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I LITERATURE REVIEW

1 INTRODUCTION

Cyclin dependent kinases (Cdks) are a group of serine/threonine kinases that associate with

cyclins and control eukaryotic cell cycle (Malumbres and Barbacid 2005). Cyclin

dependent kinases form a heterodimeric complex together with specific cyclins in order to

get activated. As an active complex with a cyclin, Cdks can phosphorylate target proteins at

serine or threorine residues directly neighboured to a proline, resulting in cellular

responses, most of them controlling the eukaryotic cell cycle.

The Cyclin dependent kinase – family consists so far from 11 different kinases, most of

them regulating the cell cycle (Cdk 1-4, Cdk6, Cdk10-11) (Malumbres and Barbacid 2005).

Cdk7 acts as a Cdk activating kinase (CAK) together with cyclin H and an additional

protein called Mat1 (Fisher and Morgan 1994; Lolli and Johnson 2005). Cdk8 and Cdk9 are

noticed to participate in regulation of transcription (Akoulitchev et al. 2000; Garriga and

Grana 2004; Zhu et al. 1997).

Cyclin dependent kinase 5 (Cdk5) is an exceptional member of this protein kinase family.

Cdk5 shares a significant sequence similarity with the other human Cdks, but the role of

Cdk5 differs from the mitotic Cdks, since it is noticed to be active and ubiquitously

expressed in postmitotic cells (Tsai et al. 1994). The role of Cdk5 is mainly studied in

cultured neurons and neuronal tissues, where Cdk5 is a crucial player in neuronal

outgrowth, axonal pathfinding and neuronal migration (Chae et al. 1997; Ohshima et al.

1996). Cdk5 colocalizes with actin microfilaments in growth cones and lack of Cdk5 leads

to defects in neuronal migration and cortical lamination in developing brain, which also

promotes the important role of Cdk5 in neurogenesis.
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By phosphorylating its diverse substrates, Cdk5 is involved in neuronal migration and

development, axon guidance, synaptic plasticity, cellular motility and adhesion, but also in

neurodegenerative processes by mediating cytoskeletal processes such as actin dynamics,

microtubule organization and transport (Connell-Crowley et al. 2000; Kwon et al. 1999;

Kwon et al. 2000; Li et al. 2001; Li et al. 2007; Nikolic et al. 1996; Nikolic et al. 1998;

Patrick et al. 1999). Cdk5 activity and function has been studied also in many non-neuronal

cells. Like hypothesised, it has been shown to have a role in cell migration in epithelial

cells, some myeloid leukemia cells, somatic muscle cells and keratinocytes (Gao et al.

2002; Kwon et al. 2000; Nakano et al. 2005; Philpott et al. 1997; Sharma et al. 2004). Cdk5

is interestingly shown to participate also in human endothelial cell migration and

angiogenesis (Liebl J., dissertation at Ludwig Maximilians University Munich, 2008).

Endothelial cell migration is an important part of angiogenesis, where new vessels are

sprouting out from pre-existing vasculature. Angiogenesis is essential in many

physiological processes such as embryonic development, wound healing and menstrual

cycle, but it has also been related to some pathological events such as diabetic retinopathy,

arthritis and tumour growth (Carmeliet 2005). Already more than three decades ago it was

first suggested, that a malignant tumour needs its own vascularisation when reaching the

size of two to three millimetres in diameter (Folkman 1971). Cdk5 is shown therefore to be

an interesting target for further studies to investigate the Cdk5 regulation and the Cdk5

mediated pathways participating in angiogenesis, as they might have potential for anti-

tumour therapy.

Nevertheless Cdk5 as a monomer has no kinase activity (Tsai et al. 1994). It needs an

association with its non-cyclin regulatory subunits p35 or p39 or their respective cleavage

products p25 and p29 to become active (Lew et al. 1994; Patrick et al. 1999; Patzke and

Tsai 2002; Tang et al. 1997). The expression of its activators is considered as the limiting

factor of its activation (Tanaka et al. 2001). On the other hand, there are only few studies

done so far for Cdk5 in non-neuronal cell migration including endothelial cell migration. In

this Pro gradu work I will first highlight, in this literature review, what is known about the
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characteristics of the Cdk5 activators and in experimental part describe what was found in

our studies about their function in human endothelial cells.

2  ACTIVATION OF CYCLIN DEPENDENT KINASES

Cyclin dependent kinases are a family of serine/threonine kinases that mainly regulate the

eukaryotic cell cycle (Malumbres and Barbacid 2005). They need to be associated with the

respective cyclin in order to become active. The cellular function of Cyclin dependent

kinase 5 differs from that of mitotic cdks, but the activation patterns share some common

features (Humbert et al. 2000; Tsai et al. 1994). The activation of the mitotic Cdks includes

pairing with an activator, additional phosphorylation and inhibition of possible inhibitors

(Figure 1).
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Figure 1: Overview of the regulation of mitotic Cyclin dependent kinase (Cdk) activity. In
order to be active Cdk forms a complex with a specific Cyclin (Cyc). The kinase activity
can be regulated by phosphorylation at different sites by Wee1 and Myt1 (reversed by
Cdc25) and by inactivating proteins (Inactivating protein families INK4 and Cip/Kip)
(Figure adapted and revised from (Malumbres and Barbacid 2005).

