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Introduction

1. INTRODUCTION

In the present work | investigated the role of two closely related proteins Nkx5-1
and Nkx5-2 in neuronal apoptosis and differentiation. These two proteins show high
sequence conservation in several vertebrate species. It was postulated, that they play
overlapping roles in the inner ear and nervous system development. Nkx5-1 and
Nkx5-2 are expressed during inner ear development as well as during adult stages in
the mouse. In addition to the inner ear structures, they are also expressed in post-
mitotic neurons in several central and peripheral locations (Rinkwitz-Brandt et al.,
1995). Nkx5-1 knockout leads to severe defects of the vestibular apparatus of the
inner ear. However, singular Nkx5-1 gene knockout mice did not reveal any
obvious neuronal phenotype (Hadrys et al., 1998; Wang et al., 2001). Based on the
fact that double Nkx5-1/2 (also called Hmx2/3) knockout led to a severe postnatal
lethal phenotype, redundant functions for both Nkx5 genes were postulated (Wang et
al., 2004). In the double knockout mice defects in some hypothalamic functions were
documented, however, no neuronal loss was observed in the functionally affected
regions and the molecular basis of Nxk5 genes action remains unresolved (Wang et
al., 2004).

To investigate molecular mechanisms of Nkx5-1 and Nkx5-2 genes functions in
neuronal cells, PC12 rat pheochromocytoma cells (Green and Tischler, 1976) were
used as an experimental model. This cell line is a commonly used system for the
investigation of the neurogenesis and undergoes neuronal differentiation upon
treatment with nerve growth factor NGF (Green and Kaplan, 1995). Recently, it was
shown that BMP family members, BMP4 and BMP6, support NGF-mediated
neuronal differentiation of PC12 cells (Allthini et al., 2003; Lonnet et al., 2005). In
contrast to such coordinated action of BMP and NGF signalling, another BMP-
family member, BMP2, is able to stimulate neurite outgrowth in PC12 without NGF
(Iwasaki et al., 1996).

Interestingly, a multifunctional cellular regulator protein p53 was also recently
demonstrated to be another player within the NGF-differentiation pathway: p53
knockdown inhibited NGF-induced differentiation (Zang et al., 2006). The high
affinity NGF receptor TrkA was revealed as a direct target for p53-mediated

transcriptional regulation (Yhang et al., 2006). Depending on the cellular context p53
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may regulate TrkA either to induce cell cycle arrest and differentiation or apoptosis
(Zhang et al., 2006; Lavoie et al., 2005).

To study the potential role of Nkx5-1 in the adult neuronal structures | used Nkx5-
1 knockout mouse strain generated previously in our laboratory (Hadrys et al., 1998).

1.1. Nkx5-1 and Nkx5-2 genes

1.1.1. Nkx5-1 and Nkx5-2 functions in mouse development

The mouse Nkx5-1 and Nkx5-2 genes were first identified as homologs of the
Drosophila S59/NK1 gene (Kim and Nirenberg, 1989; Dohrmann et al., 1990).
Nkx5 homologous genes were identified in several species such as SpHmx in sea
urchin (Martinez and Davidson, 1997), GH6 and Soho in chicken (Stadler and
Solursh, 1994; Deitcher et al., 1994), H6 in human ( Wang et al., 1990; Stadler et al.,
1992), Nkx5-1 (Hmx1), Nkx5-2 (Hmx2), and Nkx5-3 (Hmx3) in mouse (Yoshiura et
al., 1998; Bober et al., 1994; Rinkwitz-Brandt et al., 1995; Mennerich et al., 1999).
Two different knockout mice were created to investigate the function of the Nkx5-1.
The Nkx5-1 knockout mice generated in our laboratory exhibited behavioural
abnormalities that resemble the typical hyperactivity and circling movements of the
shaker/waltzer type mutants. That effect correlated with several malformations of the
vestibular organ in Nkx5-1(-/-) mice. Nkx5-1(-/-) mice failed to develop the
semicircular canals (Hadrys et al., 1998). Nkx5-1 gene transcription is first activated
at embryonic day 8.5 (E8.5) in otic placode and exhibits dynamic changes of the
expression pattern during otic vesicle formationNkx5-1 is first expressed in the
rostral part of the otic placode and relocates during otic vesicle formation from the
originally medial domain to the dorsolateral wall (Rinkwitz-Brandt et al., 1996). This
later region gives rise to the vestibular apparatus of the inner ear (Li et al., 1978).
Nkx5-2 shows similar expression in the inner ear and neuronal structures. Expression
of this closely related gene was unchanged in Nkx5-1(-/-) mutants (Hadrys et al.,
1998). Second knockout was generated by Thomas Lufkins’ group. In this mouse
model Nkx5-1 gene has been named Hmx3. This knockout also displayed abnormal
circling behaviours. Comparison of the dissected labyrinths from Hmx3 wild-type,
heterozygote and null animals did not reveal any discernible differences in either the
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formation of the vestibular labyrinth or the cochlear duct (Wang et al., 1998). All of
the semicircular ducts were present and appeared normal in the Hmx3 null inner ears,
with the exception of the horizontal semicircular duct, which lacked both a horizontal
crista and the associated horizontal ampullary chamber (Wang et al., 1998).

Knockout for Nkx5-2 (Hmx2) displayed behavioural similarity to Nkx5-1
knockout mouse such as hyperactivity, head tilting and circling activity. No defect
was detected in central neuronal system. Lack of all three semicircular ducts as well
as altered expression profiles of specific developmental regulators such as Bmp-4,
DIx5 and Pax2 were observed (Wang et. al., 2001). The highly similar expression
patterns and close linkage on chromosome 7 suggested that Nkx5-1 and Nkx5-2 may
share downstream regulatory targets (Wang et. al., 2001). Nkx5-1 and Nkx5-2
double mutant mice showed more severe defects in the inner ear than those displayed
by either single knockout. In addition, abnormalities in the hypothalamic-
neuroendocrine system, never observed in either of the single mutant mouse,
confirmed the hypothesis that Nkx5-1/Hmx3 and Nkx5-2/Hmx2 also function
redundantly to control embryonic development of the central nervous system (Wang
et al., 2005).

1.1.2. Nkx5-1 and Nkx5-2 protein structure

Nkx5-1 and Nkx5-2 genes display nearly 85% identity within the homeobox. Thus,
the Nkx5-1 and Nkx5-2 genes encode proteins with very similar homeodomains. The
amino acid similarity within homeodomain is approximately 90% (Fig.1). This
sequence is also closely related to homeodomains previously identified for other Nkx
proteins and contains the conserved core motive responsible for binding to DNA
target sequences.

It was showed that Nkx5 proteins can recognize the identical genomic DNA
sequence CAATTAAGTG, but Nkx5-2 displayed weaker binding affinity to this
sequence than Nkx5-1. An additional, novel and unrelated high affinity binding
sequence could be identified for the Nkx5-2 protein (Mennerich et al., 1999).
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HMX-1 Nkx5-3

MPDELTEPGRATPARASSFLIENLLAAEAKGAGRSTQGDGVREEEEEDDDDPEDEDPEQARRRLORRRQQRAGSGPGGEARARALGLG
PRPPPGPGPPFALGCGGTTRWYPRVHGGYGGGLSPDTSDRDSPETGEEMGRAESAWPRCPGPGTVPREVTTQGPATGGEEAAELAEA
PAVAAAATGEARGGRRKKTRTVFSRSQVFQLESTFOLKRYLSSAERAGLAASLQLTETQVKIWFONRRNKWKRQLAAELEAASLSPPGA

HMX-2 Nkx5-2 89%

MGSKEDVGKGCPAAGGVSSFTIQSILGGGPSEAPREPAGWPARKRSLSVSSEEEEPEEGWKAPACFCPDPHGPKEPSPKHHTPIPFPCLGTP
KGSGGAGPAASERTPFLSPSHPDFKEEKERLLPAGSPSPGPERPRDGGAERQTGAAKKKTRTVFSRSQVYQLESTFDMKRYLSSSERACLA
SSLQLTETQVKTWFQNRRNKWKRQSAELEAANMAHASAQTLVGMPLVFRDSSLLRVPVPRSLAFPAPLYYPSSNLSALPLYNLYNKLDY

88%

HMX-3 Nkx5-1

MKSPVSLLLDERPAHKDGPTEASQCSCAHVTVGIPISFPLAGWSQSFPHMSLSFLGAL GFPLCKPPSELPLVLHSLRASAGGEMSLSRWVSKAS
PRGSSLKHTAEAPQTCTHSSKIAYTLVPNGAVRPLLAWSYSIPPSAPGIENLGKQPADQGHONAKVDFHTQGSGQRASPRPQGALEGAAGFALS
QVGDLAFPRFEIPAQRFALPAHYLERSPAWWYPYTLTPAGGHLPRPEASEKALLRDSSPASGTDRDSPEPLLKADPDHKELDSKSPDEIILEESD
SEEGKKEGEAVPGAAGTTVGATTATPGSEDWKAGAESPEKKPACRKKKTRTVFSRSQVFQLESTFDMKRYLSSSERAGLAASLHLTETQVKI
WFQNRRNKWKRQLAAELEAANLSHAAAQRIVRVPILYHENSAAEGAAAAAGAPVPVSQPLLTFPHPVYYSHPVVSSVPLLRPV

Fig. 1. Similarity in homeodomain within Nkx5/Hmx protein family.
Amino acid residues identical in all three proteins are marked in red, the conservative amino acid
exchanges in blue. Amino acid identical between Nkx5-1 and Nkx5-3 are marked in green.

1.2. PC12 cell line as a cell culture model to study gene interactions in neuronal

development

PC12 cell line was established from a spontaneous rat pheochromocytoma derived
from chromaffin cells of the suprarenal medulla (Greene LA, Tischler, 1978). PC12
cells have a potential to differentiate into sympathetic neurons in the presence of
NGF and/or BMP2 and have been used extensively to study the mechanisms of
neuronal differentiation. It was suggested that NGF and BMP signals are likely to
interact with further downstream targets at the transcriptional level during neuronal
differentiation of the PC12 cells (Althini et al., 2003). Below some of the best
investigated factors that play critical roles in neuronal differentiation of PC12 cells,

are shortly described.
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1.3. NGF and BMP2 play essential roles in neuronal development and

differentiation

During neuronal development differentiation and apoptosis are essential processes
taking place in the neuronal cells. These processes are regulated by a complex array
of molecular factors (Becker et al., 2003).

Members of the family of related growth factors, called neurotrophins, are required
for differentiation, survival, development, and death of specific populations of
neurons and also of non-neuronal cells: leukocytes, osteoblasts or fibroblasts. The
best known member of this family is Nerve Growth Factor (NGF), which plays
crucial roles in the differentiation and survival of neural cells. NGF has also been
shown to be a strong inducer of neuronal phenotype in PC12 cells. PC12 cells,
without exposure to NGF, are dependent on serum for survival, and withdrawal of
serum initiates apoptosis. After about 7-10 days of NGF treatment, PC12 cells
terminally differentiate into a neuronal phenotype, become dependent on NGF, and
undergo apoptosis after NGF withdrawal even in the presence of serum. The
hallmarks of neuronal differentiation of PC12 cells include inhibition of proliferation
and outgrowth of neurites (Greene and Tishler, 1976).

As NGF is a secretory molecule, its effects can be exerted only after binding to
specific receptors. Effects induced by NGF can be transmitted by high affinity TrkA,
TrkB and TrkC thyrosine kinase receptors and the low affinity p75 neurotropin
receptor (p75NTR) — all members of the TNF receptor superfamily. p75NTR acts as
a Trk co-receptor that increases neurotrophin binding affinity (Esposito et al., 2001).
TrkB signalling plays an important role in modulating the formation and
maintenance of NMDA and GABAA receptor clusters at central synapses, and thus
coordinately modulates these receptors as part of a mechanism that promotes the
balance between excitation and inhibition in developing circuits (Elmariah et al.,
2005). The expression of NGF and TrkA mRNA is regulated by interleukin (IL)-
1beta. NGF uses a canonical signalling cassette, and the Raf mitogen-activated
protein kinase (MEK) extracellular signal-regulated kinase (ERK) pathway to
promote distinct outcomes, including neuritogenesis, gene induction, and
proliferation. Pituitary adenylate cyclase-activating polypeptide (PACAP), a

neurotransmitter that also causes differentiation including neuronal outgrowth, uses
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the same canonical cassette as NGF but in a different way. The PACAP preferring
receptor (PAC1) activates adenylate cyclase (AC), an enzyme catalysing the
conversion of ATP to 3',5'-cyclic AMP (cCAMP) and pyrophosphate. Growing level
of CAMP activates protein kinase A (PKA), which in turn activates CBPCREB
binding protein leading to activation of Trasin, TH and other genes involved in
differentiation (Fig. 2). Neurotrophins and Trk receptors expressed in human
periodontal tissue may contribute to regeneration as well as innervation of
periodontal tissue through local autocrine and paracrine pathways. Recent data
suggest that some functions of neurotrophins and Trk receptors relate to periodontal

disease and periodontal tissue regeneration (Hidemi et al., 2003).

