylamide gel. Immunoblotting was performed at
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a voltage of 100 V for 60 min. Visualization of proteins on the membrane is carried out by
using a specific antibody. Therefore, the membrane needs to be blocked with 5 ml of milk for
60 min and then incubated with a primary antibody, according to the manufacturer’s
instructions. Following incubation with primary antibody, the membranes were washed three
times for 10 min with 10 ml TBST 1x. This procedure was repeated for the secondary
antibody, followed by an additional washing step of 10 ml TBS 1x for 10 min at the end. Each
washing and incubation step was performed with a shaker to achieve an even distribution of
the sample. The secondary antibody and, subsequently, the target protein were visualized by

using 1 ml ECL based chemiluminescence under a photochemical camera

4.4 Proliferation assay

4.4.1 MTT assay

The MTT assay is a method to measure cell viability, proliferation and cytotoxicity. It is
based on the bioreduction of the salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide to formazan (Mosmann, 1983). This reaction is carried out by dehydrogenases using
NADPH or NADH. The amount of formazan is measured by the absorbance at 560 nm and is

a direct indicator of mitochondrial activity and the amount of living cells.
4.4.2 Procedure for the MTT assay

An amount of 40 pl of PromegaCellTiter 96 One Solution Reagent was added to cells grown
and transfected in triplicate on 96-well plates. The excitation wavelength was measured at 560
nm using the TECAN infinite M 200 microplate reader and the TECAN I control software
immediately after adding the solution. After this step, cells were incubated at 37 °C and 5 %
CO;, for 20 min. The measurements were repeated three more times with 20 min of incubation
in between for each step. The first measurement immediately after 0 min was subtracted from

each of the following three measurements.
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4.5 Fluorescence-activated cell sorting (FACS)

4.5.1 FACS analysis

Fluorescence activated cell sorters were first established by Fulwyler (Fulwyler, 1965). The
method is based on the idea of sorting a certain amount of cells concerning their content of
DNA or RNA, cell volume, cell surface antigens or enzymatic activity. There are several
more parameters that can be investigated. Single cells are entered into the machine before
passing a laser signal. This laser measures the fluorescence intensity of single cells related to
the aim of study. Therefore, cells need to be pretreated with a fluorophore attached to an
antibody or chemical, aiming a structure in or on the cell. After measuring the fluorescence
intensity, cells can be sorted by added charges, depending on the outcome of the intensity

measured.
4.5.2 Nikoletti assay

The Nikoletti assay is a commonly used method for analysing the distribution of the cells in
different cell cycle phases. The DNA of the cells is stained by propidium-iodide, which works
as a fluorophore and can be read out by the FACS. Each cell contains a specific amount of
stained DNA depending on the current cell cycle phase, which makes it possible to
distinguish between Sub-G1 (Apoptosis or Necrosis), GO/G1 phase, S phase, G2/M phase and

multinucleate cells (Nicoletti et al., 1991).
4.5.3 Procedure for the Nikoletti assay

The cells were grown and transfected on 6-well plates. Media was collected in a FACS tube.
The cells were washed with 1 ml PBS™~ (also collected). They were detached with 500 pl
trypsine and resuspended in 1 ml DMEM** (also collected). The FACS tube was centrifuged
at 1000 rpm at 4 °C for 8 min. The supernatant was discarded and the cells were resuspended
in 1 ml PBS™". The cells were pelleted again by centrifugation (as previously) and the
supernatant was discarded. The cells were resuspended in 150 pl Nicoletti solution
(containing Triton X 100 and sodium-citrate for permeabilizing the cells and propidium-
iodide for staining their DNA) while vortexing and then incubated in a 4 °C cold room for 2

h. The FACS data was analysed using BD CellQuest Pro software.
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4.6 Caspase 3 assay

4.6.1 Caspase 3

Caspase 3 is a cell protease involved in the apoptosis of cells and the correct development of
organisms. Apoptosis is the programmed cell death and an important mechanism after cells
undergo certain fail functions through internal or external damage. After cell damage, caspase
3 is activated and, for example, cleaves specific proteins, such as laminin, which is important
for the internal cytoskeleton and the shape of the cell. Furthermore, it is important for
chromatin condensation and DNA fragmentation. Caspase 3 cleaves the protein’s C-terminal

of aspartate residues (Gurtu et al., 1997).
4.6.2 Procedure for the caspase 3 assay

The caspase 3 assay is based on the substrate DEVD, a short amino acid sequence (aspartate,
glutamate, valin, aspartate) which is linked to a fluorophore (AMC = 7-Amino-4-
methylcumarin) and is added to the sample of interest. Caspase 3 cleaves the DEVD substrate
and releases the fluorophore. The amount of fluorophore can be measured and is a direct
indicator of the activity of caspase 3 and apoptosis within the sample. The cells and their
media, 48 h post transfection on 10 cm dishes, were collected in a 50 ml Falcon tube. The
cells were resuspended and washed three times in 1 ml PBS™ and then lysed in 100 pl fish
buffer. The cell lysates were centrifuged at 4 °C for 10 min to aliquot the supernatant into an
extra tube and measure the protein concentration. An amount of 50 ug of the sample was
mixed with 50 pl fish buffer and then aliquoted on a 96-well plate in 150 pl reaction buffer
containing 50 mM HEPES pH 7.3, 100 mM NaCl, 10 % Sucrose, 0.1 % CHAPS, and,
additionally, shortly before the measurement, 10 mM DTT and 50 uM Ac-DEVD-AMC to
start the reaction. The fluorophore concentration of the DEVD cleaving activity then was read
out by the TECAN Infinite M 200 microplate reader using the TECAN I control software.
Analyses were carried out at 10 min intervals for a total of 3 h at 37 °C and an emission
wavelength of 442 nm. A measurement of a sample only containing fish buffer was subtracted
from the last measurement after 3h for each variant. The read-out for the DEVD cleaving
activity was performed by the laboratory for molecular radioonclogy (Prof. Dr. Reiner

Jénicke) of the Heinrich-Heine-University in Diisseldorf, Germany.
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4.7 Confocal laser scanning microscopy (CLSM)

4.7.1 CLSM analysis

The CLSM uses a specific microscope to visualize fluorescence signals emitted by cells or
tissue compartments (LSM510-Meta confocal microscope, Zeiss, Jena, Germany). The cells
were labelled with fluorescent antibodies, as described in the immunoblotting section of this
thesis. This fluorescence microscopy cannot provide a total observation of the whole cell at
one time, but provides a snapshot of one cell layer. Analysis of multiple layers of the cells
later allows reconstruction of the whole sample using a computer programme. The key idea of
this method is the confocal observation of the sample, which refers to the fact that the spot
observed on the sample is in focus together with the reflected light from this spot within the
light shade right before the detector simultaneously. Herewith, it is possible to reach a high
contrast by depressing spread out light from the object. The emitted or reflected light passes a
so-called pinhole with a specific diameter which is adjusted once at the beginning and should
not be changed throughout the experiment. Since normal light is not a sufficient animator for
fluorescence signals, the CLSM uses lasers of different wavelengths. Three different
wavelengths were used for the following experiment: 488 nm for the anti-flag antibody used
to visualize nucleolin or nucleophosmin variants, 633 nm for the endogenous localized
nucleolin antibody and 546 nm for Phalloidin to visualize the cytoskeleton of the cell. A
mounting solution was used for fixing cover-slips with transfected cells on an object glass.
Furthermore, the mounting solution contains a DAPI signal to visualize the cell nucleus of

transfected cells at a wavelength of 385 nm.
4.7.2 Procedure for the CLSM

The cells were seeded, cultured and transfected on 6-well plates containing one 18 mm cover-
slip per well. The medium was removed 48 h post transfection and the cover-slips were gently
washed with 1 ml PBS™". Then, 0.5 ml 4 % PFA was added to the cover-slip for the fixation
of the cells. After an incubation time of 20 min, PFA was removed and the cover-slips were
again gently washed by using 1 ml PBS*”*. An amount of 1 ml Triton X-100 was added to the
cover-slips for 5 min in order to break up the membrane of the cells. Cover-slips were again
washed with 1 ml PBS** and then blocked with 3 % BSA for 1 h at room temperature while
gently shaking the 6-well plates containing the cover-slips. The 3 % BSA was removed and,

in the next step, the cover-slips were incubated with the Phalloidin antibody diluted in 1 %
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BSA in a concentration of 1:200 for 2 h with a total volume of 300 pl per well and were
shaken gently. After the incubation time, the cover-slips were washed with PBS*'* twice for 5
min at room temperature while being shaken gently. The primary and secondary antibodies
were each incubated overnight in a total concentration of 0.7 ul in 300 pl 1 % BSA per well.
Two PBS** washing steps in between, each for 5 min were carried out while gently shaking
the 6-well plates. All antibodies were kept out of direct light by covering the samples with
aluminium foil as a protection against paling. Finally, the cover-slips were fixed upside-down
on an object glass using a drop of mounting solution also containing DAPI to stain the
nucleus of the cell. The slides prepared were kept for 12 h at room temperature following

storage for 12 h at 4°C.