2.1.1 Pairing with an activator

The main activation pattern for mitotic Cdks is the formation of a hetero-dimeric complex

with a respective cyclin (Figure 1) (Malumbres and Barbacid 2005). Cyclins are proteins

that associate and activate the Cdks and, thus regulate the cell cycle progression. The

synthesis and degradation of cyclins and thereby the activation of mitotic Cdks are

controlled by the intracellular events related to the cell cycle.
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Cdk5 forms a hetereodimeric complex with the specific non-cyclin regulatory subunits p35

and p39 and their respective cleavage products p25 and p29, which are regulated by

extracellular signals (Humbert et al. 2000; Ko et al. 2001; Tang et al. 1995; Tsai et al.

1994) (Figure 2). The Cdk5 activators are shown to share little sequence similarities with

the cyclins (Tang et al. 1997). The structure of cyclins and Cdk5 activators have

nevertheless some shared characteristics and some of the cyclins can bind to Cdk5 although

having no effect on its kinase activity (Guidato et al. 1998). Cdk5 is shown to be

ubiquitously expressed, but the expression and distribution of its activators seem to be the

limiting factor of its activation (Humbert et al. 2000; Lew et al. 1994; Tsai et al. 1994).

Figure 2: In order to become active, Cdk5 associates with its regulatory subunits, including
p35 (Tsai et al. 1994).

2.1.2 Phosphorylation

Besides the cyclins, the activation of mitotic Cdks can be regulated by phosphorylation at

three different sites (Figure 3) (Jeffrey et al. 1995; Russo et al. 1996). Phosphorylation,

which is carried out by kinases Wee1 and Myt1 at Threonine14 and Tyrosine15 amino acid

Cdk5

p35

Cdk5

Inactive

Active kinase
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residues has an inhibitory effect on the kinase acitivity (Malumbres and Barbacid 2001;

Mueller et al. 1995). This can be reversed by Cdc25 phosphatase. Cdk activating kinase

(CAK) phosphorylates mitotic Cdks at Threonine160 and this way significantly increases

their kinase activity compared to the activity of an un-phosphorylated complex (Gu et al.

1992; Russo et al. 1996).

Phosphorylation of Cdk5 at specific sites can additionally increase the activity of Cdk5

(Figure 3). On the other hand, unlike by some mitotic Cdks, Wee1 and Myt1 do not have

any additional effect on the Cdk5 kinase activity (Mueller et al. 1995; Songyang et al.

1996). By contrast, the phosphorylation at Tyrosine15 has an increasing effect on the Cdk5

kinase activity (Sasaki et al. 2002; Zukerberg et al. 2000).

The phosphorylation of Cdk5 at Tyrosine15 by a nonreceptor tyrosine kinase c-Abl

increases the kinase activity of Cdk5-p35-complex (Zukerberg et al. 2000). There is no

evidence about the direct interaction of Cdk5 and c-Abl, but a protein called Cables (Cdk5

and c-Abl enzyme  substrate) is noticed to interact with Cdk5, which enhances the

interaction of Cdk5 with c-Abl. Cables is therefore supposed to act as a linker protein, as it

is shown to be phosphorylated by both Cdk5 and c-Abl.

Fyn is another tyrosine kinase that is noticed to phosphorylate Cdk5 at Tyrosine15 in growth

cones (Sasaki et al. 2002). Fyn is a member of the Src family of nonreceptor tyrosine

kinases and it is shown to have a role in mediating neuronal network building. The

phosphorylation by fyn is shown to increase the Cdk5 kinase activity to about two-fold.

Cdk5 can additionally be phosporylated at Serine159, which is comparable to the

phosphorylation at Threonine160 by CAK in mitotic Cdks (Poon et al. 1997). The role of it

is nevertheless not quite clear, but it is suggested to have an inhibitory effect on Cdk5

activity (Tarricone et al. 2001). The phosphorylation of Cdk5 at Serine159 is supposed to

cause steric clashes and this way to disturb the interaction with the activator.
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Figure 3: Comparing the regulation of Cdk5 and Cdk2 by phosphorylation. Cdk-activating
kinase (CAK) can increase the kinase activity of Cdk2 by phosphorylating it on
Threonine160 (indicated as green Thr160) (Malumbres and Barbacid 2001). The
phosphorylation of Cdk5 at Serine159 (indicated as red Ser159), is suggested to be inhibitory
(Tarricone et al. 2001). Cdk2 kinase activity can be inhibited by kinases Wee1 and Myt1 by
phosphorylation on Threorine14 (indicated as red Thr14) and Tyrosine15 (indicated as red
Tyr15) (Mueller et al. 1995; Songyang et al. 1996). Cdk5 kinase activity can be increased by
c-Abl and Fyn by phosphorylation on Tyrosine15 (Tyr15) (Sasaki et al. 2002; Zukerberg et
al. 2000) (Figure adapted and revised from Dhavan and Tsai 2001).