(NGF PACAR)
N M\
VeI :
L W2
églo J;lvlo,lalgfv

TrkA
Rg—q P R‘a‘p, 1— R cAi\fiP
ey / \___—PKA

B-Raf
MEK
ERK
I =5
ERK (CBPQ~7 PKA
1 H
H LP]
Neurites Transin, TH, Other genes

Fig. 2. Proposed model of NGF action in PC-12 cells (from Vaudry et al., 2002).
AC-adenylate cyclase;

ATF1-activating transcription factor 1; CBP- CREB binding protein; CREB; cAMP response element —binding protein;

ERK-extracellular signal regulated kinase; MEK-mitogen-activated protein kinase kinase

NGF-nerve growth factor; Pituitary adenylate cyclase-activating polypeptide (PACAP),

PAC1 -type 1 PACAP-preferring receptor; PKA- protein kinase A;

RSK-ribosomal S6 protein kinase; TH - tyrosine hydroxylase

BMP2 is another factor involved in neuronal differentiation. Even if NGF and

BMP2 are different in structure and mechanism of action, they play overlapping
functions during neuronal cells life. NGF and BMP2 were found to induce neuronal
differentiation (lwasaki et al., 1996). Upon treatment with BMP-2 or NGF changes in
the morphology of PC12 cells indicating neuronal differentiation were observed (Fig.
3). The most prominent change was the formation of neurite-like processes. The
process-inducing activity of BMP-2 was dose dependent and was maximal at a

concentration of 30 ng/ml — 50ng/ml (1 nm). Although the majority (more than 85%)
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of PC12 cells responded to BMP2 stimulation and started to extend processes within
the initial 1~2 days, branching and intermingling of the processes in BMP2 treated
PC12 cells were less conspicuous compared with those observed in NGF-treated
cells. Bone morphogenetic proteins (BMPs) were shown to potentiate NGF-induced
neuronal differentiation in PC12 pheo-chromocytoma cells grown on collagen under
low-serum conditions. The mechanism by which BMP induces neuronal differention
is relatively well studied (Iwasaki, et al., 1999). Employment of its inhibitor, Noggin,
greatly contributed to further resolvement of BMP specific functions. Noggin has
been described to be capable of binding bone morphogenetic proteins (BMPs) and
inhibiting BMP signalling by preventing the interactions of BMPs with their
receptors. BMP2 protein acts by its receptor (type I or Il receptor for TGF-B), which
recruits and phosphorylates several Smad transcription factors (Smadl, Smad5 or
Smad8), which then translocate into the nucleus to regulate gene expression
(Derynck et al., 1998). In contrast to NGF, BMP2 is able to induce neuronal
differentiation of PC12 cells by a signalling pathway that is independent of MAP
kinase or MEK cascade (Fig. 4). Activation of the TAK1-p38 kinase pathway is
necessary for BMP-2-induced neuronal differentiation of PC12 cells (lwasaki, et al.,
1999) which is inhibited by Smad6 and Smad7 (Yanagisawa et al., 2001). However,
the potential of BMP2 to induce differentiation of PC12 cells is relatively low. Much
stronger neuronal induction could be achieved, when BMP2 treatment was combined
with FGF even at subthreshold concentrations of FGF (Hayashi et al., 2001).
Furthermore, bFGF and activin A were found to induce PC12 cell differentiation
with moderate and low process formation, respectively. In contrast TGF-p1 and
inhibin A possess no inductor potential ( Fig. 3).

-13-
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Fig. 3. Induction of neurite outgrowth in PC12 cells treated with various
factors (from Iwasaki et al., 1996).

PC12 cells were treated with 20 ng/ml NGF, 30 ng/ml BMP-2, 10 ng/ml basic FGF,
10 ng/ml TGFB1, or 30 ng/ml activin A for the indicated periods of time. Bar, 50 pm.

Neuronal differentiation
FGFR-1 receptor

up regulating

— BMPRs —— BMP-2

Smad 1/5/8 TAB1-TAK1

degradation

Smad 4
MKK 3/6
~——=Smad 6/7
pT
p53
APAF1 ~—E Bax
l Bcl-2
Caspase

Fig. 4. Proposed model of BMP2 action in PC-12 cells (modified from Hayashi et al., 2003).
APAF-1 apoptotic protease-activating factor-1, BMP2 — Bone Morphogenic Protein 2, BMPRs —
BMP2 receptor, FGFR-1 receptor, MKK3/6-p38 mitogen-activated protein kinase, Smad
1/5/8/4/6/7 — proteins, TAB1transforming binding protein 1, TAK1 transforming activated kinase 1.
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1.4. Apoptosis as a key process in neuronal differentiation and development

Neuronal apoptosis plays an indispensable role in neurogenesis. Apoptosis is a
form of programmed cell death that occurs during development of the nervous
system. The importance of apoptosis during neuronal embryonic development was
demonstrated by genetic elimination of cell death. Knock outs of several apoptosis
specific genes lead to embryonic mortality or gross anatomical malformations (Buss
and Oppenheim, 2004). However, some of the apoptosis mutant animals develop
normally but show excess of neurons and glia in the nervous system. Supernumerary
neuronal progenitors may differentiate into functional neurons, however, such
neurons show often size reduction, fail to differentiate properly, and/or lack normal
connections with their targets. Changes in motor control and sensory processing are
generally not observed, except for during the most complex of behaviours (Buss and
Oppenheim, 2004). Examination of organisms where apoptotic genes have been
genetically eliminated revealed that programmed cell death might play an important
role in sculpting gross brain structure during early development of the neural tube. In
contrast to the well investigated role of apoptosis during early embryonic
development of the nervous system, the consequences of preventing neuronal cell
death at later developmental stages (e.g. during vertebrate synapse formation) are just

beginning to be understood (Buss and Oppenheim, 2004).

Apoptosis may also be responsible for neuronal death that occurs in neurological
disorders such as stroke, Alzheimer's, and Parkinson's diseases (Culmsee et al.,

2005). Here, cell loss via apoptosis is a key element causing neuronal degeneration.

1.5. P53 protein-mediated cell cycle arrest and apoptosis

The tumour suppressor protein p53 is a transcription factor that regulates the
response to cellular insults such as DNA damage and growth factor withdrawal.
Active p53 protein can induce cell cycle arrest to allow the cell to recover from
damage. Alternatively, p53 is also able to induce apoptosis, especially in case of
extensive or irreparable damage (Zhang et al., 2009). Transcriptional activity of p53
requires post-translational modification by phosphorylation and acetylation. P53
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production is rapidly increased in neurons in response to a range of insults including
DNA damage, oxidative stress, metabolic compromise and cellular calcium overload.
Target genes induced by p53 in neurons include the pro-apoptotic proteins Bax and
the BH3-only proteins PUMA and Noxa (Fig. 5). In addition, p53 may more directly
trigger apoptosis by acting at the level of mitochondria, a process that can occur in
synapses (synaptic apoptosis). Preclinical data suggest that agents that inhibit p53
may be effective therapeutics for several neurodegenerative conditions (Culmsee et
al., 2005).

Caspase
cascade and Apoptosis

L
L

BAX Cell cycle arrest

{ y

__I'.

> ©

Fig. 5. P53 signalling — critical P53 — regulated factors leading to apoptosis or cell cycle
arrest. (modified from Jian et al., 2003).

The role of p53 in neuronal apoptosis is still under debate and controversial data

exist on its function and necessity for neuronal apoptosis.

The role of p53 in apoptosis in PC12 cells is also still discussed. It was suggested
that p53 participates in the early phases of programmed cell death in PC12 cells
through caspase3 activation. Consequently, absence of functional p53 resulted in a
delay of apoptosis (\Vaghefi et al., 2004).
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Recent findings demonstrated that p53 plays a critical role in NGF-mediated
neuronal differentiation in PC12 cells at least in part via regulation of TrkA levels
(Zhang et al., 2006).

1.6. Aims of the project

The general purpose of this work was to investigate the role of Nkx5-1 and Nkx5-2
genes during the neuronal differentiation and their possible involvement in regulation
of apoptosis using PC12 cells as an experimental model. At first | focused on
examination of influence of Nkx5-1 and/or Nkx5-2 overexpression on neuronal
differentiation and apoptosis in PC12 cells under different growing conditions. The
next step was to identify pathway(s) involved in the induction of Nkx5-induced
apoptosis in PC12 cells and the regions of Nkx5 protein(s) responsible for the
apoptotic effect. For better understanding of the role of different factors in the
regulation of Nkx5-1 gene transcription, cell culture experiments using LacZ reporter
construct fused to the putative Nkx5-1 promoter sequences were performed. Finally,
apoptosis and expression of neuronal differentiation markers were investigated in
WT and Nkx5-1 knockout mouse embryos and adult animals to verify Nkx5-1

function in vivo.
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2. RESULTS

It was shown previously that Nkx5 genes influence morphogenesis of the inner ear
epithelium possibly by deregulation of cellular apoptosis (Merlo et al., 2002; Wang
et al., 2004; Bober et al., 2003). In addition to the inner ear, Nkx5 genes are also
expressed in specific neuronal structures (Rinkwitz et al., 1996). However, little is
known about the function of Nkx5 genes during neuronal development or
differentiation. In this work, PC12 cell culture system was used to investigate a
potential role of Nkx5 genes during neuronal differentiation. To investigate whether
the influence on apoptosis might be a general function of Nkx5 genes also in
neuronal cells, Nkx5-1 and Nkx5-2 genes were overexpressed in PC12 cells and the
cells were scored for apoptosis. Furthermore, the interrelationship between Nkx5-
dependent apoptosis and known regulators of the apoptotic pathway were
investigated using immunohistochemistry and RNA expression analysis. In the last
part of this work the activation of Nkx5-1 promoter was investigated in PC12 cells
using a plasmid containing Nkx5-1 promoter sequences and LacZ reporter gene.

2.1. Construction of the plasmids overexpressing Nkx5-1 and Nkx5-2 proteins

Nkx5 overexpressing plasmids were constructed using pCS2MTNLS (MalphaM)
expression vector. To overexpress Nkx5-1 protein an Nkx5-1 Smal-EcoRI 1.7 kb
cDNA fragment, encompassing the entire coding sequence, was cloned into BamHI
site of the pCS2MTNLS vector using blunt end ligation. For generation of the
Nkx5-2 overexpresing construct an Nkx5-2 Xbal-Smal 1.5 kb cDNA fragment was
cloned into the blunt-end filled EcoRI site of the vector. This fragment also
contained the entire protein coding information. Both constructions were fused in
frame to vector sequences containing sequences of 6 Myc-epitops and the nuclear
localization signal (NLS). The AUG start codon for translation was provided by the

vector (see Fig. 6).
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Fig. 6. Nkx5-1 and Nkx5-2 expression constructs.

Both constructs were based on pCS2MTNLS vector. This vector contains 6 copies of sequences

encoding the Myc epitope (LEQKLISEEDLN SEQ ID NO:8) and the NLS (nuclear localisation signal).
a) Nkx5-1 Smal-EcoRI fragment was subcloned into EcoRI —Xhol sites of pCS2NLS MT vector

using blunt-end ligation.

b) Nkx5-2 Xbal-Smal fragment was cloned into blunt-ended EcoRI site of the pCS2MT NLS

vector.
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2.2. Investigation of influence of Nkx5 genes on apoptosis in PC12 cells
2.2.1. Nkx5-1 but not Nkx5-2 induces apoptosis in PC12 cells

It was previously demonstrated that Nkx5 genes influence apoptosis during inner
ear development. To develop an in vitro model for investigation of apoptosis
pathway and examine the role of Nkx5-1 and Nkx5-2 in apoptosis and neuronal
differentiation, PC12 cells were used as a culture system. First, culture conditions
were optimized by testing different cell density, concentration of differentiation
inducing factors, and time of the cell culture. It is well known that NGF induces the
neuronal fate of pheochromocytoma derived PC12 cells (Green and Tischler, 1976).
In fact, addition of NGF induced neuronal differentiation (Fig. 7B, C). Similar
effects could be achieved by supplementing of the cell culture medium with BMP2
(Fig. 7F). The most efficient neuronal differentiation was achieved by addition of
BMP2 at a final concentration of 100ng/ml and NGF at a final concentration of
50ng/ml (Fig. 7B and F). The neuronal differentiation was confirmed by changes in
cell morphology (Fig. 7) and by expression of neuronal markers (not shown). These
estimated culture conditions were used as standard conditions in the following

experiments.

Fig. 7. Supplementation of the cell culture medium with NGF or BMP-2 induces neuronal differentiation.
PC12 cells were cultured under different growing conditions:

A,D — without any additional factor
B,C - with addition of NGF

E,F - with addition of BMP2
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To estimate the basal level of apoptosis PC12 cells were cultivated under the
standard conditions without DNA transfection and separately transfected with
PCS2MT plasmid. As shown in Fig. 8 no apoptosis could be observed using the
tunnel assay in untransfected cells (Fig. 8E-H). Similarly, transfection of PC12 cells
with pCS2 plasmid did not induce any apoptosis (Fig. 8A-D).

To investigate the influence of Nkx5 proteins on apoptosis Nkx5-1 and Nkx5-2
plasmids were overexpressed in PC12 cells and the cells were scored for apoptosis
two days after transfection. The presence of Nkx5 proteins encoded by the
transfected plasmids was confirmed using anti-Myc tag antibody  (Fig. 9B, F). The
transfected cells were stained using tunnel assay to visualize apoptotic cells and the
apoptosis induction was correlated to Nkx5-1 over-expression. In fact, almost all
Nkx5-1 expressing cells underwent apoptosis (Fig. 9A-D). In contrast, Nkx5-2
transfection did not induce apoptosis at all (Fig. 9E-H). Since it was postulated that
both Nkx5 genes play an overlapping role in neuronal development (Rinkwitz et. al.,
1996), it is puzzling that we discovered a specific apoptosis inducing function only
for Nkx5-1. Interestingly, Nkx5-1 has been reported as a potential target of BMP2
and BMP4 (Merlo et al., 2002). Since BMP proteins were already demonstrated to
regulate apoptosis and neuronal differentiation, we were interested whether Nkx5-1-
dependent induction of apoptosis might be modulated during neuronal
differentiation. In following experiments I set to estimate the involvement of Nkx5-1
in signalling pathways known to regulate apoptosis and neuronal differentiation of
PC12 cells.
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Fig. 8. Cells transfected with pCS2 vector and untransfected cells cultured under standard growing
conditions do not undergo apoptosis.

A, E - TUNEL staining to indicate apoptotic cells.

B, F - The presence of vector transfected cells was confirmed using anti Myc-tag antibody.

C, G- DAPI staining was performed to visualize all nuclei.