4.8 Fluorescence microscopy

The fluorescence microscopy (Nikon TE2000 fluorescence microscope, Nikon Instruments
Europe BV, Amsterdam, The Netherlands) was used to verify the transfection efficiency of
cells using a fluorescence signal. It is based on the idea of animation of fluorophore-labelled
cells or cell compartments by emitted light of specific wavelengths. The light passes through a
specific filter to allow the emission of correct wavelengths and is reflected through the
objective onto the object; it is also called epifluorescence microscopy. The animated
fluorophore of the object then reflects specific wavelengths of light, which are filtered again
and detected. The fluorophore labelling is performed by specific antibodies, as described in
the immunoblotting section of this thesis. The fixation of the cells is performed as described
in the CLSM section. The main differences to CLSM are a lower contrast of the object

detected and a fluorophore animation by light and not by laser.

4.9 Statistical methods

The significance of the differences for the parametric data of the MTT assay and FACS
analysis, comparing the effects of the C-terminal variants and the GAR domain variants of
Ncl, were statistically analysed by comparing the measurements using a one-way analysis of
variance (ANOVA) together with a Bonferroni post hoc comparison test regarding the empty

vector control (pcDNA3.1flag). Since from literature it is well known that the nucleophosmin
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full-length protein overexpression has a dominant-positive effect on cell proliferation, the
significance of differences for experiments comparing the Npm full-length protein to the
empty vector control were statistically analysed by comparing the measurements using a one-
tailed, unpaired t-test (parametric data). The Npm variant (NpmHBD-RNABD) was compared
to the empty vector control using a one-tailed, unpaired t-test as well, since the hypothesis of
this thesis was, that Npm and Ncl variants do have dominant-negative effects on cells after
overexpression (parametric data). The same was done for the Caspase 3 assay. The
significance of differences was analysed using GraphPad Prism 5 (GraphPad Software Inc.
Version 5.04). The differences were considered significant at *: p < 0.05 (significant); **: p <

0.01 (significant); ***: p <0.001 (significant).
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5 Results

5.1 Generation of genetically engineered Npm and Ncl variants

The first step was the cloning of different nucleolin (Ncl) and nucleophosmin (Npm) variants.
Forward and reverse primers for the respective variants were designed, including a Bam HI
and Not I restriction site. Ncl and Npm variants were amplified from a DNA template using
the PCR. The PCR reaction products (5 pl) were analysed on a 1 % analytical agarose gel,
which shows 8 Ncl and 4 Npm variants with the correct bp length (Figure 2). The remaining
95 ul of the PCR reaction were separated in a 1 % preparative agarose gel. The respective
DNA bands, corresponding to those in Figure 2, were cut out of the gel, according to the

protocol of the Qiagen Gel Extraction Kit.
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Figure 2: PCR of Ncl and Nmp variants. The PCR results for the Ncl and Npm variants defined, including the
full-length proteins. An amount of 5 ul of the PCR reactions were loaded onto a 1% agarose gel. The variants

correspond to their specific molecular size in base pairs (bps), visualized by the DNA ladder.

Prepared PCR products and the pcDNA3.1flag vector were digested, by using the Bam HI and
Not [ restriction enzymes, ligated and transformed into E. coli XL1 blue electro-competent
bacteria. The bacteria were cultivated in an overnight culture (12 h) on a 10 cm LB agar plate,
containing ampicillin. The transformants obtained were cultured in a 5 ml LB media
containing 5 pl of ampicillin for 12 h. The plasmid DNA was prepared according to the
protocol of the Qiagen Mini-Prep Kit. The plasmids were sent for sequencing in order to

determine and verify those clones which contain the Ncl and Npm variants, respectively. The
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Ncl and Npm plasmids obtained are shown on an analytical 1 % agarose (Figure 3). For
receiving more material, these clones were cultured in 100 ml of LB media containing 100 pl
of ampicillin and the respective plasmids. Furthermore, they were prepared according to the
protocol of the NucleoBond Xtra Midi/Maxi Kit. These plasmids have been used for

eukaryotic transfection experiments.

Figure 3: The pcDNA3.1flag plasmid containing various Ncl and Npm variants. All generated and prepared
plasmids were loaded on a 1 % agarose gel. The domains are ligated into the pcDNA3.1flag vector
corresponding to their specific molecular size in bp, visualized by the DNA ladder shown on the left side. The

NpmRNABD domain is larger compared to the calculated molecular size expected.

5.2 Transfection of cells

The concentration and the purity of the plasmid DNA was measured for the transfection of
cells by using the Thermo Scientific nanodrop. The absorbance at A260/280 was, on average,
1.8, which is acceptable for pure plasmid DNA. The plasmids of the nucleolin and
nucleophosmin variants obtained were transfected into mammalian HeLa and Cos-7 cells.
Immunoblot experiments of cell lysates at different time points showed a high expression of
the variants after 48 h (Figure 4). Therefore, the expression time after transfection for the

analysis of all experiments was 48 h.
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Figure 4: Immunoblot example of Npm variant in Cos-7 cells. The expression for the Npmfl variant is higher
after 48 h compared to 24 h. kDa: Kilo-Dalton; pcDNA3.1flag: empty vector control; control: Cos-7 cells only

treated with transfection reagent Turbofect.

Transfected HeLa cells were stained with DAPI and anti-flag antibody to verify the efficiency
of the transfection method at 48 h. Three different spots at a 20-fold magnification were
observed using fluorescence microscopy and the relation between only DAPI-positive and
flag-positive cells was evaluated for each transfected nucleolin and nucleophosmin variant

(Figure 5).

NcIRRM14GAR NcIRRM12 NcIRRM34  NcIRRM4GAR NcIGAR

Figure 5: Example of the transfection efficiency in HeLa cells. HeLa cells 48 h post transfection. DAPI and

DAPI

anti-flag

anti-flag stained nucleolin variants at a 20-fold magnification under a fluorescence microscope. The white bar
indicates 100 um; DAPI: 4',6-Diamidin-2-phenylindol (stained nucleus of HeLa cells); anti-flag: stained

nucleolin variants in HeLa cells containing the flag-tag. Scale: 100 pm.

This was carried out twice in two independent experiments and two independent time points.
Table 1 in the appendix of this thesis summarises the percentages of the expression of the
nucleolin and nucleophosmin variants in transfected cells compared to non-transfected cells.

The control experiment was a transfection of the empty pcDNA3.1 flag vector, which showed
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no signal when using the anti-flag antibody (compare Figure 19). The transfection efficiency
for the nucleolin and nucleophosmin variants was between 33.0 and 49.1 % (Table 1, page
74). It was not possible to detect any signal for the NpmRNABD variant of nucleophosmin
(compare Figure 20). To give an example of the morphological appearance of Cos-7 and
HeLa cells in bright-field 48 h post transfection with Ncl and Npm variants, compare Figures
6 and 7. The density of the cells was reduced in the transfected cells of Ncl and Npm variants

compared to, for example, the mock and the Npmfl variant.

mock control

HMRNABD

e
cIRRM34
. s

Figure 6: Example of Cos-7 cells’ bright-field. Overexpression of Ncl and Npm variants in Cos-7 cells 48 h
post transfection. Cells were observed at 20-fold magnification under a fluorescence microscope in bright-field.
pcDNA3.1flag: empty vector control; control: Cos-7 cells only treated with transfection reagent Turbofect;
mock: untreated Cos-7 cells. Scale: 100 um.
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Figure 7: Example of HeLa cells’ bright-field. Overexpression of Ncl and Npm variants in HeLa cells 48 h
post transfection. Cells were observed at 20-fold magnification under a fluorescence microscope in bright-field.
pcDNA3.1flag: empty vector control; control: HeLa cells only treated with transfection reagent Turbofect;

mock: untreated HeLa cells. Scale: 100 pm.