The role of phosphorylation of Cdk5 is nevertheless not quite clear. Association with the

regulatory subunits seems to be fundamental for the activity, but in mediating some cellular

processes the additional phosphorylation at Tyrosine15 seems to be required (Miyamoto et

al. 2008; Sasaki et al. 2002). The inductive and the possible inhibiting phosphorylation

might have different kinds of features in different cell types and tissues.

Cdk2

Cdk5

Thr14

Tyr15
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-/+?

Wee1/My
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2.1.3 Inhibitors

Besides the site specific phosphorylations, there are also families of inhibitory proteins

(INK4 and Cip/Kip), that can inhibit the activity of some mitotic Cdks (Figure 1) (Sherr

and Roberts 1999). They can either bind and block the inactive monomeric mitotic Cdk or

form an inactive trimeric complex together with the mitotic Cdk-cyclin-complex

(Malumbres et al. 2004; Martin et al. 2005; Pavletich 1999; Sherr and Roberts 1999).

On the other hand, there is no evidence of direct inhibition of Cdk5 by some proteins.

Instead, the research group of Ching has suggested that there might be a p35 inhibitory

protein that could this way also inhibit the Cdk5 activity (Ching et al. 2000; Ching et al.

2002).

3 NEURONAL REGULATORY SUBUNITS OF CDK5

Cyclin dependent kinase 5 is directly activated by binding to its regulatory non-cyclin

subunits p35 or p39, but also by their respective cleavage products p25 and p29 (Humbert

et al. 2000; Ko et al. 2001; Lee et al. 2000; Patrick et al. 1999; Patzke and Tsai 2002; Tang

et al. 1995; Tsai et al. 1994). Both the kinase and its activators are expressed in post-mitotic

neuronal cells in the developing brain. The activators p35 and p39 mainly localise to

membranes whereas Cdk5 is found mostly in cytosol (Asada et al. 2008; Humbert et al.

2000). When activated, Cdk5 becomes localised to same subcellular compartments with

these activators (Nikolic et al. 1996). They co-localize in axonal growth cones suggesting

their importance for neurite outgrowth and axonal path-finding. Tyrosine15 phosphorylated

Cdk5 and p35 are found also localised to actin stress fibres of epithelial cells (Qiao et al.

2008).

Cdk5 has a wide tissue and cell distribution and therefore the expression of its activators is

considered to be the limiting factor of its activation (Tsai et al. 1994). The importance of

both activators and their cleavage products is nevertheless not quite clear. The activators
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p35 and p39 seem to have different functions during different stages of the brain

development. Although it is shown that p39 can somehow compensate the loss of p35, they

both seem to have an important role in neurons (Ko et al. 2001). On the other hand, the

cleavage products p25 and p29 interestingly modulate the activation and target patterns of

Cdk5 (Lee et al. 2000; Patrick et al. 1998; Patrick et al. 1999; Patzke and Tsai 2002). The

prolonged activation and cellular re-localization due to Cdk5-p25 complex is suggested to

play a role in some neurodegenerative diseases in comparison to the neuronal developing

properties of Cdk5-p35 complex.

3.1 Characteristics of the neuronal Cdk5 activator p35

p35, the main and most effective neuronal activator of Cdk5, is a short-lived

phosphoprotein that has a half-life of 20-30 minutes (Kerokoski et al. 2002; Patrick et al.

1998; Saito et al. 2003). It binds to the membranes by its amino-terminal myristoylation

motif with the assistance of ionic interactions and is therefore detected mostly in membrane

fractions including lamellipodia and filopodia at the leading edge (Figure 4) (Asada et al.

2008). Cdk5, when in interaction with p35, also becomes localised in cell periphery. Due to

this, it is suggested that most of the target proteins of Cdk5 would also be membrane-

associated.

The protein level of p35 is critical for the Cdk5 activation. Cdk5 phosphorylates its

activator p35 at sites Serine8 and Threonine138 shortly  after  its  activation  (Kamei  et  al.