B, D - Myc-tag was detected in pPCS2MTNLS overexpressing cells.
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pCS2MTNLS Nkx 5-1 NLS CS2MTNLS Nkx 5-2 NLS

DAPI anti Myc Tag + Alexa 594 TUNEL

merge

Fig. 9. Nkx5-1 but not Nkx5-2 induces apoptosis in PC12 cells.

A, E - TUNEL staining.

B, F - The presence of Nkx5 proteins encoded by the transfected plasmids was confirmed using
anti Myc-tag antibody.

C, G - DAPI staining was performed to visualize all nuclei.

D - White arrows indicate TUNEL and Myc-tag positive cells.

H - No positive cells for TUNEL and Myc-tag were found in Nkx5-2 overexpressing cells.
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2.2.2. NGF does not prevent Nkx5-1 induced apoptosis

NGF induces neuronal differentiation in PC12 cells and has been reported to act as
a survival factor and to prevent apoptosis in these cells (Shimoke et al., 2001). To
investigate whether NGF can prevent Nkx5-1 induced apoptosis or whether this
apoptosis is an integral part of the differentiation program Nkx5 overexpression
experiments in PC12 cells were repeated in the presence of NGF. PC12 cells were
treated with 50 ng/ml NGF and transfected with Myc-tagged Nkx5-1 (Fig. 10A-D)
and Nkx5-2 (Fig. 10E-H) expression constructs. The cells were harvested 48h after
transfection and analysed for the presence of transfected proteins using anti Myc
antibody (Fig. 10B, F) and for apoptosis using TUNEL assay (Fig. 10C, G). The
nuclei were visualized by DAPI staining (Fig. 10A, E). D and H show cells positive
for transfection and apoptosis in merged images. The obtained results strongly
resemble those without NGF treatment: almost all Nkxb5-1 transfected cells
underwent apoptosis (arrows in Fig. 10D) while virtually no apoptosis was present in
Nkx5-2 transfected cells (Fig. 10G, H). Does Nkx5-1 specifically induce apoptosis in

cells undergoing NGF- dependent neuronal differentiation?
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pCS2MTNLS Nkx5-1 + NGF pCS2MTNLS Nkx5-2 + NGF

DAPI

anti Myc Tag + Alexa 594 |

TUNEL

Fig. 10. Nkx5-1 induces apoptosis in PC12 cells. NGF does not prevent Nkx5-1-induced
apoptosis.

Cells were transfected separately with each Nkx5 construct and treated with NGF in concentration of
50ng/ml. Transfected cells were identified using anti-Myc-tag antibody. Cells were stained using
TUNEL assay to visualize apoptotic cells. DAPI staining was performed to visualize nuclei.

A,E — Nuclei were visualized by DAPI staining

B,F — Transfected cells were confirmed using anti-Myc-tag antibody.

C,G — TUNEL assay was performed to visualize apoptotic cells.

D,H — Almost all cells overexpressing Nkx5-1 and treated with NGF undergo apoptosis ( arrows in D)
in contrast to Nkx5-2 transfected cells.
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2.2.3. BMP2 has no effect on Nkx5-1 induced apoptosis

In the further course of this work | wanted to investigate, whether Nkx5-1 induced
apoptosis might be regulated by BMP2. Such regulation was already suggested in

epithelial cells of the inner ear (Herbrand et al., man. in prep.).

PC12 cells were treated with BMP2 at the final concentration of 50 ng/ml and
transfected again with Nkx5-1 and Nkx5-2 constructs (Fig. 11). The transfected cells
were detected by an anti-Myc antibody staining (Fig. 11B, F). Apoptosis was
visualized by TUNEL staining (Fig. 11C, G). In confirmation with previous results
the majority of Nkx5-1 overexpresing cells underwent apoptosis (Fig. 11C, D).
However, apoptotic cells were also found in PC12 cells transfected with Nkx5-2
construct. Under a more detailed scrutiny, it became apparent, that many cells
undergoing apoptosis did not overexpress Nkx5-2 (arrows in Fig. 11H). Interestingly,
some apoptotic cells were also found after Nkx5-1 transfection without Nkx5-1
overexpression (arrows in Fig. 11D). Thus BMP2, similarly to NGF does not prevent
Nkx5-1-induced apoptosis. In addition, BMP2 is able to induce apoptosis in PC12

cells without Nkx5-1 or Nkx5-2 overexpression.
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Fig. 11. Influence of BMP2 on apoptosis in Nkx5-1 and Nkx5-2 transfected PC12 cells

A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc tag antibody.

C,G — TUNEL assay was performed to visualize apoptotic cells.

D,H — Merged pictures of anti-Myc and tunnel staing. Almost all cells overexpressing Nkx5-underwent apoptosis.
Some apoptotic cells did not overexpress Nkx5-1 (arrows in D).

The majority of apoptotic cells at the Nkx5-2 transfection did not overexpress Nkx5-2 arrows in H.
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2.2.4. PFT alpha blocks apoptosis induced by Nkx5-1 protein

P53 plays an important role in cell differentiation, proliferation and apoptosis in
PC12 cells (Zhang et al., 2006). We were interested whether Nkx5-1 induced
apoptosis requires p53 pathway. Therefore PFT alpha has been used to block p53
transcription. The cells were transfected as previously but in the presence of PFT
alpha at the concentration of 250 ng/ml. As a control untransfected cells were treated
with PFT alpha (data not shown). TUNEL assay and MycTag staining were
performed to visualize apoptotic and transfected cells (Fig. 12). No apoptosis was
observed in the control cells after PFT alpha treatment (not shown). Interestingly, no
apoptosis was detected by TUNEL assay after PFT alpha treatment of Nkx5-1
overexpressing cells (Fig. 12C). The successful inhibition of p53 was demonstrated
by the lack of p53 protein in transfected cells after PFT alpha treatment (Fig. 13C,
G). Without inhibitor, p53 could be easily detected in Nkx5-1 transfected cells using
immunocytochemistry as detected by p53 antibody while endogenous p53 level and
p53 expression in Nkx5-2 could not be detected (Fig. 15C, G; and results not shown).
These findings suggested that Nkx5-1 induced p53 dependent apoptosis and that the
induction of higher levels of p53 expression was essential for apoptosis induction in

Nkx5-1 overexpressing cells.
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Fig. 12. Cells overexpressing Nkx5-1 and Nkx 5-2 were treated with PFT alpha as described.
A, E — Nuclei were visualized by DAPI staining.

B, F — Transfected cells were confirmed using anti-Myc tag antibody.

C, G — TUNEL assay was performed to visualize apoptotic cells.

D, H — Cells overexpressing Nkx5-1 do not undergo apoptosis.
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pCS2MTNLS Nkx 5-1 + PFTalpha pCS2MTNLS Nkx 5-2 + PFTalpha
-
-

Fig. 13. PFT alpha blocks the activation of p53.

Cells were transfected with Nkx 5-1 and Nkx 5-2 expression constructs and cultivated in a medium with addition
of 250ng/ml PFT alpha for 2 days. After that antibody staining was performed.

No p53 expression was detected in Nkx5-1 and Nkx5-2 overexpressing cells.

A, E — Nuclei were visualized by DAPI staining.

B, F — Transfected cells were confirmed using anti-Myc Tag antibody.

C, G — Anti-p53 antibody assay was performed to visualize p53 level in the cells.

D, H — Merged images.

DAPI

anti Myc Tag + Alexa 594

anti p53 + Alexa 488

merge
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2.2.5. BMP2 is able to induce apoptosis and p53 expression independently of
Nkx5-1

As already demonstrated above (par. 2.2.3., page 25) BMP2 did not grossly affect
apoptosis induction by Nkx5-1 overexpression. However, BMP2 was able to induce
apoptosis in PC12 cells apparently without Nkx5-1 overexpression (see Fig. 11A-D,
page 26). The question arises to what extent the down-stream apoptotic pathways
activated independently by BMP2 and Nkx5-1 differ from each other. First, | wanted
to investigate whether both apoptosis inducers activate p53. To address this issue
Nkx5-1 and Nkx5-2 transfection experiments were performed in the presence of
BMP2 as already described in par. 2.2.3. (page 25). The cells were harvested 48h
after transfection and analysed for the presence of transfected proteins using the anti-
Myc-tag antibody (Fig. 14B, F) and for p53 expression using anti-p53 antibody (Fig.
14C, G). Our data show again that Nkx5-1 overexpression strongly enhanced p53
level, while no increase in p53 could be observed in Nkx5-2 transfected cells (Fig.
14, compare C with G). In addition, BMP-2 lead to induction of p53 also in
untransfected cells (white arrows in Fig. 15D pointing at cells positive only for p53
antibody). Such cells were also present in Nkx5-2 transfected cells (Fig. 14H,
arrows). These cells were also undergoing apoptosis as shown already in Fig. 12.
Therefore, BMP2 is able to induce p53 and apoptosis in PC12 cells without Nkx5-1
overexpression. However, interrelationship between endogenous BMP2, Nkx5-1, and
p53 proteins in PC12 cells cannot, of course, be excluded and requires further

investigation.
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Fig. 14. BMP-2 induced apoptosis by p53 independent of Nkx5-1 overexpression. Cells positive both for p53
and Nkx5-1 overexpresion were observed in the culture after treatment with BMP-2.

A, E — Nuclei were visualised by DAPI staining.

B, F — Transfected cells were confirmed using anti-Myc Tag antibody.

C, G — Anti-p53 antibody assay was performed to visualize p53 level in the cells.

D, H — Merged images (arrows point at the untransected cells positive for p53).

Arrow heads point at cells positive for Nkx5-1 and apoptosis.
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2.2.6. NGF does not interfere with p53 induction by Nkx5-1 overexpression

In the further course of this work the essential role of p53 activation for the Nkx5-1
induced apoptosis was confirmed in additional experiments. Since NGF did not
prevent Nkx5-1 mediated apoptosis, | wanted to investigate whether p53 activation
by Nkx5-1 overexpression does also take place in the presence of NGF. Fig. 15
demonstrates that despite the presence of high NGF concentration (100ng/ml) p53 is
still activated in Nkx5-1 transfected cells (Fig. 15D, double-stained cells for anti-
Myc and anti p53 antibodies are marked by arrows). However, a significant amount
of Nkx5-1 overexpressing cells did not activate p53 expression high enough to allow
immunohistochemical detection. Interestingly, treatment of Nkx5-1 transfected cells
with NGF and PFT alpha almost completely abolished apoptosis (Fig. 16B, C). This
experiment strongly suggests that p53 activation is required for Nkx5-1 induced
apoptosis, even if the level of p53 expression escapes immunohistochemical

detection.

To evaluate the importance of p53 activation in Nkx5-1 induced apoptosis more
exactly, additional transfection experiments were performed and quantitatively
analysed. The cells were transfected with Nkx5-1 overexpressing plasmid and treated
with NGF, BMP2, PFT, or combinations as described. Further, in some experiments
BMP2 signalling was inhibited by addition of noggin. The harvested cells were
stained using p53 specific antibody to visualize p53 expressing cells (green) and anti-
Myc tag antibody to detect positive cells for Nkx5-1 expression (red). Cells positive
for either Nkx5-1 or p53 expression, as well as cells positive for both proteins has
been counted on 5 different plates and on each plate 3 different areas were selected.

Results are presented in histogram (Fig. 17) and summarized in Table 1.

The quantitative data generally confirmed the previous observations: under NGF
treatment p53 expression is found essentially only in Nkx5-1 overexpressing cells,
although approximately only a half up to 2/3 of Nkx5-1 positive cells switch on the
p53 expression. After BMP2 treatment the majority of Nkx5-1 positive cells also

activate p53 expression but, in addition, almost the same number of cells activates
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p53 without Nkx5-1 overexpression. These particular cells are abolished after
addition of noggin, thus confirming that BMP2 activates p53 independent of
exogenous Nkx5-1. PFT alpha treatment generally leads to a substantial reduction of

p53 positive cells.
Similar experiments were performed using Nkx5-2 overexpressing plasmid for

transfections. As documented by quantitative data in Fig. 18 and Table 2, Nkx5-2

does not possess any potential for p53 activation.
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Fig. 15. NGF does not interfere with p53 inducion by Nkx5-1 overexpression.
A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc Tag antibody.

C,G — p53 was visualized by anti-P53 antibody apoptotic cells.

D,H — Merged images (arrows points at cells positive for MycTag and p53).
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Fig. 16. Combination of NGF and PFT alpha abolishes apoptosis induction by Nkx5-1.
A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc Tag antibody.

C,G — TUNEL assay was performed to visualize apoptotic cells.

D,H — Merged images.
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Cell number

257

Double stained cells

201

Cell positive
only for MycTag

151

101 Cells positive only for p53

antibody

NGF BMP-2 PFT BMP-2 NGF BMP-2

Nkx 5-1
NOG PFT  PFT
Fig. 17. Percent of cells positive for MycTag and p53 after pCS2MTNLS Nkx5-1 transfection.
Cells were counted under microscope. Three different fields were selected and counted on each plate of
five individual transfections.

cells labeled | cells labeled | cells labeled

Treatment double q+r green red

+NGF 15 1 19
+BMP2 1" 13 7
+PFT 2 3 18
+BMP2 NOG 15 2 7
+NGF PFT 1 0 23
+BMP2 PFT 1 9 19
+Nkx 5-2 9 2 17

Table 1. Average numbers of positive cells for Nkx5-1 (MycTag /red) and p53 (expression/green),
and for double-stained cells.

Cell number
35
-
301 Double stained cells
251
201 [ Cell positive
151 only for MycTag
1017 m Cells positive only for p53
54 antibody

NGF BMP2 PFT BMP-2 NGF BMP-2
NOG PFT  PFT %32

Fig. 18. Percent of cell positives for MycTag and p53 after pPCS2MTNLS Nkx5-2 transfection.
Cells were counted under microscope on 5 different plates.
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cells labeled | cells labeled | cells labeled

Treatment double q+r red

+NGF [/} o 3z
+BMP2 o " 25
+PFT o 1 34
+BMP2 NOG 0 0 32
+NGF PFT 0 2 21
+BMP2 PFT 0 & 23
+Nkx 5-1 0 1 25

Table 2. Average numbers of positive cells for Nkx5-2 (MycTag /red) and p53 (expression /
green), and for double-stained cells.