5.3 Immunoblot analysis

After microscopic visualization, the expression of the Ncl and Npm variants was the next step
verified at the protein level via immunoblotting. Transfected HeLa cells on 10 cm dishes were
lysed 48 h post transfection using 250 pl fish buffer and the protein concentration of the
supernatant after centrifugation was measured using the Bradford Assay. The samples for
HeLa cells were diluted with ddH,O and 5x Laemmli buffer to a total 90 pl sample
containing 1.3 pg/ul protein. An amount of 10 ul sample of each nucleolin and
nucleophosmin variant was loaded onto an SDS-PAGE and visualized on the immunoblot
membrane by using primary and secondary antibodies against the flag-tagged variants, the
endogenous nucleolin and nucleophosmin in a dilution of 1/2000 (4 ml milk and 2 pl
antibody). The dilution for the primary antibody for a-tubulin was 1/2000 and 1/5000 (10 ml
milk and 2 pl antibody) for the secondary antibody. The variants NpmOD, NpmRNABD and
NcIGAR could not be visualized in HeLa cells by using the immunoblot method. The
NcIRRM12 showed only a very low expression. The other variants showed a very similar
expression in the intensity of their bands compared to the endogenous nucleolin and

nucleophosmin full-length proteins which were visualized from the same membrane, but
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incubated with the antibody for the endogenous nucleolin and nucleophosmin protein (Figure
8, far right lane). The endogenous a-tubulin protein was visualized on the same membrane to
verify the same amount of loading for each variant and to allow a comparison of the

expression level of different variants (Figure 8).
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Figure 8: Immunoblot of HeLa cells. Overexpression of Ncl and Npm variants in HeLa cells. Immunoblot of
nucleolin and nucleophosmin variants 48 h post transfection in HeLa cells was investigated. The variants are

visualized by using the anti-flag antibody. The far right lane shows the expression of endogenous nucleolin and
nucleophosmin in HeLa cells by using the specific antibodies. The lower panel shows the endogenous 0-tubulin

expression as a loading. The variants NpmOD, NpmRNABD and NclGAR could not be visualized in HeLa cells.
The variant NcIRRM12 only showed a very low expression. kDa: Kilo-Dalton; pcDNA3.1flag: empty vector

control; control: HeLa cells only treated with transfection reagent Turbofect; mock: untreated HeLa cells.

Since HeLa cells are human tumour cells, we additionally visualized nucleolin and
nucleophosmin variants in a second cell line, the monkey kidney derived Cos-7 cells. Here,
the same procedure was carried out as mentioned above for the HeLa cells. The first attempt
showed that the variants NpmOD, NpmRNABD and NcIGAR, similar to the results in HeLa
cells, were not expressed (Figure 9). The variants Npmfl and NcIRRM34 only showed a very
low expression, which was different from the expression in the HeLa cells. The endogenous
a-tubulin loading control expression showed a very weak band for the variant NclGAR.
NcIGAR was visualized here on a different membrane and added to the figure (Figure 9, far

right lane).
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Figure 9: Immunoblot Cos-7 cells first attempt. Overexpression of Ncl and Npm variants in Cos-7 cell.
Immunobloting of nucleolin and nucleophosmin variants 48 h post transfection in Cos-7 cells was performed in a

first attempt. The variants were visualized by using the anti-flag antibody. The lower panel shows the
endogenous O-tubulin expression as a loading control. The variants NpmOD, NpmRNABD and NclGAR could
not be visualized. The variants Npmfl and NcIRRM34 only showed a very low expression. The loading control
for the NclGAR variant only showed a very low intense 0O-tubulin band. Ncl GAR was expressed on a different

membrane (full figure in the appendix of this thesis) and added to the figure (far right lane, broken line). kDa:
Kilo-Dalton; pcDNA3.1flag: empty vector control.

The second attempt at trying to visualize the nucleolin and nucleophosmin variants on a
protein level in Cos-7 cells by using the immunoblot method showed missing bands for the
variants NpmRNABD and NcIGAR together with a very weak expression of the variant
NcIRRM4GAR. This time it was possible to visualize the variant NpmOD at a size of 130
kDa instead of the 13 kDa expected theoretically. This was the first and only time this domain
of the nucleophosmin protein was detected by using the immunoblot method. Furthermore,
the variant Npmfl showed a very weak band at 40 kDa and an unexpected stronger band at

slightly above 130 kDa (Figure 10).
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Figure 10: Immunoblot Cos-7 cells second attempt. Immunoblot of Ncl and Npm variants 48 h post
transfection in Cos-7 cells. The variants are visualized by using the anti-flag antibody. This time the variants
NpmRNABD and NclGAR are not being expressed. NcIRRM4GAR only shows a very weak signal. This was
the first time the variant NpmOD could be visualized at a size of 130 kDa as well as Npmfl, evidencing the

oligomerization of the protein. Npmfl, furthermore, was visualized by a weak band at 40 kDa. kDa: Kilo-Dalton.

Variants of Ncl and Npm were overexpressed in Cos-7 and HeLa cells to verify the effects on
the endogenous Ncl and Npm protein by using the immunoblot method. The endogenous
proteins were detected by using the anti-Ncl and anti-Npm antibody. The a-tubulin antibody
was used as a control for loading. It was not possible to detect any change in the expression of
the endogenous proteins by overexpressing Ncl or Npm variants. The flag-tagged variant

Npmfl was also detected by the anti-Npm antibody (Figure 11).
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Figure 11: Immunoblot of endogenous proteins in Cos-7 and HeLa cells. Immunoblot of endogenous Ncl
and Npm protein expression 48 h upon variant transfection in Cos-7 and HeLa cells. The endogenous proteins
are visualized by using the anti-Npm or anti-Ncl antibody. The anti-Npm antibody detects the endogenous Npm
protein as well as the flag-tagged full-length Npm protein shown on the far left and middle lane of both images.

The o-tubulin antibody was used as a control for loading; pcDNA3.1flag: empty vector control; control: Cos-7

and HeLa cells only treated with transfection reagent Turbofect; mock: untreated Cos-7 and HeLa cells.
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5.4 Proliferation assay

After analysing the expression of nucleolin and nucleophosmin variants in HeLa and Cos-7
cells, the next step was to investigate by using the MTT assay whether those overexpressed
variants have a dominant-negative effect on the proliferation and viability of the cells
mentioned. Variants for this experiment were used in respect of their clear expression
visualized in the immunoblot experiments mentioned above. The variants NpmOD and
NpmRNABD showed no correct or missing bands in the immunoblot and were, consequently,
not included in the following experiments. The variants NcIRRM12 and NcIGAR only
showed sufficient expression in Cos-7 cells in immunoblot analysis. It was not possible to
visualize those two variants in immunoblotting in HeLa cells, but it was under the
fluorescence microscope and in the confocal laser scanning microscopy (Figures 4 and 19),
therefore, they were included in the following experiment to give an impression of their effect
on cells. The transfected 96-well plates for each variant were incubated with 40 pl
PromegaCellTiter 96 One Solution Reagent per well 48 h post transfection. The ongoing
bioreduction of this reagent to formazan within the cells was measured by the absorbance at
560 nm and was a direct indicator for the number of living cells, their proliferation and
mitochondrial activity. The absorbance for each variant after 60 min in percentage was set in
relation to the pcDNA3.1flag empty vector control also transfected. This control was set here
to 100 %. HeLa cells reaction (blue bars) to transfected variants was stronger compared to the
reaction of Cos-7 cells (red bars). Since it was not possible to visualize the variants NpmOD
and NpmRNABD on the immunoblot level correctly, the first experiment (Figure 12) showed
the effects of the nucleophosmin full-length and the variant NpmHBD-RNABD compared to
the empty vector control in HeLa and Cos-7 cells. Since one of the groups investigated is a
full-length protein (Npmfl) and the other is only a part of that protein (NpmHBD-RNABD),
those independent groups were statistically compared to the empty vector control
(pcDNA3.1flag) by using a one-tailed, unpaired t-test (compare chapter methods: statistical
methods). The bar mock represented untreated cells here and was not included in the
calculation for the significance of differences. The overexpression of the nucleophosmin full-
length protein (Npmfl) had a positive, significant (p < 0.01) effect on the viability of HeLa
and a significant (p < 0.001) effect on Cos-7 cells compared to the empty vector control. The
variant NpmHBD-RNABD showed a significant (p < 0.05) lower viability in Cos-7 cells and
a significant (p < 0.001) lower viability in HeLa cells 48 h post transfection.
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Figure 12: MTT assay of nucleophosmin variants. The graph shows means of percentages of viability in HeLa
(blue bars) and Cos-7 cells (red bars) 48 h post transfection compared to the empty vector control
(pcDNA3.1flag). The empty vector control was set to 100 %. Bars show means of three different experiments.
HeLa: HeLa cells; Cos 7: Cos-7 cells; pcDNA3.1flag: empty vector control; mock: untreated cells; Significance
of differences is represented by using a one-tailed, unpaired t-test compared to the empty vector control

(pcDNA3.1flag); *: p < 0.05 (significant); **: p < 0.01 (significant); ***: p <0.001 (significant).