2007; Saito et al. 1998). The phosphorylation of p35 targets p35 for ubiquitin-dependent

proteasomal degradation (Patrick et al. 1998; Saito et al. 1998; Saito et al. 2003). Cdk5 can

this way regulate its own activity and the protein level of p35. It cannot be ruled out that

there are also other kinases that may phosphorylate p35, although Cdk5 is considered to be

the main phosphorylator (Kerokoski et al. 2002). Cdk5-p35 kinase activity is therefore also

regulated by the phosphorylation state of p35, considering it as an autoregulation

mechanism of Cdk5 activity (Sato et al. 2007; Zhu et al. 2005).
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Figure 4: p35, the neuronal activator of Cyclin dependent kinase 5 (Cdk5), is a
phosphoprotein that is targeted to the cell membrane by its myristoylation motif. It can be
cleavaged to its truncated form p25 by calcium dependent protease calpain.
Phosphorylation by Cdk5 targets it to degradation via ubiquitin-mediated proteasomal
pathway (Kamei et al. 2007; Patrick et al. 1998; Saito et al. 1998; Saito et al. 2003).

Interestingly, another theory for the regulation of activation of the Cdk-p35 complex exists.

The phosphorylation state of p35 is said to regulate the solubility of the p35-Cdk5-

complex. The unphosphorylated form of Cdk5-p35 is noticed to be more eager to bind the

membranes in brain extracts (Sato et al. 2007). On the other hand the more active complex

of Cdk5-p35 is shown to be in soluble forms, whereas the insoluble membrane-targeted

forms  were  noticed  to  be  less  active  (Kusakawa  et  al.  2000;  Sato  et  al.  2007;  Zhu  et  al.

2005). This suggests that also the phosphorylation of p35 is needed to increase the activity

of the Cdk5, since the transition of soluble and active Cdk5-p35 to an inactive insoluble

form that binds to the membrane is related to the dephosphorylation of p35 (Sato et al.

2007). This suggestest that Cdk5 can regulate its own activity. Interestingly, Cdk5 also

Cdk5

p35

P

P
p35Ubiquitin-

mediated
degradation

Active kinase

p25

N-terminal p10
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Prolonged
kinase activityC-terminal p25
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inhibit the dephosphorylation of p35, as protein phosphathase-1 (PP1), the main

dephosphorylator of p35, is shown to be inhibited by Cdk5 (Sato et al. 2007). On the other

hand there might be other cellular events that guide and regulate the Cdk5 abilities to

contribute to the phosphorylation state of p35. Cdk5 activity is shown to be additionally

increased phosphorylation at Tyrosine15 (Sasaki et al. 2002; Zukerberg et al. 2000). It is

nevertheless not quite clear at which point this phosphorylation takes place and whether it

plays a role in the phosphorylation of p35 and its degradation procedure and the solubility

of the Cdk5-p35 (Rhee et al. 2007). If modulating the solubility of the complex, the

additional phosphorylation could have an effect on spectrum of the target proteins of Cdk5-

p35-complex. Thus, Cdk5 can regulate its own activity by modulating the phosphorylation

state of p35 (Li et al. 2007; Patrick et al. 1998; Saito et al. 1998).

3.1.1 Regulation of the p35 expression

The level of Cdk5 is shown to remain the same while the expression of the activators and

the additional phosphorylation rule the kinase activity (Sasaki et al. 2002; Tsai et al. 1994;

Zukerberg et al. 2000). Expression of p35 and the kinase acticity of Cdk5 are shown to

increase parallel in differentiating neurons. To regulate the Cdk5 kinase activity, there are

extracellular signals that can have an effect on the expression of p35 (Bellou et al. 2009;

Harada et al. 2001).

Nerve growth factor (NGF) is shown to be able to enhance the activation of Cdk5 and have

an effect on neuronal differentiation and outgrowth (Figure 5) (Harada et al. 2001). NGF

increases the expression of p35 in vitro by inducing the activation of MAPK/ERK-kinase

(MEK) and Extracellular signal-regulated kinase (ERK). The activation of these kinases

leads to the activation of Early growth response-1 (Egr-1), which is a transcription factor of

p35,  increasing  the  expression  of  p35  and  thereby  also  the  activation  of  Cdk5.  This

pathway is shown to be activated also during neuronal differentiation. Up-regulation of p35

and activation of the ERK-Egr-1 pathway is suggested to be increased also by laminin,
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which activates the integrin 1 1-receptor (Li et al. 2000; Paglini et al. 1998). Laminin is

shown to enhance axonal outgrowth and contribute to the redistribution of Cdk5 to axonal

growth cone and increase its kinase activity.

Figure 5: Nerve growth factor (NGF) and Laminin (via integrin receptor) can increase the
expression of p35 by activating the Extracellular signal-regulated kinase (ERK) mediated
pathway where early growth response – 1 (egr-1) is activated and targets the p35 promoter.
The increased expression of p35 has an effect on the Cdk5 kinase activity (Harada et al.
2001; Li et al. 2000; Paglini et al. 1998).

In endothelial cells, Vascular endothelial growth factor (VEGF) is reported to activate the

MAP kinases p38 and ERK and their activation is shown to lead to cell migration and

proliferation (Bellou et al. 2009; D'Angelo et al. 1995; Rousseau et al. 1997). Taken this
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data into account, there are also other extra-cellular stimuli that might regulate the p35

expression and this way the Cdk5 activity.