2.2.7. Gene expression analysis in PC12 cells under different growing conditions

To get more insight into the molecular changes induced by overexpresion of Nkx5
genes and to correlate our findings with endogenous apoptosis pathways, gene
expression was analysed by RT-PCR technique. RNA was isolated from PC12 cells
cultivated under different conditions and RT-PCR analysis was performed to
estimate expression of several genes involved in apoptosis (Fig. 19).

Interestingly, we observed an increased expression of the p53 gene as well as p53-
regulated genes (p21, APAF-1) after overexpression of Nkx5-1. No increase in p53
expression was detectable in cells overexpressing Nkx5-2 (Fig. 18). The increased
p53 expression was accompanied by activation of apoptosis specific genes such as
caspase Il and BAC-1. However, these genes were also expressed, albeit at the
somewhat lower levels in cells overexpressing Nkx5-2.

In addition to overepression of Nkx5 proteins, the PC12 cells were treated with
BMP-2 and NGF, BMP and p53 inhibitors, noggin and PFT, respectively. The
influence of these factors on expression of Nkx5 and apoptosis related genes were

examined by RT-PCR. Following conclusions could be drawn:
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Fig. 19. RT-PCR analysis of different cDNAs isolated from PC12 cultivated under different
conditions. Cells were treated for 2 days with NGF, BMP, NOGGIN, or transfected with Nkx5
overexpressing plasmids as indicated at the top of the figure. 25 cycles of RT-PCR were performed
to detect expression of genes indicated on the left.
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Nkx5-1 is activated by BMP-2 and NGF separately. However, combination of
these two factors strongly inhibits Nkx5-1 expression.

Inhibition of p53 activity by PFT alpha leads to Nkx5-1 down-regulation.
Combination of NGF, BMP-2 with PFT alpha also lowers Nkx5-1 expression as
compared to higher Nkx5-1 expression induced by NGF or BMP-2 alone.

Nkx5-2 expression is up-regulated by NGF. In contrast, BMP-2 treatment does not
activate Nkx5-2. Caspase Il is strongly induced in cells transfected by Nkx5-1

confirming the ongoing apoptosis in Nkx5-1 overexpressing cells.

2.3. Estimation of Nkx5-1 protein domains conferring the induction of apoptosis

In the next step, we wanted to examine which part of the Nkx5-1 protein possesses
the apoptosis-inducing activity. At the same time, we wanted to exclude that the lack
of such activity in the Nkx5-2 protein was simply due to any faults in the
experimental design or construction of Nkx5-2 overexpressing vector. Therefore,
swapping expression constructs were cloned as illustrated schematically in Fig. 20
and the hybrid molecules were tested for their potential to induce apoptosis. A
conserved Xhol restriction site, residing at the N-terminal part of the homeobox was
used to generate two separate fragments of each Nkx5 cDNA. The correct orientation
was confirmed by restriction analysis and sequencing (not shown). As shown in Fig.
21, construct overexpressing an Nkx5-1/2 hybrid molecule consisting of the Nkx5-1
N-terminus fused to the C-terminal part of Nx5-2, including the almost entire Nkx5-2
homeodomain (Fig. 20A), faithfully induced apoptosis, as it was the case for the full-
length wild-type Nkx5-1 protein. An analogous Nkx5-2/1 construct expressing the
N-terminus of Nkx5-2 joined to the Nkx5-1 C-terminus (Fig. 20B) did not show any
apoptosis induction (Fig. 21E,H). These experiments clearly demonstrate that the
non-conserved N-terminal domain of the Nkx5-1 protein harbours the apoptosis

inducing activity. Such domain is obviously lacking within the Nkx5-2 molecule.
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Fig. 20. Overexpression constructs for Nkx 5-1/ Nkx 5-2 — recombinant proteins.
Nkx5-1 specific fragments are marked by a yellow and Nkx5-2 specific sequences are indicated
by a blue colour.
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Fig. 21. Nkx 5-1/2 overexpression construct containing the N —terminus of Nkx5-1 protein induces
apoptosis in contrast to Nkx5-2/1 construct containing the Nkx5-2 N-terminus.

A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc Tag antibody.

C,G - Tunnel assay was performed to visualize apoptotic cells.

D,H - Merged images.
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2.3.1. N-terminus of Nkx5-1 protein is sufficient to induce apoptosis but lacks

p53-responsive elements

The results presented above (Fig. 21) clearly documented that sequences
responsible for apoptosis induction are located in the Nkx5-1 region upstream of
Xhol restriction site present within the homeobox (see Fig. 20A). These sequences
were searched for potential similarity to motives known to be responsible for
apoptotic effects in other genes using BLAST analysis. However, no similarities to
known apoptotic sequences were found. Thus, further experiments are necessary to

delineate the exact elements responsible for Nkx5-1-dependent apoptosis.

To investigate whether the Nkx5-1 N-terminus of the Nkx5-1/2 swapping construct
contains entire sequence information responsible for apoptotic activity, further
experiments were performed. First, apoptosis induction by overexpression of the
native Nkx5-1 protein in PC12 cells was not influenced by NGF. Similarly, addition
of NGF to the cell culture medium did not prevent apoptosis in the case when the
cells were transfected with Nkx5-1/2 construct (results not shown).

Interestingly, different behaviour of cells transfected with Nkx5-1/2 construct as
compared to wild-type Nkx5-1 transfection was observed after PFT alpha treatment.
In contrast to previous observations, PFT alpha did not block apoptosis induced by
Nkx5-1/2 protein. As shown in Fig.22A-D cells overexpressing Nkx5-1/2 construct
underwent apoptosis even in the presence of PFT alpha. This observation suggested
that apoptosis induced by Nkx5-1/2 hybrid protein was not p53-dependent.
Alternatively, combination of PFT alpha and the Nkx5-1/2 hybrid protein might be

toxic for the cells.

In next experiment BMP2 was added to the Nkx5-1/2 transfected cells. In this
experiment Nkx5-1/2 induced apoptosis was not influenced by BMP2 ( Fig. 22E-H).
BMP2 was also able to induce apoptosis in cells, which were not transfected by the
Nkx5-1/2 construct confirming the observation that BMP2-induced apoptosis did not
require overexpression of Nkx5-1 or the hybrid Nkx5-1/2 protein (Fig. 22 H,

arrows).
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Transfection of PC12 cells with the swapping domain construct containing the
Nkx5-2 N-terminus fused to the Nkx5-1 homeodomain, Nkx5-2/1 (Fig. 20B), did not
induce apoptosis in the presence of PFT alpha or BMP2 (Fig. 23). The only apoptotic
cells obviously induced by BMP2 treatment did not express Nkx5-2/1 construct (Fig.

23 E-H, see arrows in H).
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pCS2MTNLS Nkx5-1/2 + PFT alpha pCS2MTNLS Nkx5-1/2 + BMP2
A E

DAPI

MYc Tag Alexa 594

TUNEL

merge

Fig. 22. PFT alpha and BMP-2 do not block apoptosis in PC12 cells transfected with Nkx5-1/2
vector.

A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc Tag antibody.

C,G - Tunnel assay was performed to visualize apoptotic cells.

D,H — Merged images. Arrows in H indicate apoptotic cells without Nkx5-1/2 overexpression.
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pCSZMTNLS Nkx5-2/1 + PFTalpha pPCS2ZMTNLS Nkx5-2/1 + BMP-2
‘I“‘|“““““““““|“‘\ """“““““““““““‘i
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Fig. 23. Nkx5-2/1 hybrid protein does not induce apoptosis after PFT alpha or BMP-2
treatment.

A,E — Nuclei were visualized by DAPI staining.

B,F — Transfected cells were confirmed using anti-Myc Tag antibody.

C,G - Tunnel assay was performed to visualize apoptotic cells.

D,H - Merged images. Arrows indicate apoptotic cells due to BMP-2 treatment and negative
for Nkx5-2/1 expression.

DAPI

MycTag - Alexa 594

TUNEL

Merge
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2.4. ldentification of Nkx5-1 promoter region and analysis of its activity in

neuronal cells

2.4.1 Generation of Nkx5-1 promoter construct

To investigate Nkx5-1 promoter activity a construct encompassing Nkx5-1 gene
sequences upstream of the transcription start site was generated. 10 kb BamHI-Kpnl
Nkx5-1 genomic fragment containing the first 10,5 kb of = Nkx5-1 upstream
sequences of the protein coding region was fused in frame to the fragment encoding
LacZ reporter gene (Fig. 24).
To analyse whether the cloned Nkx5-1 genomic fragment contains regulatory
sequences responsible for Nkx5-1 gene activity, the construct was transfected into
PC12 cells and the cells stained for p-Gal activity under different conditions (see

next chapter).

Hindlll Hindlll Xhol Kenl-BamHI
LacZ-Gene
M13—! T3
BamHlI
6,2kb | 43kb |
- §'and 3 cDNA mouse Nkx 5-1 gene sequence
- LacZ-Gene

Koak-BamHi
Kpnl/BamHI/Kpnl-Linkers

CAIGGAICICCTASG AG A

Fig. 24. Promoter construct with reporter gene LacZ for investigation of Nkx5-1 gene activity.

2.4.2. Nkx5-1 promoter construct is active and regulated by NGF and BMP2 in
PC12 cells

To investigate whether the Nkx5-1 genomic sequences cloned into the LacZ-
reporter plasmid can activate transcription of the reporter sequences, the Nkx5-1
promoter construct was transfected into PC12 cells under standard conditions. The
cells were harvested 48 hours after transfection and stained for R-gal activity to
visualize transcriptional activity. However, only very weak R-gal staining was

observed in cells transfected with the Nkx5-1 promoter construct as compared with
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cells transfected with vector without additional insertions (see Fig. 25A, D,

respectively).

As was shown before, NGF and BMP2 activate expression of the endogenous
Nkx5-1 gene, when added to PC12 cells separately. In contrast, addition of both
factors simultaneously, led to inhibition of Nkx5-1 transcription (see chapter 2.2.7
and Fig. 19). In fact, cells transfected with the Nkx5-1 promoter construct showed
high intensity B-gal staining, when NGF or BMP2 were added to the culture medium
(Fig. 25B, C). Consistent with previous observation on endogenous Nkx5-1 activity,
simultaneous addition of NGF and BMP2 strongly inhibited the activity of Nkx5-1
promoter leading to a decrease of 3-gal staining to basal levels (Fig. 25E). The
specificity of BMP2-dependent activation of Nkx5-1 promoter was confirmed by
treatment of transfected cells with BMP2 and its inhibitor noggin. Addition of noggin

strongly reduced R-gal activity as demonstrated in Fig. 25F.

Since NGF strongly promotes neuronal differentiation | wanted further to
investigate whether the higher Nkx5-1 promoter activity observed after
supplementation of culture medium with NGF correlates also with neuronal
differentiation. Thus, PC12 cells transfected with Nkx5-1 promoter construct and
cultivated in the presence of NGF were stained for R-gal and for B-tubulin Il
expression using anti-tubulin antibody (Fig. 26). In fact, the highest B-gal staining
intensity was observed in cells also positive for the neuronal differentiation marker
R-tubulin 11 (Fig. 26B), while cells transfected with Nkx5-1 promoter construct
without any additional treatment displayed only weak, basal-level -gal activity and
no B-tubulin Il immunoreactivity (Fig. 26A). Similar results were obtained when the
cells were treated with BMP2. Here, strong R-gal activity correlated also with
positive B-tubulin 111 signals (Fig. 26C). Simultaneously addition of NGF and BMP2
strongly induced neuronal differentiation as evidences by positive B-tubulin staining
(Fig. 26D). The activity of Nkx5-1 promoter in these cells was, however, strongly
suppressed (Fig. 26D).
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+ NGF 100ng/ml Nkx5-1 promoter construct

+ BMP-2 100ng/ml

Fig. 25. Activity of LacZ reporter gene under the control of Nkx5-1 promoter.

PC12 cells were transfected with the Nkx5-1 promoter construct (A — C, E, F) or LacZ reporter construct
without any promoter sequences (D). Cells were cultivated under standard conditions (A, D) or in presence of
NGF (B), BMP2 (C), NGF and BMP2 (E) or BMP2 and noggin (F). All substances were added at a final
concentration of 100ng/ml. 48 hours after transfection cells were stained for 3-gal activity and representative
areas were photographed.
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Taking together, these experiments clearly document the presence of sequences
governing the basal Nkx5-1 promoter activity on the genomic fragment used for the
construction of Nkx5-1-LacZ reporter plasmid. In addition, regulatory elements
responsible for the activation of Nkx5-1 gene transcription by NGF and BMP2 are
also present within these sequences. Significantly, a higher Nkx5-1 activity
correlates with neuronal differentiation in NGF or BMP2 treated cells but not in

neuronal cells treated by combination of both factors.
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Fig. 26. Nkx5-1 promoter activity correlates with neuronal differentiation.

PC12 cells were transfected with Nkx5-1 promoter construct and cultivated under standard conditions (A) or with
addition of NGF (B), BMP2 (C), or combination of both (D). After transfection cells were stained for 3-gal activity (blue)
and R-tubulin Il immunoreactivity (brown).
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2.5. Apoptosis and neuronal differentiation in Nkx5-1 knockout mouse in

comparison to wild type

The results achieved in in vitro PC12 cells system suggested that Nkx5-1 may be
involved in neuronal development. Therefore, expression of essential neuronal
markers was investigated by PCR analysis in vivo in Nkx5-1 knockout and wt
control brains. Mice brains from three different age stages (3 months, 6 months and 1
year) have been isolated and whole brain RNA isolated and analysed by RT-PCR.
However, no significant differences in the neuronal marker expression have been
detected. In each age stage the intensity of RT-PCR signal for Ng1lA, Ng1B and
THA and THB was comparable in Nkx5-1 and wt samples as exemplified in Fig. 27

for samples at the stage of 6 months.

wt -/- wt /- wt -/- wt -/- wt o -/-

GAPDH NglA Ngl1B THA THB

Fig. 27. RT-PCR analysis of different neuronal markers in brain from wt and Nkx5-1 knockout mouse at
the age of 6 months.