The next step was to investigate the effect of the nucleolin C-terminal variants on the viability
of HeLa and Cos-7 cells. Since this experiment included more than one group which needed
to be compared to the control, a one-way ANOVA together with a Bonferroni post hoc
comparison test was used to compare all the means of the nucleolin variants in a statistical
system to the empty vector control (pcDNA3.1flag). The bar mock represented untreated cells
here and was not included in the calculation for the significance of differences. All the C-
terminal variants of nucleolin showed a significant (p < 0.001) decrease on the viability of
HeLa and Cos-7 cells, except for the variant NcIRRM4GAR in Cos-7 cells, which showed a
significant (p < 0.01) decrease on the viability and the variants NcIRRM12 and NcIRRM34 in

Cos-7 cells which were not significant (Figure 13).
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Figure 13: MTT assay of nucleolin C-terminal variants. The graph shows means of percentages of viability in
HeLa (blue bars) and Cos-7 cells (red bars) 48 h post transfection compared to the empty vector control
(pcDNA3.1flag). The empty vector control was set to 100 %. Bars show means of three different experiments.
HeLa: HeLa cells; Cos 7: Cos-7 cells; pcDNA3. 1flag: empty vector control; mock: untreated cells. Significance
of differences is represented by using a one-way analysis of variance (ANOVA) together with a Bonferroni post
hoc comparison test to the empty vector control (pcDNA3.1flag); **: p < 0.01 (significant); ***: p < 0.001

(significant); ns: not significant.

After analysing the effects of the different nucleolin C-terminal variants on the viability of
HeLa and Cos-7 cells, the next step was to repeat the one-way ANOVA with a Bonferroni
post hoc comparison test using the same data but this time only those variants including the
nucleolin GAR domain compared to the empty vector control (pcDNA3.1flag). The aim here
was to shed more light on the proliferation effects of the nucleolin GAR domain connected to
the other domains of the nucleolin C-terminus after overexpressing them in HeLa and Cos-7
cells (Figure 14). The bar mock here again represented untreated cells and was not included in
the calculation for the significance of differences. All the nucleolin C-terminal variants,
including the nucleolin GAR domain, showed a significant (p < 0.001) decrease in the
viability of HelLa and Cos-7 cells 48 h after overexpression, except for the variants

NcIRRM14GAR and NcIRRM4GAR in Cos-7 cells which had significant effects (p <0.01).
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Figure 14: MTT assay of nucleolin variants containing GAR. Graph shows means of percentages of viability
in HeLa (blue bars) and Cos-7 cells (red bars) 48 h post transfection compared to the empty vector control
(pcDNA3.1flag). The empty vector control was set to 100 %. Bars show means of three different experiments.
HeLa: HeLa cells; Cos 7: Cos-7 cells; pcDNA3. 1flag: empty vector control; mock: untreated cells. Significance
of differences are represented by using a one-way ANOVA together with a Bonferroni post hoc comparison test

to the empty vector control (pcDNA3.1flag); **: p <0.01 (significant); ***: p <0.001 (significant).

5.5 FACS analysis

Since the overexpressed nucleolin and nucleophosmin variants disclosed dominant-negative
effects on the viability of HeLa and Cos-7 cells using the MTT assay, it was the aim to verify
these effects by using another method. The 48 h post transfection cells of transfected 6-well
plates (one well for each variant) and their media were collected in a FACS tube. The whole
suspension was centrifuged at 1000 rpm at 4 °C for 8 min, the supernatant was discarded and
the cells were resuspended again in 1 ml PBS™". After another centrifuge step, the
supernatant was discarded and the cells were resuspended and incubated in 150 pl Nicoletti
assay reaction buffer for 2 h. The FACS read-out was then performed by using the BD
CellQuest Pro software. Here, the amount of Propidium-lodid attaching to the DNA of the
cells was a direct indicator of the amount of DNA within the cells and allowed one to
distinguish between different phases of the cell cycle. The graph shows the amount of SubG1
cells in percentage for each variant transfected in HeLa and Cos-7 cells. SubGl cells
represented apoptotic or necrotic cells in this case. The reaction of HeLa cells (blue bars) to

transfected variants was stronger compared to the reaction of Cos-7 cells (red bars).
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Represented in a similar way to Figure 12, the nucleophosmin full-length protein and the C-
terminal variant NpmHBD-RNABD were statistically compared to the empty vector control
(pcDNA3.1flag) by using a one-tailed, unpaired t-test. The bar mock here again represented
untreated cells and was not included in the calculation for the significance of differences.
After overexpression, the nucleophosmin full-length protein (Npmfl) showed a significant (p
< 0.05) decrease of SubGl1 cells in HeLa cells and a significant decrease (p < 0.01) in Cos-7
cells compared to the empty vector control. The variant NpmHBD-RNABD showed a
significant (p < 0.01) increase in the amount of SubG1 cells after overexpression in Cos-7

cells and did not show significant changes in HeLa cells (Figure 15).
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Figure 15: FACS analysis of nucleophosmin variants. The graph shows means of amounts of SubGl cells in
percentages in HeLa (blue bars) and Cos-7 cells (red bars) 48 h post transfection. Bars show means of five
different experiments for HeLa cells and four different experiments for Cos-7 cells. HeLa: HeLa cells; Cos 7:
Cos-7 cells; pcDNA3.1flag: empty vector control; mock: untreated cells. Significance of differences is
represented by using a one-tailed, unpaired t-test compared to the empty vector control (pcDNA3.1flag); *: p <
0.05 (significant); **: p < 0.01 (significant); ns: not significant.

The next experiment was to compare the variants of the nucleolin C-terminus to the empty
vector control. Similar to Figure 13, a one-way ANOVA together with a Bonferroni post hoc
comparison test was used to compare all the nucleolin variants in a statistical system to the
empty vector control (pcDNA3.1flag). The bar mock represented untreated cells here and was
not included in the calculation for the significance of differences. The results in Figure 16
show that none of the nucleolin C-terminal variants have significant effects on the amount of

SubGl1 cells 48 h post transfection in HeLa and Cos-7 cells, except for the variant NcIGAR in
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Cos-7 cells, which had a significant (p < 0.05) increase compared to the empty vector control

(pcDNA3.1flag).
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Figure 16: FACS analysis of nucleolin C-terminal variants. The graph shows means of amounts of SubGl
cells in percentages in HeLa (blue bars) and Cos-7 cells (red bars) 48 h post transfection. Bars show means of
five different experiments for HeLa cells and four different experiments for Cos-7 cells. HeLa: HeLa cells; Cos
7: Cos-7 cells; pcDNA3.1flag: empty vector control; mock, untreated cells. Significance of differences is
represented by using a one-way ANOVA together with a Bonferroni post hoc comparison test to the empty

vector control (pcDNA3.11lag); *: p < 0.05 (significant); ns: not significant.