3.2 p25, the cleavage product of p35

p35, the neuronal activator of Cdk5 can be cleaved into its truncated carboxyl-terminal-

fragment. p25 represents the C-terminal 25 kDa fragment of p35 and contains the entire

Cdk5 activation domain of p35 (Lee et al. 2000; Lew et al. 1994; Patrick et al. 1999; Tsai et

al. 1994). The cleavage product p25 has this way lose the membrane targeting N-terminal

motif of p35 and p25 becomes localised in the cytosol (Figure 6) (Asada et al. 2008).

Despite the cleavage, p25 can also activate the Cdk5 and this activation is measured to

increase the phosphorylation of p25 (Lee et al. 1996; Lew et al. 1994). Related to the

cleavage, p25 has some altered properties when compared to p35. When activated by p25,

Cdk5 is also localised in cytosol. The altered localisation of the active kinase complex is

suggested to alter the spectrum of target proteins compared to the Cdk5-p35. (Lee et al.

2000; Patrick et al. 1999). In contrast to p35 with a half-life of 20-30 minutes, p25 is 5-10-

fold more stable and presumably leads to prolonged kinase activity of Cdk5 (Patrick et al.

1998; Patrick et al. 1999).
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Figure 6: Structure of p35 and p25. The N- and C-terminal regions of p35 are separated by
a proline-rich region (black box). Cdk5 binding and activation region is located in the C-
terminal region (black bar). Cleavage liberates a C-terminus fragment 25kD known as p25
and N-terminal fragment p10. Cleavage of p35 to p25 by the protease called calpain and
accumulation of p25 in neurons, are associated with morphological degeneration of neurons
(Kusakawa et al. 2000; Patrick et al. 1999) (Adapted Patrick et al. 1999).

Cdk5-p25 is shown to induce neuronal death and hyperphosphorylation of microtubule-

associated protein tau in cortical neurons (Patrick et al. 1999). Oxidative stress and

neurotoxic processes are noticed to activate the protease calpain, which results in p25
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production and deregulation of Cdk5 as the cellular concentration of Ca2+ increases (Figure

7) (Kusakawa et al. 2000; Lee et al. 2000; Strocchi et al. 2003). The activity of Cdk5 but

also the level of p25, are increased in cells exposed to compounds causing oxidative stress.

The accumulation of Cdk5-p25 is associated with morphological degeneration and

cytoskeletal disruption in neurons, seen in Alzheimer´s disease and other neurodegenerative

diseases. Cdk5 activity and p25 accumulation are noticed to be increased also in human

brain tissues of patients suffering from Alzheimer´s disease (Patrick et al. 1999).

Figure 7: Neurotoxic processes such as oxidative stress activate the protease calpain, which
results in p25 production and deregulation of Cdk5. (Lee et al. 2000)

Phosphorylation studies have shown that the autophosphorylation of p35 by Cdk5 can

somehow protect p35 from the calpain mediated cleavage and that the specific

dephosphorylation of p35 at Threonine138 increases the susceptibility to this cleavage in

adult rat brain (Kamei et al. 2007; Lee et al. 2000; Saito et al. 2003; Tsai et al. 1994).

Interestingly, the calpain has been shown to be more active in foetal brain compared to the

adult brain. Despite it, the portion of p25 has nevertheless been shown to be bigger in adult

brain. The role of this cleavage product and the age-dependent protective mechanism of the

phosphorylation are not quite clear. On the other hand, the role of calpains mediating and
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participating in wide-range of different cellular mechanisms other than cleavage of p35,

should be kept in mind.  More dimensions bring also the proposal that the phosphorylation

of p35 is also linked to the activation and solubility of the Cdk5-p35 complex.

3.3 p39, the other neuronal activator of Cdk5, holds similar characters as p35

Besides p35, it has been found that there is also another neuronal non-cyclin activator for

Cdk5 (Tang et al. 1995). p39, a protein with molecular weight of 39kD, shares 57 % of

amino-acid identity with p35 (Humbert et al. 2000; Ko et al. 2001; Tang et al. 1995).

Besides neuronal cells and cultures, p39 is expressed also in some non-neuronal cells like

lens epithelial cells, where Cdk5-p39 is suggested to have a role in regulating cell

migration, and in pancreatic -cells, where Cdk5-p39 is shown to participate in the

regulation of exocytosis (Ledee et al. 2007; Liland et al. 2004).

The Cdk5-p39 complex has been shown to have some similar target proteins as Cdk5-p35

complex regulating actin cytoskeleton and co-localizing with actin growth cone structures,

but on the other hand some target proteins have shown to be more selective for Cdk5-p39

(Humbert et al. 2000; Ohshima et al. 2005; Yamada et al. 2007). Cdk5-p39 has been found

to be a less stable complex when compared to Cdk5-p35. Interestingly it has been

suggested that the N-terminal region of p39 somehow affects on the stability of Cdk5-39,

but not on the stability of Cdk5-p35.