Ng1A — neurogenin 1 alpha, Ngn1B — neurogenin 1 beta, THA — tubulin alpha, THB — tubulin beta. GAPDH was
used as a loading control.

Expression of Nkx5-1 has been reported in brain during embryonic development. It
was also reported that Nkx5-1 is expressed in rat salivary glands in postnatal ages
(Shaw et. al., 2003). Since no reports on Nkx5 genes expression in an adult brain are
available, in situ hybridization using Nkx5-1 antisense sequence was performed on
sections of adult mouse brain, however no significant hybridization signal could be
detected (results not shown). Since in situ hybridization might not be suitable for
detection of low level Nkx5-1 expression, RT-PCR analysis was performed using
adult brains of 4, 8 and 18 months old mice. Three Nkx5-1 -/- knockout mice and
three white type ICR mice at the age of 4 months of postnatal development and three
Nkx5-1 -/- and three white type mice at the age of 8 months and the same numbers

for 18 months old mice. Presence of Nkx5-1 expression was detected on all
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investigated adult stages by RT-PCR, suggesting a potential function for Nkx5-1
(Fig. 28). In contrast, no Nkx5-2 was detected (Fig. 28).

4 months 8 months 18 months
- wt -I- wit - wt

Nkx5-1

Nkx5-2

GAPDH

Fig. 28. RT-PCR analysis preformed on adult mouse brain —derived RNA samples (4, 8 and 18
months).

Nkx5-1 positive signals were detected at all analysed stages in wt samples. No Nkx5-2 expression
was detected.

Apoptosis was analysed on brain frozen-sections using TUNEL assay and in brain-
derived RNA samples using RT-PCF (Fig. 29). Using TUNEL assay several positive
areas (indicated by numbers on overview brain in Fig. 29) could be identified on
sections from wt control brains (Fig. 29D, F, H). Apoptotic signals in corresponding
areas of knockout brains were always weaker or beyond detection (Fig. 29C, E, G).
Interestingly, RT-PCR analysis of apoptosis-related genes expression revealed lower
activation of a p53 target P21 in knockout brain tissue. Although no Cas6é and APAF
expression could be detected, expression of another apoptosis promoting gene Bax
was higher in the wt brain (Fig. 291). Summing up, the in vivo data generally

confirmed pro-apoptotic Nkx5-1 activity.
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positive control positive control

Nkx5-1 CATD Bax Cas6 APAF p21 p53 Nkx 5-2 GAPDH

Fig. 29. Analysis of apoptosis in Nkx5-1 knockout and wt control brains.

Tunel stained sections from 3 brain areas indicated on the shin are shown (A-B corresponding to region
2, E-H correspond to region 2 and C-D corresponding to region 3. As a positive control DNAase | was
used (A-B). Sections from Nkx5-1 knockout (C,E,G) and wt control brains are shown. RT-PCR analysis
of genes expression( genes name as indicated) in Nkx5-1 knockout and wt. D3V - dorsal 3rd ventricle,
Ect - ectorhinal cortex, MEnt - entorhinal cortex, medial part, MHb - medial habenular nucleus, PRh -
perirhinal cortex, SFO - subfornical organ, sm -stria medullaris, | -RT-PCR.
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3. REAGENTS AND CHEMICALS

Chemicals were purchased from the following companies: Amersham, AppliChem,
Biomol, Eurogentech, Invitrogene, Merck, Jena Biosciences, New England Biolabs,
Pierce, Promega, Roche, Roth, Santa Cruz, Seromed, Serva, Sigma and Stratagene.
Consumables came from Amersham, Beckman, Biozym, Costar, Eppendorf, Falcon,
Gilson, Greiner, Kodak, Pharmacia, Qiagen, Sarstedt, Machery Nagell and
Whatman. Restriction enzymes were purchased from Jena Biosciences and New

England Biolabs. Oligonucleotides were purchased from Roth.

3.1. Reagents

Alkalize Phosphates SIGMA
NGF SIGMA
Proteinase K

Restriction nucleases (Jena Bioscience, New England Biolabs)
Reverse Transcriptase Superscript (Invitrogen)
RNase A

RNasin (Ribonuklease Inhibitor) (Promega)
SuperScript Il Reverse Transcriptase (Invitrogen)
Tagq DNA Polymerase (Eppendorf)
TRIzol (Invitrogen)
Tripsin 2,5% (10x) (Invitrogen)
Tripsin (EDTA) (0,5% Tripsin with EDTA 4Na) 10x

T4 DNA Ligase (Promega)
Vectabond (Vector Laboratories)
X-Gal (5-bromo-4chloro-3-idolyl R-D-galactopiranosyde (Roth)
Polyfreeze Tissue freezing medium (Polysciences)
RQ1 RNAase-Free-DNase (Promega)

Vectastatin ABC Kit (mouse IgG or rabit IgG) (Vector Laboratories)
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3.2. Kits

TUNEL Assay (Roche)
Qiagex Il Gel Extraction Kit (Qiagen)
Vectasatin ABC Kit (Vector Laboratories)

3.3. Antibodies
a-C-myc tag antibody 9E10
R-tubulin alpha

3.4. Growing Factors and Inhibitors

BMP2 (SIGMA B 3555) (SIGMA)
NOGGIN (SIGMA)
PFT-alpha (pifithrin-alpha) (SIGMA)

3.5. Vectors and Primers
If not otherwise indicated, all vectors listed code for resistance to ampicillin.

pPGEM-T easy (Promega)

System for cloning of PCR products with single 3” thymidine overhangs at the
insertion site (Promega). Contains T7 and SP6 RNA polymerase initiation sites
flanking a multiple cloning region within the coding region of —galactosides.

pCS2 + MT+NLS (Strategene)
Contains 6 copies of myc tag epitope recognized by 9e10 monoclonal antibody;
constructed for production of epitope —tagged fusion proteins contains nuclear

localization signal.

pBluscript I KS+ (Stratagene)

pBluescript Il phagemids (plasmids with a phage origin) are cloning vectors designed
to simplify commonly used cloning and sequencing procedures, including the
construction of nested deletions for DNA sequencing, generation of RNA transcripts
in vitro and site-specific mutagenesis and gene mapping. The pBluescript 1l
phagemids have an extensive polylinker with 21 unique restriction
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enzyme recognition sites. Flanking the polylinker are T7 and T3 RNA polymerase
promoters that can be used to synthesize RNA in vitro. The choice of promoter used
to initiate transcription determines which strand of the insert cloned into the

polylinker will be transcribed
pDSRED (Clontech)
pDsRed-Express is a prokaryotic expression vector that encodes DsRed-Express, a

variant of Discosoma sp. red fluorescent protein (DsRed; 1)

Primers sequence

Name Sequence Annealing Temperature
GAPDH forward ACTGCACCCTCCCCCGATGCACCCATGTTTGT control PCR
GAPDH reverse TGGAGGCAACCAGGGCAACCACCACAGCTACA control PCR
Nkx5-1 rat forwmard ~GCACTACCTGGAGCGCTCCCC 62°C
Nkx5-1 rat reverse CCGAGCTGCTCAGGTAGCGTTTC 62°C
Nkx5-2 rat formard CTGCGGCTCGGAGCGCACGCCTTTCC 58°C
Nkx5-2 rat reverse GGGGTAATAGAGCGGAGCCGG AAAGGCG 58°C
BMP2 rat forward CCAGACTATTGGACACCAGGTTAGTGAC 60°C
BMP2 ratreverse GGGTGCCTTTTGCAGCTGGACTTAAGACG 60°C
BMP3 forward CGAAAGCAGTGGGTCGAACCTCGGAAC 60°C
BMP3 reverse GGTTATCTACAAGCACAGGAGTCGACTG 60°C
BMP4 forward GGGACCAGTGAGAGCTCTGCTTTTC 60°C
BMP4 reverse GGGTTGCTTTTCCCGGGTCCATCGAAGG 60°C
BMP5 forward GGGAGAGATCCAACGTGAGTGGAAAACG 57°C
BMP5 reverse CCGGAATTCAGCTGCCGTCACTGCTTC 57°C
BMP6 forward GAATTCAGCTGCCGTCACTGCTTC 56°C
BMP6 reverse CAATGACATCCACAAGCTCTCACAACC 56°C
BMP7 forward GGTGGCTTTCTTCAAGGCCACGGAGGTTC 58°C
BMP7 reverse CAGGATGACGTTGGAGCTGTCGTCGAAG 58°C
p53 forward ATGCTGAGTATCTGGACGAC 59,4°C
p53 reverse TTCAGCTCTCGGAACATCTC 59,4°C
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p21 rat forward ACCTTCCAGCTCCTGTAACATACT 62,4°C
p21 rat reverse GTCTAGGTGGAGAAACGGGAA 62,4°C
Bax-1 rat forward GGGTGGCAGCTGACATGTTT 60°C
Bax-1 rat reverse TGTCCAGCCCATGTATGGTTC 60°C
Apaf-1 rat forward TCCTGGTCATTCGATGGAAC 58°C
Apaf-1ratreverse TCCAGATCTTGGCGGTCTTAT 58°C
Caspase 6 forward GACTGGCTTGTTCAAAGGAG 62°C
Caspase 6 reverse CCAGCTTGTCTGTCTGATGAT 62°C
NGN 1 A forward CCCGGTGCCCAGGACGAAGAG 60°C
NGN 1 A reverse  GGGCAGGCCAGGAAAGGAGAAAAG 60°C
NGN 1B forward GCGACCTGTCCAGCTTCCTCAA 58°C
NGN 1B reverse AAGCCTTGCCATTGTATTGTCAGC 58°C
THA forward CTAAGGAGCGCCGGATGGTGTG 60°C
THA reverse AGTTCTGTGCGTCGGGTGTCTGA 60°C
THB  forward AGCGCCGGATGGTGTGAGGACT 60°C
THB  reverse TACTGTCTGCCCGTGATTTTCTGG 60°C

3.6. Solutions and media

e Ethidiumbromid Solution (0,01%); 10 mg Ethidiumbromid in 100 bidest. H,O

e LB-Agar: LB-Medium with 15g/l Agar

e LB-Amp-Selective Medium (agar medium after 60°C cooling, ampiciline where
added in concentration 50mg/ml)

e LB Medium: 5g/L Yeast Ekstrakt; 5g/ NaCl and 10g/l Bactotryptone — ph to 7.5

where calibrated with NaOH

PBS 10x: 1,5 M NaCl; 0,03 M KCI; 0,08 M Na;HPO,4 x 2H,0; 0,01 M KH, PO,

e TAE- Bufor 50x: 2 M Tris-Base; 1M CH3COOH; 0,1 M EDTH with HCI ph 8,3

e TE Bufor (10/1): 10mM Tris-HCI pH 8,0; 0,1 mM EDTH, pH 8,0

e PFA: PFA-40g in 1 litre of 1xPBS, pH=7.0; heated to 60°C, 2M NaOH added to
solubilize PFA, filter sterilized

e Ampiciline Stocks 50 mg/ml H,O
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Chloropan — Solution: 50 ml Tris-HCI, pH 8.0; 250 ml Phenol; 240 ml
Chlorophorm; 10 ml isoamyloalkohol; 0,5 g 8-Hydroxychinolin,

DNA —Laderbuffer (10ml): 1 ml Bromophenolblue, 2,5%ig in H,O; 1ml
Xylencyanol, 2,5 % in H,0; 2,5g gFicoll Type 4000
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4. METHODS

All standard molecular methods were performed according to protocols described
in “Molecular Cloning” (Sambrook et all. 1989). All cloning steps as well as RT-

PCR products were confirmed by DNA restriction analysis and sequencing reactions.

4.1. Eukaryotic cell culture methods

4.1.1. Cell lines

PC12 were a kind gift from Prof. T. Braun. The neural crest-derived, rat
pheochromocytoma cell line PC12 is a widely used model of the sympathetic and
sensory nervous system (Greene, L.A., and Tischler, A.S. 1976) that responds to

nerve growth factor NGF and bone morphogenic protein BMP2.

4.1.2 General components for cell culture

DMEM (Gibco) +0.11 g/l Sodiumpyruvate, with Pyridoxine
RPMI 1640 (Gibco) + L-Glutamine

Penicillin, Streptomycin (Cytogen ) 10.000 U/ml, 10 mg/ml
Trypsin/EDTA (Cytogen) 0,05/0,02% in PBS

FCS (Gibco) heat-inactivated for 30 min at 56°C

Horse Serum

G418 (Sigma) 67 mg/ml stock

PBS (1x) 137 mM NaCl

2.7 mM KCI

6.6 mM NazHPOax 2H20

1.5 mM KH2PO4

4.1.3. Passages and Cryoprotection of the cells
For conservation, cells were resuspended in 1 ml of the appropriate cell culture
medium with 20% FCS and 10 % DMSO, transferred into a cryotube and frozen in a

polystyrene box at -20°C. After 4 h, the cells were transferred to -80°C for 24 h and

-59 -



Methods

subsequently stored in liquid nitrogen. PC12 cell lines were frozen in FCS containing
10% DMSO. For recovery, cells were thaw for 10 min at 37°C, washed with 10 ml

medium and transferred to a tissue culture flask.