In order to investigate the effect of the nucleolin C-terminal variants only containing the GAR
domain, similar to Figure 14, a one-way ANOVA together with a Bonferroni post hoc
comparison test was repeated, using the same data, to compare those nucleolin variants in a
statistical system to the empty vector control (pcDNA3.1flag). The bar mock represented
untreated cells here and was not included in the calculation for the significance of differences.
In this experiment, the variant NcIRRM14GAR showed no significant effects on the amount
of SubG1 cells in HeLa or Cos-7 cells. The SubGl cells were significantly (p < 0.05)
increased after overexpressing the variant NcIRRM4GAR in HeLa and Cos-7 cells.
Furthermore, the variant NcIGAR showed a significant (p < 0.05) increase of the SubG1 cells

after overexpressing this domain in Cos-7 cells, but not in HeLa cells (Figure 17).
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Figure 17: FACS analysis of nucleolin variants containing GAR. The graph shows means of amounts of
SubGl cells in percentages in HeLa (blue bars) and Cos -7 cells (red bars) 48 h post transfection. Bars show
means of five different experiments for HeLa cells and four different experiments for Cos-7 cells. HeLa: HeLa
cells; Cos 7: Cos-7 cells; pcDNA3.1flag: empty vector control; mock: untreated cells. Significance of differences
is represented by using a one-way ANOVA together with a Bonferroni post hoc comparison test to the empty

vector control (pcDNA3.11lag); *: p < 0.05 (significant); ns: not significant.

5.6 Caspase 3 assay

The caspase 3 assay was performed to verify if the effects measured in the FACS analysis are
caused by apoptosis. Therefore, cells and their media transfected on 10 cm dishes were
collected in a 50 ml Falcon tube. Further cells were resuspended and washed three times in 1
ml PBS™ and were then lysated in 100 pl fish buffer. The cleaving of the DEVD substrate
was measured as an indicator of the caspase 3 activity. Relative to the DEVD activity in Cos-
7 cells, nucleolin and nucleophosmin variants showed no significant differences compared to
the pcDNA3.1flag vector control, except for the nucleophosmin full-length protein (Npmfl)
compared to the empty vector control (pcDNA3.1flag) by using a one-tailed, unpaired t-test
(Figure 18). Using a one-way ANOV A together with a Bonferroni post hoc comparison test to
the empty vector control (pcDNA3.1flag), as in the previous experiments, this time showed
no significance of differences. HeLa cells only revealed a very low background signal for the

DEVD activity (data not shown).
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Figure 18: Caspase 3 assay in Cos-7 cells. The graph shows the DEVD activity in units/mg protein as an
indicator for the caspase 3 activity 48 h post transfection. Measurements show no significant differences of the
nucleolin and nucleophosmin variants in relation to the pcDNA3.1flag empty vector control, except for the
nucleophosmin full-length protein (Npmfl). Bars show means of three different experiments. Cos 7: Cos-7 cells;
pcDNA3.1flag: empty vector control; mock: untreated cells: Significance of differences is represented by using a
one-tailed, unpaired t-test compared to the empty vector control (pcDNA3.1flag); *: p < 0.05 (significant); ns:

not significant.

5.7 Confocal laser scanning microscopy

The CLSM in HeLa cells was performed to visualize the different nucleolin and
nucleophosmin variants in the cells and to find out whether their localization varies from the
full-length protein or not. The anti-flag antibody was used to visualize the flag-tagged variants
and was incubated overnight in a concentration of 0.7 pl of antibody with 300 ul 1 % BSA
per well and cover-slip. The first experiment aimed to study the localization of the nucleolin
variants in HeLa cells. The control transfection with the empty vector (pcDNAS3.1flag)
showed no signal by using the anti-flag antibody. The endogenous nucleolin here was
localized to the nucleus and nucleolus of HeLa cells. The variant NcIRRM14GAR was
located in the nucleus and the nucleolus and shows no differences compared to the
endogenous nucleolin protein. The variant NcIRRM12 was located in the nucleus, but not in
the nucleolus, a main difference compared to the endogenous nucleolin. The localization of
the variant NcIRRM34 was very different from these two previous findings, as it was found
all over the cytoplasm with a more intensive accumulation towards the nucleus, but no or an

only very low signal in the nucleus and a missing localization in the nucleolus. The variants
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NcIRRM4GAR and NclGAR showed a cytoplasmatic localization with no or only very low
accumulation in the nucleus and none in the nucleolus. In total, the overexpression of the
variants mentioned above had no effect on the localization of the endogenous nucleolin

protein, which was usually found in the nucleus and nucleolus (Figure 19).
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Figure 19: Confocal laser scanning microscopy (CLSM) of nucleolin variants. The images show variants of
the nucleolin C-terminus 48 h post transfection in HeLa cells. DAPI: 4',6-Diamidin-2-phenylindol (stained

nucleus of HeLa cells); anti-flag: stained nucleolin variants in HeLa cells containing the flag-tag; Phalloidin:
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stained cytoskeleton of HeLa cells; Endog.-Ncl: endogene nucleolin in HeLa cells visualized by using the

nucleolin antibody; merge: showing all four signals visualized superimposed over each other. Scale: 20 pm.

The second experiment was to visualize the nucleophosmin variants in HeLa cells. The
variant Npmfl, which included the nucleophosmin full-length protein, was located in the
nucleolus and also, with a less intense signal, in the nucleoplasm of HeLa cells. The variant
NpmOD disclosed localization all over the nucleoplasm and the nucleolus. The signal coming
from the nucleoplasm was here more intensive compared to the nucleophosmin full-length
protein. The NpmHBD-RNABD domain was located at the edge of the nucleus, but not in the
nucleolus. It was not possible to detect any signal for the variant NpmRNABD (Figure 20).
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Figure 20: CLSM of nucleophosmin variants. The images show variants of nucleophosmin 48 h post
transfection in HeLa cells. DAPI: 4',6-Diamidin-2-phenylindol (stained nucleus of HeLa cells); anti-flag: stained
nucleophosmin variants in HeLa cells containing the flag-tag; Phalloidin: stained cytoskeleton of HeLa cells;

merge: showing three signals visualized superimposed over each other. Scale: 20 pm.
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In this study, variants of nucleolin (Ncl) and nucleophosmin (Npm) were transfected in Cos-7
and HeLa cells to gain insights into their potential dominant-negative effects on proliferation.
The idea was to interfere with the function of the endogenous full-length proteins by
overexpressing individual domains or a combination of them. Amplification and cloning of
Ncl and Npm variants out of the respective DNA templates was successful, except for Nclfl,
NcIN-Term and NcIN-TermRRMI1 domains. The reason could be the Ncl template with a

different N-terminus.

6.1 Immunoblot analysis of the Ncl and Npm variants

Immunoblot analysis showed that nearly all variants were expressed and synthesized, except
for NpmRNABD. An interesting observation was the molecular weight of NpmOD at a size
of 130 kDa in the immunoblot analysis of Cos-7 cells (Figure 10), instead of the theoretical
molecular weight of 13 kDa. NpmOD is one of the most investigated domains and is
responsible for the pentameric formation of Npm (Prinos et al., 2011). It is striking that the
band observed in the NpmOD lane is slightly smaller than the overexpressed flag-tagged
Nmpfl protein (Figure 10, first lane on the left side). One could argue that the 130-kDa band
in the NpmOD lane may represent a complex of overexpressed NpmOD with the endogenous
Npmfl protein. as previously suggested (Bertwistle et al., 2004), with the difference that this
group used a more elongated variant consisting of OD and HBD. NpmRNABD could not be
visualized by immunoblotting or by CLSM. Thus, NpmOD and NpmRNABD were not

included in the proliferation experiments concerning HeLa and Cos-7 cells.

NcIRRM12 and NclGAR showed sufficient expression in Cos-7 cells in the immunoblot
analysis. Since they were, however, not sufficiently detected in HeLa cells on an immunoblot
level, but were in the CLSM (Figure 19), they were included in the proliferation experiments.
Previous studies have reported about difficulties in visualizing a 5-kDa-Myc-tagged GAR
domain of nucleolin in the immunoblot (Kim et al., 2005). Therefore, it is very possible that a
small sized, flag-tagged NclIGAR in this study is expressed in HeLa cells, but can simply not

be visualized in immunoblots.
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Necl variants lacking phosphorylation sites have been reported to physically associate with the
endogenous Ncl and to interfere with its cellular functions (Xiao et al., 2014). Therefore, we
have speculated that overexpressed Ncl and Npm variants may undergo interaction with the
endogenous Ncl and Npm in both HelLa and Cos-7 cells, and could then alter their expression
pattern, respectively. Data shown in Figure 11 revealed clearly that overexpressed variants of
Ncl and Npm affect the amounts of the endogenous Ncl and Npm for 48 h. It can, however,
not be excluded that the time point in these experiments was short and a later evaluation after

72 or 96 h may have some effects.