The variety in target protein specificity and the distinct expression patterns of p35 and p39

hint at their different roles in neurons. p35 is first detected during the perinatal period while

in contrast p39 is mainly expressed postnatally (Takahashi et al. 2003). The loss of p39

causes no noticeable abnormalities and has no difference in the levels of p35 or Cdk5 (Ko

et al. 2001). Also the kinase activity of Cdk5 remains the same. In contrast p35-/- p39-/-

double-null mutant mice are perinatally lethal such as Cdk5-null mutants. This indicates

that p35 can somehow compensate the loss of p39. Both activators seem to be essential for



 17

the activation of Cdk5 in neurons, since in contrast the level of p39 is increased in p35-null

mutant mice. How distinct roles they have and how this compensatory mechanism works,

still needs further investigation. The distinct roles and compensatory mechanisms of the

activators might also vary between different cell types and tissues.

3.4  p29, the cleavage product of p39

p39 can be cleaved to its C-terminal truncation product p29, that also contributes to the

activation of Cdk5 (Patzke and Tsai 2002). p29 is shown to have similar characteristics as

p25, which are related to its capability to prolong the Cdk5 activation and change to

localisation of the active kinase.

This cleavage is mediated by calpain, as in case of p35, and it is shown that p29 contains

the entire kinase activation domain of p39 (Kusakawa et al. 2000; Patzke and Tsai 2002).

Expression levels of both forms have been studied and p29 is noticed to be more stable and

therefore capable to prolong the activation of Cdk5 when compared to p39. When formed,

p29 becomes localized in cytosol, as described in the case of p25. Although p29 is assumed

to have the same kind of characteristics as p25 and possible role in deregulating the Cdk5

activity, there are only a few studies done so far to investigate the function of p29 mediated

Cdk5 activation.

4 ANGIOGENESIS AND ENDOTHELIAL CELL MIGRATION

4.1 Angiogenesis

Angiogenesis, the process where new vessels are formed from pre-existing ones, is an

important in many physiological processes like embryonic development, wound healing

and menstrual cycle (Carmeliet 2005). Formation and growth of new vessels is carefully

mediated and under a strict control. Interestingly, besides neuronal and other non-neuronal



 18

functions, Cdk5 is recently shown to participate also in the mediation of endothelial cell

migration and angiogenesis (Liebl J., dissertation at Ludwig Maximilians University

Munich, 2008).

4.2 The role of angiogenesis in tumor outgrowth

Not only is angiogenesis an important process in many physiological events, but it also has

a role in some patophysiological processes. The research group of Folkman first discovered

that the tumour growth and metastasis require formation of blood vessels (Folkman et al.

1966). The studies lead to a hypothesis that inhibiting angiogenesis could be a strategy to

arrest tumour growth. It was later on noticed, that the growth of a tumour cannot exceed

after reaching a size of 2-3 mm as diameter without adequate blood supply. This was due to

hypoxia and death of tumour cells. Nowadays angiogenesis is known to participate also in

some other pathological processes like arthritis and diabetic retinopathy (Carmeliet 2005).

The process of angiogenesis in tumour vascularisation is described in Figure 8.  In order to

be activated the expression and binding to receptors of angiogenic factors, such as vascular

endothelial growth factor (VEGF), is required. VEGF is shown to be expressed in many

human tumours ((Dvorak 2002). It has an effect on increasing the vascular permeability

(Roberts and Palade 1997). VEGF triggers endothelial cell proliferation and migration. To

finally form a new vasculature, endothelial cells assemble into a tubular structure.
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Figure 8: Angiogenesis is a process where new vessels are formed from pre-existing ones.
Endothelial cells start to migrate when activated by angiogenic stimuli, as a part of the
process. Endothelial cells (EC) proliferate, increase their survival and migrate towards the
stimulus followed by degradation and invasion of extracellular matrix (ECM). Finally they
form vessels and a vascularisation for the tumour (Adapted from Wong et al. 2009).

4.3 Endothelial cell migration

The migration of endothelial cells is essential to angiogenesis (Lamalice et al. 2007; Mattila

and Lappalainen 2008; Wong et al. 2009). It is a process with several steps regulated by

chemotactic substances (such as VEGF and FGF), components of extracellular matrix

(ECM), and mechanic stimulus such as fluid shear stress. Regulation involves activation of

several  signalling  pathways.  The  process  of  endothelial  cell  migration  is  described  in

Figure 9.
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Figure 9: Endothelial cell migration. Formation of protrusions after polarization of the cell
leads to formation of new adhesion at the leading edge and finally to the movement of the
cell. The leading edge consist of finger-like protrusions called filopodium and sheet-like
protrusion called lamellipodia, which both are formed by actin polymerization Cell is
attached to the extracellular matrix by integrins, receptors that also play a role in cell
signalling. When cell is migrating, it forms new attachments at the leading front and old
integrin attachments are distributed with endocytosis using microfilament and microtubule-
cytoskeletal structures, to the leading front to form new attachments. Stress fibres are
needed for the cell contraction and the forward movement. (Adapted from Mattila and
Lappalainen 2008).