4.1.4. Growing of the PC12 cells line

PC12 adheres poorly to plastic, and tends to grow in small clusters. They were
grown on standard tissue culture plastic dishes without addition of collagen or poly —
L — lysine, in 10% FCS, 5% horse serum, DMEM, 100ug/ml penicillin and
streptomycin. The doubling time of PC12 is quite long 2,5-4 days. Cells were kept
in humified air with 10% CO; at 37°C. Insect cells were cultured at 37°C and were

split at 60% confluence.

4.1.5. Treatment with the factors

PC12 was treated whit different factors.

Parameters:

Differentiation and treatment was achieved by placing PC12 cells in Petri dishes at
20% density (about 2.5 x 10* cells/cm?) in the presence of 50 ng/ml NGF (SIGMA),
100 ng/ml BMP2 and 250ng/ml PFT alpha in normal growing medium containing

1% serum.

4.1.6. Transient transfection of plasmid DNA

Cells were transfected with FUGENE 6 reagent (ROCHE). Different conditions
for the transfection were tested. The best results were achieved by following
procedure. After splitting cells were spin off and plated at 20 % confluence and were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
horse serum, 5% fetal bovine serum, L-glutamine (final concentration of 4mM), 10
IU penicillin, 10pg/ml streptomycin, PC12 cells were grown at 37°C with the
atmosphere of 10% CO, and 90 % air for one day. On the next day transfection
mixes were prepared. For effective transfection different proportion between
FUGEN 6 reagent, DNA and OPTIMEM Medium were tested. Finally the best
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results were achieved by combination of 3ul FUGEN 6 reagent and 1 ug DNA to a
total volume of 100 pl. To OPTIMEM medium first DNA was added then FUGENE
and mixed delicate with pipette. Mix was incubated in the cell culture chamber up to
one hour. For co-transfection amount of transfection reagent was increased in
proportion to the amount of total ug DNA. Then normal medium was replaced with
DMEM medium containing 0.1% Horse Serum and 10 IU penicillin, 10ug/mi
streptomycin. The transfection mix was added to the cells by drop to drop as well as
other factors (BMP2, PTF alpha, NGF). Cells were treated with the factors for 2
days.

4.2. Prokaryotic cell culture

4.2.1. Bacterial strains
Two different bacterial strains were used:
SURE E.coli ( Stratagene)

XL-1 Blue E.coli (Stratagene)

4.2.2. Cryoconservation of bacteria

500 pl of overnight culture were added to 500 pl of glycerol (87%) in a cryo tube
and stored at -80°C.

4.2.3. Preparation of competent cells and transformation

Competent bacteria were prepared using the rubidium chloride method. An
overnight culture was diluted 1:100 in LB medium and grown at 37°C and 200 rpm
to an OD600 between 0.6 and 0.8. From now on, all steps were performed at 4°C and
buffers were ice cold. Cells were kept on ice for 15 min, centrifuged at 1.000 x g for
10 min and cell pellets were resuspended gently and thoroughly in 20 ml RF; buffer
per 50 ml of starting culture. After a 15 min incubation on ice, cells were centrifuged
as above, resuspended in 2 ml RF, per 50 ml of starting culture and aliquoted at 200
pul. After 15 min incubation on ice, cells were competent and were used for

transformation or stored at -80°C.
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For each transformation, 200 ul of competent bacteria were mixed with DNA (e.g.
100 ng plasmid DNA) in a 1.5 ml tube, incubated on ice for 1 h and subsequently heat
shocked for 45 sec at 42°C and put on ice for 5 min. After addition of 800 pl LB
medium prewarmed to 42°C and an incubation period of 45 min at 37°C and 200 rpm,
100 pl of cell suspension was plated onto LB agar plates containing the appropriate
antibiotic for selection. Plates were incubated overnight at 37°C.

RF1: 100 mM RbCI2 RF2: 10 mM MOPS
30 mM K acetate 75 mM CaCl2

10 mM CaCl2 10 mM RbCI2

50 mM MnCI2

15 % (v/v) glycerol 15% (v/v) glycerol
pH 5.8 with acetic acid pH 6.5 with KOH

4.2.4. Culture media and growth conditions

LB-medium:

1% (wi/v) Trypton (Becton Dickinson)

0.5% (w/v) Yeast extracts (Difco)

1% (w/v) NaCl

pH 7.0 with NaOH

Agar-plates:

LB-Medium with 1.5% (w/v) Bacto-Agar (Becton Dickinson)

Overnight cultures were usually grown in LB medium at 37°C and 220 rpm. The
medium was inoculated with bacteria kept on agar plates at 4°C or from cryoconserved
cultures (2.4.3).The medium/agar plates, depending on the properties of the plasmid
being introduced, were supplemented with a final concentration of one or several of the
following:

Ampicillin 100 pg/mi
Kanamycin 25 pg/ml
Chloramphenicol 20 pg/mi
IPTG 0.5 mM

X-Gal 100 mM
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4.2.5. Phenol- chloroform extraction of circular DNA

Equal volumes of phenol: chloroform: isoamylalcohol (P:C:1AA ration of 25:24:1;
pHB8.0) was added to the cell lysates and mixed. Mixtures were spun for 2 min at top
speed in a table top centrifuge. Top aqueous layers containing plasmid DNA were
transferred to clean tubes and mixed with equal amounts of P:C:lAA and proceeded
as mentioned above. This was repeated until no protein precipitate was visible at the
interphase (but at least three times). NaAcetate solution (pH 5.2) was added to the
supernatants to a final concentration of 0.3M. 2.5 volumes of ethanol (100%) were
added and samples were incubated at —20°C for at least 30 min to precipitate DNA.
Samples were centrifuged at 4°C at top speed in a table top centrifuge (Eppendorf)
for 20 min. Supernatants were removed, and the remaining precipitates were washed
once with 500 pl of Ethanol (70%) pre-chilled to -20°C. Samples were centrifuged
for 5 min, supernatants removed and the pellets air dried in a heating block at 50 °C.
Pellets could then be resuspended in H,O containing RNAaseA (100 pg/ml).

4.2.6. Preparation of the RNA from cell culture

For a RNA preparation TRIZOL reagent were used. All steps were performed
according to manufacturer’s protocol. Concentration of RNA was determined with
Eppendorf BioPhotometer by measuring absorbance at 260 nm.
Cells were denaturing by TRIZOL reagent then all substances were removed to a
new tube. The first step was removing DNA from RNA.
3 Mg RNA
1 pl RQ RNAase — Free DNase 10x buffer
1 pl RQ RNAase — Free DNase (1U/ul)
and water to 10ul
Incubation was carried out at 37°C for 30 minutes followed by incubation at 65°C for
10 minutes. After incubation 1ul of RNA threated with DNAase was reversed
transcribed in mixture containing the following elements:
3,5ul DNase- treated RNA

1ul oligo d(T)
S5ul  ANTP’s (2mM)
3ul HO

------ -- --- Total
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12,5 ul

The mixture was incubated at 65°C for 10 min. and then immediately replaced to ice.

Following reagents were added to the above mix.

4ul  DNase- treated RNA
2ul  DTT(0.1M)
0.5ul RNAasin (40U/ul)
Super Script Il Reverse Transcriptase (200U/pl)
1ul  Transcriptase
------ -- Total

RNA was reverse transcribed for 1 h. at 42°C followed by incubation at 70°C for 15
minutes. Obtained cDNA was immediately used for RT-PCR or stored at  -20°C.

4.2.7. Electrophoresis of the RNA

To check a quality of obtained RNA electrophoresis was performed at 140V.
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4.2.8. Sequencing of the positives clones
For the sequencing analysis the following cocktail was prepared:
Setting up the reaction mix (total volume 10 pl):
- Ready Reaction Premix 4ul (A, C, G, T and AmpliTag® DNA Polymerase)
- 5x Big Dye Sequencing Buffer 2ul
- Primer /Sp6 or T7/ 3.2pmol
- Plasmid temple /200ng/
- H,O up to 10 pl
Synthesis of the probe — following reaction conditions were used
96°C — 2 min

96°C — 30 sec

52°C — 15 sec for T7 sequence primer for the T3 and 46°C for Sp6 annealing
temperature was used

60°C — 4 min

Hold temperature at 4°C

Cleaning up the reaction by ethanol precipitation:
add 5 pl 125 mM EDTA to reaction
add 75 ul 96% Ethanol to the tube
mix by inverting sever time
incubate at room temperature for 15 min
Spin down: 13 000rpm, 4°C, 15 min
Carefully remove the supernatant
Add 70 pl 70% Ethanol
Incubate at room temperature 5 min
Spin down 13000 rpm, 4°C, 5 min
Carefully remove the ethanol

Air dry at room temperature for 5 min
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4.2.9. Enzymatic modification of DNA

Digestion of DNA with specific restriction endonucleases, dephosphorylating with
alkaline phosphates and ligations were performed with enzymes and the suitable
provided buffers from PROMEGA or New England Biolabs according to the

manufacturer’s instructions.

4.2.10. Amplification of DNA

Standard PCR reactions were carried out in a final volume of 50 pl with the
following components: 200 ng of template DNA, two specific primers (5 pmoles
each), 250 uM of each dNTPs, 3 mM MgCl,, 1x polymerase buffer, 5 U Tag/Pfu
polymerase and H,O in a 0.2 ml PCR tube. DNA fragments were amplified with the
appropriate oligonucleotide primers listed in table 2 in an Eppendorf thermocycler.
The length of denaturation, annealing and elongation were dependent on the
characteristics of the DNA template (e.g. genomic DNA or plasmid DNA, GC-
content of the fragment), the primers (the optimal annealing temperature was usually
estimated experimentally starting with a value calculated according to the formula 4x
(G/C) + 2x (AIT) - 5) and the length of the amplified PCR product.

4.2.11 RT PCR

For each reaction RNA was isolated with TRIZOL reagent from the cells and probe

was suspended in DEPC water. To ensure purity and to measure RNA concentration, it

was analysed spectrometrically and an aliquot was run on a 1% agarose gel.
1ul RNAasin was added to each probe. After that 3ug of the each were treated with 1 pl
DNAasel RNAase free (PROMEGA) in total 10ul mix for 30 min.
DNAasel were deactivated at 65°C for 15 min. Reaction mix was prepared -3.5 ul RNA
/IDNA free/ + 1pl oligo dT + 5ul 2mMdNTP + 1.5ul H,0. Reaction were incubated at

65°C for 5 min and immediately put on ice for annealing of the oligo dT primers. To

each tube 4pul 5x reaction buffer, 4ul DTT, 1ul RNAasin and 1ul reverse Transcriptase

Superscript 11 (Invitrogen) were added. Total 20ul reaction mixes were incubated for
60min at 42°C for cDNA synthesis.
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4.3. Tissue sections

4.3.1. Paraffin embedded tissue sections

1. After isolation tissues were embedded in paraffin solution

2. Left overnight in paraffin and 4% PFA

3. After incubation washed in PBS and then 1h 25% EtOH, 1h 50% EtOH, 1h 75%
EtOH, 1h 96% EtOH, 2x10 min in 100% EtOH and left over night.

4. On the next day tissues were washed in Xylol 2x1h RT and then in mixture
Xylol/Parafin 2h 60°C and again 1h at 60°C.

5. Tissues were cut from paraffin blocks on Leica microtome and mounted from
warm water (42°C) onto Vectabond slides. Sections were allowed to dry on heating

block (40°C) and left for 6h and then stored at room temperature.
4.3.2. Immunohistochemistry

PC12 cells were plated for transient transfection onto 2,5cm plate dish in six well
plates. 48 h after transfection cells were washed once with PBS and fixed for 20 min
at RT with 3% paraformaldehyde (PFA) in PBS. Cells were washed three times with
PBS, permeabilised with 0.2% Triton X100 in PBS for 10 min, residual PFA was

inactivated with 100mM Glycin in HZO for 10 min. Subsequently, cells were

incubated with 10% FCS in PBS for 10 min to block unspecific protein binding sites.
The primary antibodies were diluted in 2% FCS in PBS and incubated with the cells
for 1 h at 37°C in a humid chamber (100 ul per cover slip). Afterwards, cells were
washed three times with PBS and incubated with the secondary antibodies diluted in
2% FCS in PBS for 45 min at 37°C, subsequently washed three times with PBS.
Finally, the DNA was stained with DAPI in PBS (1 pg/ml, 10 min, RT) and cells

were washed three times with PBS.
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4.3.3. Antibodies

Anti Myc Tag antibody was purchased from Hybridoma Bank and used in dilution
1:1000.

Anti p53 antibody.

Rabbit Polyclonal Antibody anti p53 was used in 1:1000 dilution and purchased from
Novacastra Laboratories Ltd.

Anti Tubulin alpha antibody - was used in 1:1000 dilution and purchased from
Developmental Studies Hybridoma Bank University of lowa, Department of
Biology.

4.3.4. Immunofluorescence and fluorescence microscopy

Efficiency of transfection was analysed under fluorescent microscope. Cells were
plated for transient transfection onto six well plates. After adhering overnight, cells
were changed to differentiation medium and treated with factors for 48 hours.
Immunofluorescent staining occurred in four steps. 48 h after transfection cells were
washed once with PBS and fixed for 20 min at RT with 3% paraformaldehyde (PFA)
in PBS. Cells were washed three times with PBS, permeabilised with 0.2% Triton
X100 in PBS for 10 min, residual PFA was inactivated with 100mM Glycin in H,0O
for 10 min to block unspecific protein binding sites. Primary antibody was applied
overnight at 4°C; 1:2 anti-MycTag served as experimental conditions, whereas
parallel experiments with 1:500 mouse IgG served as negative controls. Afterwards,
cells were washed three times with PBS and incubated with the secondary antibodies
diluted in 2% FCS in PBS for 45 min at 37°C in a humid chamber, subsequently
washed three times with PBS. Finally, the DNA was stained with DAPI in PBS (1
pg/ml, 10 min, RT) and cells were washed three times with PBS. PBS was removed
by a short washing step in distilled water and the cover slips were mounted in 30 pl
Mowiol containing 25 mg/ml DABCO.
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Blocking solution:

10% (v/v) FCS in PBS

3% (w/v) Paraformaldehyde in PBS with 0.1 mM CaCl,and 0.1 mM MgCI2, pH 7.4
0.1-0.2% (v/v) Triton X-100 in PBS

Mowiol 4-88 (Calbiochem), DABCO (Sigma) 25 mg/ml, DAPI (1 mg/ml stock)
Secondary antibodies: Alex 594 anti-rabit mouse (1:1000)

4.3.5. TUNEL analysis

TUNEL analysis was performed on second day after transfection. For TUNEL
analysis | have used ROCHE diagnostic kit and following procedure.
1. Cells were fixed with a freshly prepared Fixation solution (4% Paraformaldehyde
in PBS, pH 7.4, freshly prepared) for 30 min at 15-25°C.
2.  Plates were rinsed with PBS.
3. Incubated with blocking solutions for 10 min at 15-25°C.
4. Rinsed twice with PBS.
For a positive control:
Incubated, fixed and premeabilized cells with DNAasel I (100ug/ml in PBS) for 10 min
at 15-25°C to induce DNA strand breaks, prior to labelling procedures. During this time
TUNEL reaction mix were prepared.