6.2 Npmfl and its effect on cell proliferation

As known from the literature, overexpression of Npmfl has a dominant-positive effect on the
proliferation of human leukaemia HL-60 cells after induction of apoptosis (Hsu and Yung,
2000, Li et al., 2007). Significant effects were found in this study in HeLa and Cos-7 cells
overexpressed with Npmfl. Data showed an increased viability in the MTT assay (Figure 12;
~ 35 % in Cos-7 and ~ 40 % in HeLa cells), a decreased amount of SubG1 cells based on the
FACS analysis (Figure 15; ~2 % in Cos 7 and ~ 7 % in HeLa cells) and a decreased amount
of DEVD activity in the caspase 3 assay (Figure 18; ~ 1200 units/mg protein). An empty-

vector control (pcDNA3.1flag) was used in these experiments.

6.3 NpmHBD-RNABD and its effect on cell proliferation

The NpmHBD-RNABD variant revealed a significantly dominant-negative effect on the
proliferation and viability. Both HeLa (~ 40 %) and Cos 7 (~ 20 %) cells showed a decreased
effect using the MTT assay (Figure 12) as well as an increase of SubG1 cells in the FACS
analysis (Figure 15; ~ 9 % in Cos-7 and 5 % in HeLa cells) compared to the empty-vector
control (pcDNA3.1flag). This effect contradicts the results of a TAT-mediated overexpression
of a Npm variant lacking the N-terminus (Zhou et al., 2008). Zhou et al. (2008) reported no
significant effects on the proliferation of preleukaemic stem cells Fancc-/- MEFs and WT
MEFs using the MTT assay. The difference here was the TAT-mediated overexpression,

which is a little HIV-1-associated domain responsible for transduction (Schwarze et al., 1999)
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and the fact that Zhou et al. (2008) used a Npm variant consisting of amino acid 186-294. The
NpmHBD-RNABD domain in this study consisted of amino acid 123-294 and included not
only the histone-, but also the RNA/DNA-binding domain of Npm. The main functions of
Npm are not only the binding to histones, but also the binding to RNA and DNA. It has
recently been postulated that the binding to rRNA chromatin by the histone-binding domain
depends on the binding of RNA by the RNA- and DNA-binding domain. Additionally, a
posttranslational modification, such as phosphorylation, on the IDR of these two domains
alters their interaction (Hisaoka et al., 2010, Hisaoka et al., 2014). Thus, the dominant-
negative effect of the domains (NpmHBD-RNABD) observed in this study may attributed to

their interdependent functions.

Since SubG1 cells in the FACS analysis could represent apoptotic and necrotic cells, the aim
of the caspase 3 assay was to shed more light on the effect of the overexpressed Npm variants
and to identify apoptotic cells. However, it was not possible to observe a significant increase
in the caspase 3 activity as a marker for apoptosis (Figure 18). The reason for this could be the
fact that the Cos-7 cells of the variants observed which died from overexpression did not
activated the caspase 3 pathway or the assay itself was not sensitive enough. The latter can be
underlined by a nearly missing signal for caspase 3 activity in HeLa cells after the
overexpression of variants (data not shown). Here another more sensitive method could have
been the caspase 3 antibody-referred method using a flow cytometric assay or the TUNEL
assay (Zhou et al., 2008). Murano et al. (2008) showed dominant-negative effects of a Npm
oligomerization domain on 2397cells and p53-/-MEFs using a variant consisting of the first
117 amino acids. At the same time, Zhou et al. (2008) revealed dominant-negative effects
after overexpressing the TAT-mediated first 174 amino acids in Fancc-/- MEFs and WT
MEFs. To the best of our knowledge, this is the first time evidence of proliferation and
viability inhibition through the overexpression of a Npm variant consisting of the histone-
together with RNA- and DNA-binding domain (amino acid 123-294) has arisen. Thus, we
suggest an important interdependent function of the Npm histone- together with the RNA-
and DNA-binding domain reached, for example, through IDRs, for an efficient cell

proliferation.
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6.4 The role of NcIGAR in cell proliferation

Since the full-length and the N-terminal variants of Ncl could not be cloned, data with the
more C-terminal regions of Ncl were obtained, including NcIRRM14GAR, NcIRRM12,
NcIRRM34, NcIRRM4GAR and NclGAR. The overexpression of these variants in HeLLa and
Cos-7 cells revealed a significantly dominant-negative effect on cell proliferation using the
MTT assay (Figure 13), except for NcIRRM12 and NcIRRM34 in Cos-7 cells. Our data
showed no significant differences between these variants, such that their effect was about 40
% in HeLa cells and 20 % in Cos-7 cells compared to each other and to the empty vector
control (pcDNA3.1flag). To verify the results mentioned, variants were additionally
overexpressed and analysed by using the FACS method (Figure 16), screening for SubGl
cells as tools to monitor apoptosis or necrosis. These experiments revealed no significant
differences, except for NcIGAR in Cos-7 cells. The reason here could be that nucleolin RNA-
binding domains are, on the one hand, important for rRNA-binding (Serin et al., 1997),
interaction with pre-rRNA (Ginisty et al., 2001) or chaperone function connected to rRNA
interaction (Allain et al., 2000). On the other hand, RNA-binding domains are redundant in
proliferating cells, where even the presence of a single RRM has been shown to be sufficient

for proliferation and survival of the cell in D740 chicken B lymphocytes (Storck et al., 2009).

In this study, using a statistical system comparing all these C-terminal domains to the empty-
vector control (pcDNA3.1flag) was not sufficient and disclosed no significance of differences.
Storck et al. (2009) reported redundant functions of RRM domains by overexpressing stable
transfected variants. However, the role of GAR still remained unclear here. In this study, an
additional focus was set on the role of GAR in proliferation and in the C-terminus of
nucleolin. Three variants, NcIRRM14GAR, NcIRRM4GAR and NclGAR were used in a
statistically system to observe significant effects on the proliferation in HeLa and Cos-7 cells
using the MTT assay and FACS analysis. The cell viability was reduced up to 40 % in HeLa
and 20 % in Cos-7 cells (Figure 14). In agreement with these findings, the FACS analysis
revealed a 7 % increase of SubGl cells in Cos-7 cells together with 13 % in HeLa cells
(Figure 17). The caspase 3 assay again showed no significant effects (Figure 18). For MTT
and FACS results, NcIGAR, if connected to the RRM4 domain, seems to be a potent inhibitor
of proliferation. Interestingly, the effects mentioned could not be observed in both cell lines
using NclIGAR alone or the complete C-terminus (NCIRRM14GAR) containing NLS, RRM1,
RRM2, RRM3, RRM4 and GAR. The single GAR domain itself here showed equal tendency,
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but the effect using RRM4GAR was stronger. RRM4GAR has been reported to be a potent
binding partner of the human telomerase reverse transcriptase subunit (W\TERT) which is a
catalytic subunit of the human telomerase. NcIRRM4GAR is critical for the localization of
hTERT to the nucleolus in Huh7 hepatoma-derived cancer cells (Khurts et al., 2004). As
suggested in Khurts et al. (2004), overexpression of NcIRRM4GAR physically binds and
sequestrates the telomerase to the cytoplasm. This effect is probably provided by the lack of
the NLS of the RRM4GAR, which, consequently, localizes to the cytoplasm (Figure 19).
Thus, this effect may be an explanation for dominant-negative effects of NcIRRM4GAR in
HeLa and Cos-7 cells as a consequence of its altered localization and function of telomerase
leading to a decrease cell proliferation. This conclusion is supported by recent data on
proliferation and differentiation of rat osteoporosis mesenchymal stem cells upon TERT
transfection (Li et al., 2015), a function that is most probably disturbed by overexpressing
RRMA4GAR, as shown in this study.