The formation of the leading edge is essential for the cell migration. The protrusion at the

leading edge can be broad lamellipodia or spin-like filopodium (Mattila and Lappalainen

2008). They are formed by polymerization of actin filaments, which is then stabilized by

adhesion to the extracellular matrix. Lamellipodia, the broad protrusion formed at the
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leading edge of spreading and migrating cells, can extent several micrometers from the

leading edge and form new adhesions, that connects the actin cytoskeleton with the

extracellular matrix and this way enables forward crawling of the cells. Filopodia on the

other hand are finger-like protrusions at the leading edge, which consist of bundles of actin

filaments. They act as sensors for the cells, to detect signals, movement and other cells.

4.4 The role of small GTPases in cell migration

Actin polymerization and the formation of filopodia, lamellipodia and stress-fibres are

essential for the endothelial cell migration (Lamalice et al. 2007). It was noticed that the

activation of the small GTPases are involved in regulating cell migration as the small

GTPases Rac, Rho and Cdc42, participate in regulating the microfilament organization in

cell (Nobes and Hall 1995; Ridley et al. 1992). When active, they interact with effector

proteins, which then induce actin polymerization and cell migration. This leads to

formation of leading edge that consists of sheet-like protrusions, lamellipodia and

membrane ruffling (associated with activation of Rac), formation of finger-like protrusions,

filopodia (associated with activation of Cdc42 and its association with Wiskott-Aldrich

syndrome proteins WASPs) and formation of stress fibres and contraction of the cell

(associated with activation of Rho). Small GTPases of the Rho family control cell growth,

morphogenesis, cell motility, cytokinesis, trafficking and organisation of cell cytoskeleton,

but they are also involved in transformation and metastasis (Van Aelst and D'Souza-

Schorey 1997).

In neurons, among other functions, Cdk5-p35 complex is shown to act as an effector of

Rac1, a member of the small GTPases, having Rac1 as an upstream mediator of its activity

(Nikolic et al. 1998). This suggests that Cdk5-p35 partly participate in the effects of Rac1

on the neuronal cytoskeleton, where Rac is implicated in neurite outgrowth, axon guidance

and cell migration, mediating the formation of lamellipodia. It is previously shown in our

research group that Cdk5 is involved also in endothelial cell migration and angiogenesis in
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vitro and in vivo (Liebl J., dissertation at Ludwig Maximilians University Munich, 2008).

Inhibition of Cdk5 in human umbilical vein endothelial cells (HUVECs) leads to reduced

formation of the lamellipodia proving its role in endothelial cell migration in collaboration

with Rac.
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II EXPERIMENTAL PART

CYCLIN DEPENDENT KINASE 5 IN ENDOTHELIAL CELL
MIGRATION
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1 INTRODUCTION

The function of Cyclin dependent kinase 5 has mostly been studied in neuronal cells and

tissues, where it plays a crucial role in neuronal development and migration (Chae et al.

1997; Ohshima et al. 1996). Recent studies also describe functions of Cdk5 in non-neuronal

cells and tissues as it has previously found in heart, liver, kidney and muscles, but also in

epithelial and endothelial cells (Kwon et al. 2000; Nakano et al. 2005; Philpott et al. 1997;

Sharma et al. 2004). Vascular and neuronal cells have shown to use some similar signals

and principles to differentiate, grow and navigate (for review, see Carmeliet 2003). This has

risen the interest to investigate the role of Cdk5 also in endothelial cell migration and

angiogenesis.

Cdk5 has recently been shown to be involved in the regulation of human endothelial cell

migration and angiogenesis (Liebl J., dissertation at Ludwig Maximilians University

Munich, 2008). Although Cdk5 is shown to take part in migration of the endothelial cells,

the mechanisms how the kinase activity is regulated in human endothelial cells, has not

been studied before. In neuronal cells activation of Cdk5 is limited by the expression and

degradation of its regulatory subunits p35 and p39 and their respective cleavage products

p25 and p29. The aim of this study was to investigate whether the neuronal Cdk5 activators

p35 and p39 and their respective cleavage products p25 and p29 are expressed in

endothelial cells and to characterize their potential function in Cdk5 mediated endothelial

cell migration and angiogenesis. Taken into account that angiogenesis is known to have a

role in some pathological processes like tumour growth, the Cdk5-mediated endothelial cell

migration and angiogenesis could be a potential target in cancer therapy (Folkman et al.