Preparation of TUNEL reaction mixture

Sol A: Dilute 50pl of vial I (enzyme solution) with 100yl dilution buffer

Sol B: Add 550ul of PBS to vial 2 (label solution), then transfer 200l to an extra tube
for the negative control and finally add 50ul of Sol A to the rest of vial 2. This will yield
950pl.

The TUNEL reaction mixture should not be stored. Keep TUNEL reaction mixture on
ice until use.

5. Rinsed twice with PBS.

6. Added TUNEL reaction mixture (as much as needed; about 100ul) on positive control
samples and real test samples.

For a negative control:

Incubated, fixed and permeabilized cells in Label Solution (without terminal

transferase) instead of TUNEL reaction mixture.
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7.Add lid and incubate for 60 min at 37°C in a huminidfied atmosphere in the dark.
8.Plates were rinsed 3 times with PBS.

9.Samples were analyzed in PBS under a fluorescence microscope.
4.3.6. LacZ staining

Followed solutions were used:
Solution A — PBS (100 mM, pH=7,4)
Solution B - (0,2% gluteraldehyde (GDA) in PBS)
Solution C — 0,01% Na desoxycholate and 0,02% Nonidet P-40 in PBS containing
5mM EGTA and 2mM MgCl,.
Solution D stain: 0,5 mg/ml X-gal, 10mM K, (Fe(CN) ¢) and 10 mM K, (Fe(CN) )
in solution C
Procedure:
Cells were washed 3 times in PBS.
Cells were fixed in solution B for 5 min at RT.
Then 5 min washed with solutions C at RT.

1

2

3

4.  Solution C were replaced with solution D and incubated at 37°C.
5. After staining for 24 hours samples were washed in solution C.
6

. Samples were analyzed under light microscope.
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5. DISCUSSION

5.1. Nkx5-1-specific potential to induce apoptosis in PC12 cells

In this work | demonstrated a new function for the homeodomain-containing
transcription factor, Nkx5-1, in the neuronal PC12 cells.

In PC12 cells Nkx5-1 displays a potential to very efficiently (almost 100% of
Nkx5-1 overexpressing cells) induce apoptosis. It is striking that a neuronal
differentiation and survival factor, NGF, is not able to prevent apoptosis induction
caused by the forced Nkx5-1 expression. A role in apoptosis induction was already
postulated for Nkx5-1 during early development of the inner ear. There, Nkx5-1 acts
in concert with BMP4, and, possibly with another homedomain-containing
transcription factor, DIX5, to induce apoptosis within clearly defined regions of the
epithelial cells forming the inner ear vesicle (Merlo et al., 2002; Bober et al., 2003;
Herbrand et al., 2007). In addition, during inner ear development Nkx5-1 positively
influences expression of netrin-1, a molecule involved in neuronal survival, axon
guidance and chemotaxis (Salminen et al., 2000; Bober et al., 2003). This interaction
appears especially interesting in connection with our demonstration, that another
molecule, a cellular regulator p53, is necessary for the apoptotic function of Nkx5-1.
p53 has been shown to directly activate transcription of human netrin-1 dependence
receptor, UncbB (Arakawa, 2005). It was postulated that p53 might create a state of
cellular dependence on netrin-1 for survival: in the absence of netrin-1, p53 induced
Unc5B behaves as a death receptor and leads to apoptosis, while in the presence of
ligand (netrin-1) survival prevails (Arakawa, 2005). The exact molecular
interrelationships between Nkx5-1, p53, and netrin-1, as well as their significance in
neuronal cells remain to be established.

In previous investigations the possibility of redundant functions of the two closely
related Nkx5-1 and Nkx5-2 genes was discussed. Especially, the lack of any apparent
neuronal phenotype in Nkx5-1/Hmx3 knockout mice seemed to indicate that both
genes might functionally substitute for each other (Hadrys et al. 1998; Wang et al.,
2004). Unexpectedly, our results revealed that the apoptosis induction in PC12 cells

could be executed specifically by the Nkx5-1. The region responsible for this
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function was localized to the non-conserved N-terminal part of the Nkx5-1 protein
and logically, the Nkx5-2 protein cannot substitute for this function.

The question remains why no neuronal defects could be detected in Nkx5-1 deficient
mice despite the fact, that this protein fulfils specific function in neuronal cells? One
possibility is that Nkx5-1 plays a minor role in a subpopulation of neurons and the
defect possibly caused by Nkx5-1 deficiency is too discrete for an easy detection. In
fact, a minor decrease in apoptosis in adult brain tissues of Nkx5-1 knockout mice
was observed using RT-PCR gene expression analysis and TUNEL staining on brain
sections (see Fig. 29). Another, more plausible explanation is the possibility that the
apoptotic Nkx5-1 function gets into action first after neuronal cells are challenged
with neurotoxic or other kinds of stresses. Such a possibility would agree with
known p53 function, a molecule, which is obviously necessary for Nkx5-1 to exert
its apoptotic function. P53 can prompt PC12 cells to undergo neuronal differentiation
under favourable conditions but under neurotoxin treatment p53 is responsible for
removal of defected cells by apoptosis (Zhang et al., 2006). Nkx5-1 might be also
involved in both functions. Nkx5-1 endogenous expression is detectable at low levels
already in growing PC12 cells but its expression increases significantly during
neuronal differentiation indicating a functional relevance of Nkx5-1 in this process.
Such a function of Nkx5-1 protein has still to be elucidated by future experiments.
The here demonstrated role of Nkx5-1 in apoptosis induction might have
physiological relevance under stress conditions, since the neuronal PC12 cells
expressing normal endogenous Nkx5-1 levels do not undergo apoptosis. Apoptosis is
first induced by supraphysiological amounts of Nkx5-1 protein in the cell. Whether
and under what circumstances such an induction of Nkx5-1 takes place in vivo

remains to be demonstrated.
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5.2. Nkx5-1 apoptotic activity resides within the non-conserved N-domain

Functional analyzes using constructs expressing a combination of different parts of
Nkx5-1 and Nkx5-2 proteins (swapping constructs) revealed that apoptosis inducing
activity is confined to the N-terminus of the Nkx5-1 molecule. For the generation of
the swapping constructs a conserved Xhol restriction site, residing at the N-terminal
part of the homeobox was chosen to produce two separate fragments of each Nkx5 of
cDNAs. The Nkx5-1/2 construct expressing a hybrid molecule consisting of the
Nkx5-1 N-terminus fused to the C-terminal part of Nx5-2 was found to induce
apoptosis at the efficiency similar to the full-length wild-type Nkx5-1 protein. An
analogous Nkx5-2/1 construct expressing the N-terminus of Nkx5-2 joined to the
Nkx5-1 C-terminus did not show any apoptosis induction. These results clearly
document that sequences responsible for apoptosis induction are located in the Nkx5-
1 region upstream of Xhol restriction site present within the homeobox. Since the
small part of the Nkx5-1 homeobox protein, which was retained in the Nkx5-1/2
construct was identical to Nkx5-2 it is clear that the apoptotic potential is encoded by
the non-conserved N-terminal part of the Nkx5-1 protein. This entire region does not
show any sequence similarity between both Nkx5 proteins. Moreover, the Nkx5-1 N-
terminal region (132 amino acids) is much longer than that of the Nkx5-2 (78 amino
acids: see fig. 1, introduction). To find potential domain or sequences responsible for
an apoptotic effect computer analysis of the existed databases was performed.
However, no sequence motives which could be potentially responsible for an
apoptotic effect were identified.

To investigate whether the Nkx5-1 N-terminus of the Nkx5-1/2 swapping construct
contains entire sequence information responsible for apoptotic activity further
experiments were performed. As mentioned above apoptosis induction by
overexpression of the native Nkx5-1 protein in PC12 cells was not influenced by
NGF. Similarly, addition of NGF to the cell culture medium did not prevent
apoptosis in the case when the cells were transfected with Nkx5-1/2 construct.
Interestingly, different behaviour of cells transfected with Nkx5-1/2 construct as
compared to wild-type Nkx5-1 transfection was observed after PFT alpha treatment.

In contrast to PFT effects observed after wild-type Nkx5-1 transfection PFT alpha
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did not block apoptosis induced by Nkx5-1/2 protein. Cells overexpressing Nkx5-1/2
construct underwent apoptosis even in the presence of PFT alpha. This observation
suggested that apoptosis induced by Nkx5-1/2 hybrid protein was not p53-dependent.
Summing up, our results indicate that sequences responsible for apoptosis of Nkx5-1
protein reside within the non-conserved N-domain, however the mechanism of action

and additional factors involved in these processes need to be elucidated in the future.

5.3. Apoptosis induced by Nkx5-1 and Nkx5-1/2 swapping constructs is not
influenced by NGF and BMP-2

It is well known that NGF exerts a strong survival promoting and anti-apoptotic
function in neuronal cells (Truong LX Nguyen et al., 2010). However, our data
indicated that almost all Nkx5-1 transfected cells underwent apoptosis even in the
presence of NGF. This is a surprising and unexpected finding, because NGF is
known to possess strong anti-apoptotic and pro-surviving activities. NGF binds to at
least two classes of receptors: p75 LNGRFR (low affinity nerve growth factor
receptor) and TrkA (high-affinity tyrosine kinase receptor). Binding of the receptor
leads to its phosphorylation, which in turn activates down-stream effectors such as
PI3 kinase, ras and PLC signalling pathway (lannone et. al., 2002). Lack of apoptosis
inhibition by NGF in Nkx5-1 and Nkx5-1/2 overexpressing cells could be explained
by the fact that there is no direct connection between pathways regulated by these
two proteins. Endogenous Nkx5-1 expression in PC12 cells is increased under
treatment with NGF, however this higher NGF-induced Nkx5-1 expression does not
promote apoptosis (see above). This might indicate that Nkx5-1 has also functions in
neuronal differentiation in addition to apoptosis induction. Such function has still to
be elucidated in future experiments.

Considering the previously discussed interrelationships between Nkx5-1 and BMPs
in apoptosis | also investigated the influence of BMP2 on Nkx5-1 induced apoptosis
in PC12 cells. Similarly to NGF, BMP2 does not grossly affect apoptosis induction
by Nkx5-1 overexpression. However, BMP2 was able to induce apoptosis in PC12
cells apparently without Nkx5-1 overexpression. The potential mutual influence
between endogenous BMP2 and Nkx5-1 proteins in PC12 cells cannot, of course, be
excluded and requires further investigation. Based on the current data, the possible
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involvement of BMP-signalling in the Nkx5-1 dependent apoptosis in PC12 cells is
still unclear. Nevertheless, BMP-signalling seems to be very important for the Nkx5-
1 gene activity, since treatment of PC12 cells with the BMP-inhibitor, noggin,
reduces Nkx5-1 transcription.

Moreover, it is known that activation of the p38 MAP kinase pathway is necessary
for BMP-2-induced neuronal differentiation of PC12 cells. The activation of the p38
MAP kinase pathway alone can induce the neuronal differentiation of PC12 cells
(lwasaki et al., 1999). Even if the new data provided by this work does not allow
placing of Nkx5-1 within the signalling pathway controlled by NGF and BMP2 in
PC12 cells, they provide a basis to plan future experiments investigating the exact

molecular role of Nkx5-1 in these pathways.

5.4. p53 as a potential target for Nkx5-1?

P53 plays an important role in cell differentiation, proliferation and apoptosis in
PC12 and other cells. In un-stressed cells p53 is inactivated by its regulator, mdm2.
Upon DNA damage or other stress, various pathways will lead to the dissociation of
the p53 and mdm2 complex (Brady et al., 2005). Once activated, p53 will either
induce a cell cycle arrest to allow repair and survival of the cell or apoptosis to
discard the damaged cell (Edward Estli et al., 2011). P53 is necessary for the
elimination of neural cells inappropriately differentiated or in response to various
stimuli (Edward Estli et al., 2011). Recent data showed that nerve growth factor
(NGF)-mediated differentiation in PC12 cells is enhanced by overexpression of wild-
type p53 but inhibited by knockdown of endogenous wild-type p53 ( Zhang et al.,
2006). Interestingly, p53 knockdown or overexpression of a dominant negative p53
mutant attenuates NGF-mediated activation of TrkA, the high-affinity receptor for
NGF and consequently inhibits of the mitogen-activated protein kinase pathway
(Zhang et al., 2006). In addition, p53 knockdown reduces the constitutive levels of
TrkA, which renders PC12 cells inert to NGF. Taken together this data demonstrate
that p53 plays a critical role in NGF-mediated neuronal differentiation in PC12 cells
at least in part via regulation of TrkA levels (Zhang et al., 2006). How does p53
make a choice between activation of differentiation pathways or apoptosis induction
is currently unknown. Without inhibitor, p53 could be easily detected in Nkx5-1
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transfected cells using immunohistochemistry, while no p53 expression in Nkx5-2
overexpressing cells could be detected. These findings suggested that Nkx5-1
induced p53-dependent apoptosis and that the induction of higher levels of p53
expression was essential for apoptosis induction in Nkx5-1 overexpressing cells.
Moreover, NGF does not interfere with p53 induced by Nkx5-1 overexpression.
Under NGF treatment p53 expression is found essentially only in Nkx5-1
overexpressing cells, also approximately only a half up to 2/3 of Nkx5-1 positive
cells switch on the p53 expression. After BMP2 treatment the majority of Nkx5-1
positive cells also activate p53 expression but, in addition, almost the same number
of cells activates p53 without Nkx5-1 overexpression. These particular cells are
eliminated after addition of noggin, thus confirming that BMP2 activates p53
independently of exogenous Nkx5-1. PFT alpha treatment generally leads to a
substantial reduction of p53 positive cells.