Nucleolins GAR domain is reported to be essential for an interaction with the human
replication protein A (RPA), leading to its inactivation upon cellular stress (Daniely and
Borowiec, 2000, Kim et al., 2005). Further, overexpression of myc-tagged NcIGAR led to a
Gl cell cycle arrest together with a decrease in S-phase cells in U2-OS cells (Kim et al.,
2005). Even if Kim et al. (2005) did not use a nucleolin variant consisting of RRM4 and
GAR, these findings may explain the dominant-negative effects of the variant RRM4GAR on
cell proliferation observed in this study. A reason for this effect may be the interaction of
GAR as well as RRM4GAR with RPA by reducing DNA replication and affecting cell
viability.

6.5 Subcellular localization of Ncl C-terminal variants

The overexpression of the C-terminal region of Ncl (NcIRRM14GAR) was shown to localize
to the nucleus and also nucleolus of HeLa cells in a very similar way to the endogenous Ncl
(Figure 19). These findings are consistent with the assumption that a nuclear translocation of
Necl is mediated by both its NLS and the properties of the RRM domains or the C-terminal
GAR domain in binding to nucleolar molecules, such as rRNA (Schmidt-Zachmann and Nigg,
1993). Interestingly, a chloramphenicol acetyltransferase (CAT)-tagged variant of
NcIRRM14GAR has been transfected to L929 mouse cells and was found to be located at the

57



6 Discussion

nucleolus in 50 % of the cells observed, but in 50 % of cases also at the cytoplasm (Creancier
et al., 1993). We conclude that an altered localization of NcIRRM14GAR was attributed to a
possible sensitive reaction to different phases of the cell cycle leading to an additional

cytoplasmatic distribution of the variant.

Interestingly, NcIRRM12 was located at the nucleoplasm of HeLa cells with no signals in the
cytoplasm and the nucleolus (Figure 19), which is due most probably to the presence of the
NLS sequence at the N-terminus of the RRM1 domain and the absence of the GAR domain

usually localizing to the nucleolus (Heine et al., 1993, Messmer and Dreyer, 1993).

We showed, however, that NcIRRM34 and NcIRRM4GAR, both with missing NLS sequence
were located at the cytoplasm with no or less signals in the nucleus and no signal in the
nucleolus (Figure 19) (Schmidt-Zachmann and Nigg, 1993, Khurts et al., 2004). Interestingly,
NcIRRM4GAR, containing an N-terminal NLS sequence, relocates to the nucleolus, pointing
to the essential combination of an NLS sequence together with one RRM and GAR domain
that are responsible for the nucleolar localization. A similar study has revealed a
nucleoplasmic localization of a Ncl variant, only consisting of a NLS sequence and the RRM4

domain (Creancier et al., 1993).

In this study, NclGAR, however, was located at the cytoplasm of HeLa cells with less signal
coming from the nucleoplasm (Figure 19). These results contradict a previous report that has
shown a nucleolar localization of NcIGAR when overexpressed in U2-OS cells (Kim et al.,
2005). The difference here was a GFP-tagged variant, which could have altered the
fluorescence signal compared to our study in which a flag-tagged variant was used.
Furthermore, Creancier et al. (1993) have reported on a CAT-tagged, NLS-containing GAR
domain that was located at the nucleoplasm when overexpressed in L929 mouse cells. Thus,
the exact localization of this single very C-terminal domain of Ncl appears to be dependent on

cell type use and remains to be clarified.

6.6 Subcellular localization of Npm variants

Consistent with several other studies (Spector et al., 1984, Chan et al., 1985, Zhou et al.,
2008), we also found Npmfl mainly in the nucleoli of HeLa cells with some weak signal in

the nucleoplasm (Figure 20).
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NpmOD was localized to the nucleoplasm, with a less intense signal also in the nucleoli
(Figure 20). These findings are similar to the results of a flag-tagged NpmOD overexpressed
in 2937 cells (Bertwistle et al., 2004). It is known from the literature that a variant consisting

of the first 174 amino acids, including OD and HBD, is mainly located at the nucleoplasm in
HEK?293 cells (Zhou et al., 2008).

By contrast, NpmHBD-RNABD, consisting of the histone- and RNA/DNA-binding domain,
was located at the nucleus, more precisely at its periphery (Figure 20). Consistent findings
were reported in 2937-cells, even if here the localization was described less precisely
(Bertwistle et al., 2004). Another similar study has shown nuclear and some nucleolar
localization of this variant (Korgaonkar et al., 2005). An explanation for the more nuclear
localization of NpmHBD-RNABD is the lack of the oligomerization domain, which seems

essential for a nucleolar localization of the Npm protein.
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Data obtained in this study underline the critical role of the C-terminal domains of Npm and
Necl regarding cell proliferation. Overexpression of these domains in cells appear to interfere
with the cellular functions of the endogenous Npm and Ncl proteins and the effects are

dominant-negative (Xiao et al., 2014).

The NpmHBD-RNABD domain most probably reveals dominant-negative effects on Npm
functions since it is not only important for the interactions with histones and nucleic acids, but
also for intramolecular interactions of the Npm protein (Hisaoka et al., 2010, Hisaoka et al.,
2014). It was not possible in this study to create all Npm variants. The complete assignment
of NpmHBD-RNABD in terms of cell proliferation in comparison to the full-length protein
was only possible by comparing those effects to reported effects known from literature
(Murano et al., 2008, Zhou et al.,, 2008). Accordingly, NpmOD and NpmHBD-RNABD
revealed similar effects on the cell proliferation. Such a dominant-negative effect of
NpmHBD-RNABD may stem from its subcellular localization, which was different from the
full-length protein and may, thus, sequester binding partners of the endogenous Npm protein

and, consequently, interfere with its functions including regulation of cell proliferation.

The nucleolin GAR domain is an interesting domain with many different interactions as
recently reported. Dominant overexpression models for functional analysis of nucleolin in
proliferation upon transient transfection have not been reported before, except for
phosphorylation deficient variants of Ncl (Xiao et al., 2014). Storck et al. (2009) reported a
more redundant function of nucleolins RRM domains, but did not describe the role of GAR in
cell proliferation. Localization studies of nucleolin deletion variants, containing GAR, or
GAR in combination with at least one RRM, showed that GAR is important for the nucleolar
localization of Ncl and most probably also for its function in the nucleolus (Creancier et al.,
1993). Creancier et al. (1993) did not report effects on cell proliferation after overexpression
of GAR or RRM domains. G1 cell cycle arrest was reported after overexpressing GAR (Kim
et al., 2005). Our data are in line with these findings and demonstrate that GAR alone or at
least overexpressed together with RRM4 affected cell proliferation most probably by
interfering with the functions of the endogenous nucleolin protein. Data obtained in this thesis
emphasise that GAR domain is an important domain within the C-terminus of Ncl and affects

Necl function more than single RRM domains. Thus, Ncl GAR is a key element in nucleolin,
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especially for its localization and involvement in cell proliferation. The GAR domain achieves
its effect alone as a single domain or at least in combination with one RRM (such as RRM4)
most probably due to its very specific protein-protein interactions (Hovanessian et al., 2000,
Khurts et al., 2004, Taha et al., 2014) and maybe also due to the unfolding of RNA secondary
structure (Ghisolfi et al., 1992a). For the latter, the binding specificity of the RRM domains
are required (Ghisolfi et al., 1992b). After trying to approach tumour cell growth by inhibition
of nucleolin or its GAR domain (C-terminal 63 amino acids) via small peptides (Krust et al.,
2011, Benedetti et al., 2015, Palmieri et al., 2015, Gilles et al., 2016), or inhibition of the
RNA binding domains (Palmieri et al., 2015, Soundararajan et al., 2009, Gilles et al., 2016)

we can conclude that an alternative, more exact aim would be the inhibition of RRM4GAR.

The transient transfection used in this study was not always intense enough concerning its
effects within the cell. Stably transfected subdomains could have shown stronger effects on
cell proliferation and probably also on the caspase 3 assay. In this way, further experiments

may underline how GAR and RRM4GAR interfere exactly with cell proliferation.

It was speculated that overexpressed variants may alter the expression of endogenous Npm
and Ncl proteins as analysed in immunoblots after 48 hours (Figure 11). It is possible that
these effects are more sensitive to stably transfected variants and not to transient transfection,
such as in this study. Furthermore, 72 or 96 h would have been a better time point for

measuring these effects in immunoblots.