Similar experiments were performed using Nkx5-2 overexpressing plasmid for
transfections. Nkx5-2 does not possess any potential for p53 activation. These
results undermine that Nkx5-1 specific function uncovered in this work.
Interestingly, different target sequences were already reported for Nkx5-1 and Nkx5-
2, what suggested that specific non-overlapping functions exist for these two closely

related homebox genes (Mennerich et al., 1999).

5.5. Activation of Nkx5-1 promoter in PC12 cells by NGF and BMP2 correlates

with neuronal differentiation

Proper tissue development and homeostasis require a balance between apoptosis
and cell proliferation. All somatic cells proliferate via a mitotic process determined
by progression through the cell cycle. Apoptosis (programmed cell death) occurs in a
wide variety of physiological settings, where its role is to remove harmful, damaged
or unwanted cells (Alenzi, 2004). Apoptosis and cell proliferation are linked by cell-
cycle regulators and apoptotic stimuli that affect both processes. Cell proliferation,
differentiation and death are fundamental processes in multicellular organisms, and
several lines of evidence link apoptosis to proliferation (Alenzi, 2004). A number of
dominant oncogenes (e.g. c-Myc) appear to induce apoptosis, which suggests that the

cell proliferation and apoptosis pathways are closely linked (Alenzi and Faris, 2004).
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Development of the semicircular canals in the vestibular part of the inner ear requires
the independent control of several homeobox genes, which appear to exert their
function via tight regulation of BPM4 expression and the regional organization of
cell differentiation, proliferation, and apoptosis (Merlo et al., 2002). The linkage
between proliferation and apoptosis can also be seen in PC12 cells on example of
Nkx5-1 promoter activity. The activity of Nkx5-1 promoter construct in PC12 is
positively regulated by NGF, a critical regulator of neuronal survival and
differentiation. Another differentiation promoting factor, BMP2, is also able to
induce Nkx5-1 promoter activity in PC12 cells. In line with these findings, NGF and
BMP2 also activate expression of the endogenous Nkx5-1 gene, when added to PC12
cells separately. In contrast, addition of both factors simultaneously led to inhibition
of Nkx5-1 transcription suggesting negative cross-regulatory circuits between these
two proteins and Nkx5-1 promoter activation. The specificity of BMP2-dependent
activation of Nkx5-1 promoter was confirmed by treatment of transfected cells with
BMP2 inhibitor noggin. Addition of noggin strongly reduced the activity of the R-gal
reporter indicating inhibition of the Nkx5-1 promoter. These results clearly document
the presence of sequences convening the basal Nkx5-1 promoter activity on the
genomic fragment used for the construction of Nkx5-1-R-gal reporter plasmid. In
addition, regulatory elements responsible for the activation of Nkx5-1 gene
transcription by NGF and BMP2 are also present within these sequences.

In addition to its survival promoting function NGF strongly induces neuronal
differentiation. In fact, the highest B-gal staining intensity was observed in cells
positive for the neuronal differentiation marker R-tubulin I1I. In contrast, cells
transfected with Nkx5-1 promoter construct and cultivated without NGF displayed

only weak, basal-level of the 3-gal activity and no R-tubulin Il immunoreactivity.

Summing up, our results indicate that NGF and Nkx5-1 play essential role during
apoptosis and differentiation of neuronal cells. Recent data postulate a role for Nkx5-
1 and Nkx5-2 as cell autonomous, redundant factors required for cell fate
specification and differentiation during inner ear and lateral line development in
zebrafish (Feng and Xu, 2010). Knockdown of both Nkx5-1 and Nkx5-2 in
zebrafish, disrupts formation of the mechanosensory neuromasts and also leads to

impaired vestibular function in which utricular maculae fail to develop and the
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utricular otolith gradually fuses with the saccular otolith. They have also been shown
to function redundantly to control embryonic development of the central nervous
system (Feng and Xu, 2010).

5.6. Proposed Nkx5-1 function in neural development in connection with p53

This work describes a novel role of Nkx5-1 in neuronal differentiation and
apoptosis in addition to the already well-studied Nkx5-1 function during inner ear
morphogenesis. Using the established PC12 cell line, which is the convenient in vitro
model to study neuronal differentiation in dependence on various factors such as
NGF and BMP-2, we could place the Nkx5-1 in the neurogenesis-specific signalling
pathways as schematically summarized in Fig. 24. The main novel finding concerns
a double role of Nkx5-1 in activation of neuronal differentiation on one side and
activation of apoptosis on the other. | found that both Nkx5 genes transcription can
be increased by NGF-signalling, however neurogenesis-promoting activity is specific
only for Nkx5-1. Another Nkx5-1 specific function is induction of apoptosis, partly
in cooperation with BMP-2 and p53. Further elucidation of the exact mechanisms of
Nkx5-1 apoptotic and neurogenesis-promoting effects will lead to a better

understanding of the role of other factors (BMPs, p53, p21) in neuronal development.

neuronal
Bmp-2 = differenciation
Nkx 5-1 Nkx 5-2
block p53
PFT alpha NGF

p53

T

APAF-1 Caspase

~ Apoptosis
Fig.24. Schematic summary of Nkx5-1 function in neuronal differentiation and

apoptosis and cooperation with NGF, BMP-2 and p53.
See text for further explanations.
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6. SUMMARY

Nkx5-1 and Nkx5-2 are two strongly related proteins, which play important roles in
the inner ear and neuronal development. Expression pattern and in vivo consequences of
elimination of Nkx5 genes in the mouse are well described. In contrast, little is known
about their regulation and function in neuronal cells. The main aim of this work was

investigation of Nkx5-1 and Nkx5-2 functions during differentiation of neuronal cells.

PC12 pheochromocytoma cell line derived from rat chromaffin cells of the suprarenal
medulla, which can be easily induced to neuronal differentiation, was used as an
experimental system. In addition to the endogenous Nkx5 genes expression,
overexpression of both Nkx5 tagged proteins was employed. Furthermore, an Nkx5-1

promoter activity was monitored using promoter-LacZ-reporter construct.

The main finding of this work was discovery of an Nkx5-1 specific function in
induction of apoptosis. Overexpression of Nkx5-1 protein in PC12 cells led to apoptosis
induction while overexpression of Nkx5-2 had no effect on apoptosis. This was the first
description of a molecular function specific for only one of both Nkx5 proteins. Thus

far, functional redundancy was postulated for both proteins.

In the further course of this work | analyzed the modalities of the Nkx5-1 apoptosis
promoting function. Since apoptosis is regarded as an integral part of the neuronal
differentiation program | investigated the possible cross-regulation with neuronal
differentiation factors NGF and BMP. Surprisingly, NGF and BMP did not prevent
apoptosis induction by Nkx5-1. My results indicate that Nkx5-1 induces apoptosis by
utilization of the p53-dependent pathway.

| further performed mutation analysis using different Nkx5-1 and Nkx5-2 domain
swapping constructs to delineate the protein region responsible for the Nkx5-1 specific
function. An N-terminus of the Nkx5-1 protein was identified as responsible for the
apoptosis induction. This part encompasses sequences, which are not conserved

between the two Nkx5 proteins. In agreement with an importance of apoptosis during
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neuronal differentiation, | observed higher Nkx5-1 expression in cells induced to
differentiate. This observation was confirmed by a higher activity of the Nkx5-1 LacZ-
promoter construct during neuronal differentiation. My results document that DNA
sequences within 10.5 kb upstream of the transcription site of the Nkx5-1 gene bear
regulatory elements responsible for the Nkx5-1 activity in neuronal cells. This construct
contains also sequences responsive to the NGF and BMP signals.

In the final part of this work | performed experiments on the Nkx5-1 knockout mice to
find out, whether my in vitro results correlate with the Nkx5-1 function in vivo. In fact,
| observed diminished apoptosis signals on the brain sections of Nkx5-1 knockout mice
as compared with wild type controls. Moreover, a lower level of expression of neuronal
marker genes was detected in Nkx5-1 knockout mice. These results confirm, that Nkx5-

1 exerts regulatory role in neuronal tissues in vivo.
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7. ZUSAMMENFASSUNG

Nkx5-1 und Nkx5-2 sind zwei eng verwandte Proteine, die wichtige Rollen in der
Entwicklung des Innenohrs und der neuronalen Strukturen spielen. Die Expression
der Nkx5 Gene sowie die Folgen deren Ausschaltung in der Maus sind bereits
beschrieben. Es ist jedoch wenig Uber die Regulation und Funktion der Nkx5 Gene in
neuronalen Zellen bekannt. Das Hauptanliegen dieser Arbeit ist daher eine
funktionelle Untersuchung der Nkx5-1 und Nkx5-2 Gene wahrend der

Differenzierung von neuronalen Zellen.

PC12 Pheochromocytoma Zelllinie wurde als Untersuchungssystem gewahlt. Diese
Zelllinie wurde urspriinglich von Chromaffin-Zellen der Suprarenal Medulla der
Ratte etabliert. Neben der Untersuchung der Expression der endogenen Nkx5 Gene
wurden Nkx5 uberexprimierende Konstrukte verwendet. Des weiteren wurde ein
LacZ-reporter Konstrukt zur Untersuchung von Nkx5-1 Genpromotors-Aktivitat

generiert.

Den wichtigsten Befund dieser Arbeit stellt die Aufdeckung einer Nkx5-1
spezifischen Funktion bei der Induktion der Apoptose dar. Wéhrend eine
Uberexpression des Nkx5-1 Proteins in den PC12 Zellen die Apoptose induzierte,
l6ste dagegen eine Uberexpression des Nkx5-2 Proteins keinen derartigen Effekt aus.
Mit diesem Befund wurde zum ersten Mal eine molekulare Funktion, die spezifisch
flr nur eins der beiden Nkx5 Proteine ist, definiert. Bislang wurde eine funktionelle

Redundanz der beiden Proteine postuliert.

Im weiteren Verlauf dieser Arbeit habe ich die pro-apoptotische Wirkung des Nkx5-
1 Proteins genauer untersucht. Da Apoptose als ein wesentlicher Bestandteil des
neuronalen Differenzierungsprogramms betrachtet wird, habe ich die potentiellen
Wechselwirkungen mit den neuronalen Differenzierungsfaktoren NGF und BMP
untersucht. Uberaschenderweise haben weder NGF noch BMP mit der Nkx5-1
induzierten Apoptose interferiert. Meine Daten weisen darauf hin, dass die Nkx5-1

induzierte Apoptose im p53-abhéngigen Signalweg erfolgt.
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Zusammenfassung

Um die Proteinbereiche, die fur die Nkx5-1 spezifische Funktion verantwortlich sind
zu definieren, habe ich s. g. ,,domain swapping*“ (Doméanenaustausch) Konstrukte
verwendet. In diesen Experimenten konnte der N-Terminus des Nkx5-1 Proteins als
verantwortlich fur die pro-apoptotische Wirkung identifiziert werden. Dieser
Proteinbereich beinhaltet Sequenzen, die unter den beiden Nkx5 Proteinen nicht
konserviert sind. Die endogene Nkx5-1 Expression steigt wéhrend der neuronalen
Induktion und spiegelt mdglicherweise die wichtige Rolle des Apoptosevorgangs in
der neuronalen Differenzierung wieder. Die erhohte transkriptionelle Aktivitat des
Nkx5-1 Gens in differenzierten Zellen wurde zusétzlich durch die Bestimmung der
Nkx5-1 Promoter-Aktivitdt mittels LacZ-Reporter Konstrukts bestéatigt. Meine
Ergebnisse zeigen, dass sich die regulatorischen Promotorelemente, die fur die
Nkx5-1 Genaktivitadt in neuronalen Zellen verantwortlich sind, in einem 10,5 kb
Bereich 5°von der Transkriptionsstartstelle befinden. Dieses Genfragment beinhaltet

ebenso Sequenzen, die durch NGF und BMP Signale reguliert werden.

Im letzten Teil dieser Arbeit habe ich Apoptosevorgange sowie Expression
verschiedener neuronaler Marker im CNS der Nkx5-1 knockout Maus durchgefihrt.
Ich habe eine verminderte Apoptose in verschiedenen Gehirnregionen der Nkx5-1 -/-
Maus dokumentiert. Weiterhin, wurden niedrige Expressionslevel von neuronalen
Markergenen gefunden. Diese Daten deuten auf eine regulatorische Rolle von Nkx5-

1 im neuronalen Gewebe in vivo.
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Abbreviations

8. ABBREVIATIONS

bp base pair

BMP2 Bone Morphogenetic Protein 2

BSA Bovine Serum Albumine

cDNA DNA complementary to RNA

CNS Central Neuron System

EtOH Ethanol

FCS Fetal Calf Serum

kb kilo base pair

min. minute

MRNA messenger RNA

NGF Neuron Growing Factor

PBS Phosphate Buffer Saline

PCR Polymerase Chain Reaction

PFA Paraformaldehyde

RT-PCR Reverse Transcriptase Polymerase Chain Reaction
TUNEL Terminal deoxynucleotidyl transferase mediated UTP Nick End
Wit Wild type

PC12 cell line
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