One possible mechanism by which variants of both proteins undergo dominant negative
effects could be the p53 pathway, as recently reported for Ncl (Xiao et al., 2014) or the ARF
pathway for Npm as reported by (Bertwistle et al., 2004).

More work will be needed to understand the involvement of the regulatory mechanism of Ncl
and Npm in cell proliferation and their role as possible targets for an antiproliferative tumour

therapy.
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9 Appendix
MTT HeLa cells Npmfl NpmHBD-RNABD | pcDNA3.1flag mock
24841 10853 16557 30034
20713 10136 14567 27323
21136 9326 16027 27428

Data for Figure 12: MTT assay of nucleophosmin variants in HeLa cells.

MTT Cos-7 cells Npmfl NpmHBD-RNABD | pcDNA3.1flag mock
13852 9089 10790 19638
14532 8498 10896 19047
13417 10021 10786 18896

Data for Figure 12: MTT assay of nucleophosmin variants in Cos-7 cells.

MTT

HeLa

cells NclRRM14GAR | NcIRRM12 | NcIRRM34 | NcIRRM4GAR | NclGAR | pcDNA3.1flag | mock
9311 10490 10091 10159 10122 16557 30034
9503 10080 9830 8980 9833 14567 27323
8373 9758 7712 9775 10037 16027 27428

Data for Figure 13: MTT assay of nucleolin C-terminal variants in HeLa cells.

MTT

Cos-7

cells NclRRM14GAR | NcIRRM12 | NcIRRM34 | NcIRRM4GAR | NclGAR | pcDNA3.1flag | mock
8750 10353 10745 8954 9161 10790 19638
8992 10719 11169 9628 9285 10896 19047
9045 9933 11435 9196 8191 10786 18896

Data for Figure 13: MTT assay of nucleolin C-terminal variants in Cos-7 cells.

MTT HeLa

cells NclRRM14GAR | NcIRRM4GAR | NclGAR pcDNA3.1flag | mock
9311 10159 10122 16557 30034
9503 8980 9833 14567 27323
8373 9775 10037 16027 27428

Data for Figure 14: MTT assay of nucleolin variants containing GAR in HeLa cells.

MTT Cos-7

cells NclIRRM14GAR | NcIRRM4GAR | NclGAR pcDNA3.1flag | mock
8750 8954 9161 10790 19638
8992 9628 9285 10896 19047
9045 9196 8191 10786 18896

Data for Figure 14: MTT assay of nucleolin variants containing GAR in Cos-7 cells.
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FACS HelLa cells Npmfl NpmHBd-RNABd | pcDNA3.1flag mock
15.62 33.22 18.32 2.86
14.55 17.35 26.99 3.36
6.56 14.76 17.74 2.83
7.53 21.75 15.63 2.43
4.70 22.66 7.35 2.20

Data for Figure 15: FACS analysis of nucleophosmin variants in HeLa cells (SubG1 cells in %).

FACS Cos-7 cells Npmfl NpmHBD-RNABD | pcDNA3.1flag mock
1.32 15.68 3.64 3.72
1.57 6.22 3.95 1.71
1.49 14.79 2.44 1.52
1.93 10.14 3.82 1.05

Data for Figure 15: FACS analysis of nucleophosmin variants in Cos-7 cells (SubGl1 cells in %).

FACS

Cos-7

cells NcIRRM14GAR | NcIRRM12 | NcIRRM34 | NcIRRM4GAR | NclGAR | pcDNA3.1flag | mock
8.52 7.91 4.90 4.93 10.19 3.64 3.72
4.59 4.33 12.54 7.64 8.81 3.95 1.71
6.51 4.42 9.70 14.25 12.04 2.44 1.52
2.96 11.29 9.37 11.10 9.50 3.82 1.05

Data for Figure 16: FACS analysis of nucleolin C-terminal variants in Cos-7 cells (SubG1 cells in %).

FACS

HeLa

cells
NclRRM14GAR | NcIRRM12 | NcIRRM34 | NcIRRM4GAR | NclGAR | pcDNA3.1flag | mock
23.82 20.72 22.50 26.66 26.19 18.32 2.86
15.84 3.33 29.99 44.47 28.00 26.99 3.36
16.46 4.09 31.67 24.48 17.37 17.74 2.83
23.04 24.84 36.35 31.25 27.95 15.63 2.43
11.89 20.78 19.55 22.85 22.63 7.35 2.20

Data for Figure 16: FACS analysis of nucleolin C-terminal variants in HeLa cells (SubG1 cells in %).
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FACS HeLa

cells NclRRM14GAR | NcIRRM4GAR | NclGAR pcDNA3.1flag mock
23.82 26.66 26.19 18.32 2.86
15.84 44.47 28.00 26.99 3.36
16.46 24.48 17.37 17.74 2.83
23.04 31.25 27.95 15.63 243
11.89 22.85 22.63 7.35 2.20

Data for Figure 17: FACS analysis of nucleolin variants containing GAR in HeLa cells (SubG1 cells in %).

FACS Cos-7

cells NclRRM14GAR NclRRM4GAR NclGAR pcDNA3.1flag mock
8.52 4.93 10.19 3.64 3.72
4.59 7.64 8.81 3.95 1.71
6.51 14.25 12.04 2.44 1.52
2.96 11.10 9.50 3.82 1.05

Data for Figure 17: FACS analysis of nucleolin variants containing GAR in Cos-7 cells (SubG1 cells in %).

Cos-7 cells NcIRRM34 . Cos-7 cells NcIRRM4GAR -«

Cos-7 cells NcIGAR Cos-7 cells NpomHBD-RNABD

Cos-7 cells Npmfl

Example for original FACS Data in Cos-7 cells. The amount of SubGl1 cells is shown on the very left peak

of each figure. The figures belong to the percentages on page 71 marked in red (amount of SubG1 cells in
percentages, experiment 3).
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HelLa cells pcDNA3.1flag HelLa cells NcIRRM14GAR

.

Hela cells NcIRRM12 Hela cells NcIRRM34 HelLa cells NclIRRM4GAR

100

8 250113 Hela 8,005
§

Hela cells NclGAR Hela cells Npmfl HeLa cells NpomHBD-RNABD

Example for original FACS Data in HeLa cells. The amount of SubG1 cells is shown on the very left peak

of each figure. The figures belong to the percentages on page 71 marked in red (amount of SubG1 cells in
percentages, experiment 4).

Caspase 3 NpmHB
Cos-7 D- NcIRR NclRR
cells RNAB M14GA | NclRR | NcIRR | M4GA | NclGA | pcDNA
Npmfl D R M12 M34 R R 3.1flag | mock

1576 3484 3557 3927 3170 4305 3530 3417 1527
1766 3667 3599 4687 2238 1414 1670 3161 1239

3061 4332 5100 2881 3935 1712 1240 3698 1109
Data for Figure 18: Caspase 3 assay in Cos-7 cells
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Blot: anti-flag
- W .
a-tubulin

Blot with expression of NcIGAR domain for Figure 9

Npmfl NpmOD | NpmHB- | NpmRNABD | NcIRRM | NcIRRM | NcIRRM | NcIRRM | NclGAR
RNABD 14GAR 12 34 4GAR

Experiment1

Count a 47 % 37% 50 % 43 % 55% 39% 48 % 64 %
Count b 56 % 33% 64 % 52 % 46 % 26 % 56 % 54 %
Count ¢ 69 % 44 % 72% 25% 29% 35% 50 % 47 %
Experiment2

Count a 62 % 52% 34 % 27 % 47% 23%
Count b 35% 54 % 48 % 35% 52 % 20%
Count ¢ 26 % 42% 32% 39% 41% 29%
Total efficiency | 49.1% 44.5% 40.5% 33.0% 48.5% 39.5%

Table 1: Transfection efficiency of Ncl and Npm variants in HeLa cells (48 h post transfection).

Expression of the nucleolin and nucleophosmin variants in HeLa cells was calculated in percentages,

which means the presence of flag-tagged proteins visualized by an anti-flag antibody was set in relation to

non-transfected cells visualized by DAPI. The last column presents the total efficiency of the two different

experiments with three countings at a 20-fold magnification, respectively. It was not possible to detect any

anti-flag signal for the NpmRNABD variant. The second experiment for the NpmOD and NpmHB-

RNABD variants did not show sufficient fluorescence signals.
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