1966).
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2 MATERIALS AND METHODS

2.1  Isolation and cultivation of Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) were isolated from Human umbilical

cords provided by nearby hospitals (Wolfart Klinik – Gräfelting, Klinik Pasing - Munich,

Krüsman Klinik - Munich, Taxis Klinik – Munich, for contact information see

APPENDIX).  The cells were cultured in endothelial growth medium at 37 ºC (constant

humidity, 5% CO2) in an incubator (Hera Cell, Heraeus, Germany). Cells were trypsinized

and replated after reaching confluency.

Confluent cells in second passage were seeded either in dishes or well-plates for the

experiments. The 75 cm2 culture flask with confluently layered cells in second passage was

washed twice with phosphate buffered saline (PBS) after removing the medium. PBS was

poured out and cells were trypsinized with trypsin/ethylene diamine tetra-acetic acid

(T/EDTA) for 1-3 minutes at 37 ºC. Cells were detached (controlled with microscope) and

the reaction was stopped with stopping medium. The solution was centrifuged (1000 rpm, 5

min, room temperature). After this, medium was removed and the pellet was re-suspended

with endothelial cell growth medium (ECGM). When needed, cell concentration was

measured (ViC-CELL™ XR-203 Cell Viability Analyzer, Beckmann Coulter, Germany)

and the suspension was plated to either dishes or well-plates. All the experiments were

performed with cells in third passage. To stimulate the cells to spread, cells were freshly

plated and collected in different time points. The control sample was collected after it had

reached confluency after two days of plating.

2.1.1 Solutions and reagents

Following solutions and reagents were used for isolation, cultivation, stimulation and lysis

of the HUVECs.
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Endothelial cell growth medium
(ECGM)
_________________________________________________________________________

ECGM  (PromoCell, Germany) 500 ml

Supplement (PromoCell, Germany) 23,5 ml
Fetal Calf Serum gold (PAA, Austria) 50 ml
Amphotericin B and Penicillin/Streptomycin (PAA, Austria) 3,5 ml
_________________________________________________________________________

Endothelial cell stopping medium
_________________________________________________________________________

M 199 ( PAA, Austria) 500 ml
Fetal Calf Serum gold (PAA, Austria) 50 ml
_________________________________________________________________________

Endothelial starvation medium
_________________________________________________________________________

M 199 (PAA, Austria)
_________________________________________________________________________

Trypsin/EDTA (T/E)
_________________________________________________________________________

Trypsin (PAN, Germany) 0,05  %
EDTA (Carl Roth GmbH, Germany) 0,20  %
PBS
_________________________________________________________________________

PBS (pH 7,4)
_________________________________________________________________________

NaCl 123.2 mM
Na2HPO4 10,4 mM
KH2PO4 3,2 mM
H2O
_________________________________________________________________________
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Collagen G
_________________________________________________________________________

Collagen G (Serva, Germany) 0,001 %

PBS

_________________________________________________________________________

Collagen A
_________________________________________________________________________

Collagen A (Serva, Germany) 0,001 %

PBS
_________________________________________________________________________

Growth factors and their end-concentration used to stimulate the cells
_________________________________________________________________________

Human recombinant vascular endothelial growth factor 165

(VEGF) (Repro Tech) 50 ng/ml

Fetal calf serum gold 880 (FCS) (PAA, Austria)  10 %

_________________________________________________________________________

When cells were stimulated with growth factors, they were first incubated with starvation

medium  for  4  hours  to  stabilize  the  activity  and  after  that  stimulated  with  a  respective

growth factor (VEGF or FCS) direct to the starvation medium leading to an end-

concentration listed in the table above.

2.2 Western blot analysis

Western blot analysis was performed to investigate the protein expression in HUVECs.

Western blot analysis consists of protein separation according to their molecular weight

with Sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) electrophoresis,

transferring of proteins to a nitrocellulose-membrane by tank-blotting and detecting
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proteins using immunodetection (Kurien and Scofield 2003; Laemmli 1970; Towbin et al.

1979).

2.2.1 Preparation of samples for the Western blot analysis

After stimulation cells were lysed with lysis-buffer (protease and phosphatase inhibitors

added before use) after washing with PBS (Tables 1, 2 and 3). After lysis with lysis-buffer

cells were frozen in – 85 ºC for at least 20 minutes. Afterwards the cells were scraped off

and centrifuged (14 000 rpm, 10 min, 4 ºC). The protein concentration was then measured

from the collected supernatant using Bradford assay (Bradford 1976). The supernatant

samples were then diluted to a same concentration with Laemmli sample buffer containing

-mercaptoethanol (for the cleavage of disulfide bridges) and heated (5 min, 95 ºC, to

complete the denaturation) (Table 4). Sodium dodecyl sulphate polyacrylamide (SDS), an

anionic detergent in Laemmli sample buffer, attaches to the hydrophilic parts of the

proteins and causes permanent negatively charged proteins. The samples were then frozen

in – 20 ºC until the gel-electrophoresis was performed.

Table 1: RIPA Buffer (pH 7,5)

(RadioImmunoPrecipitation Assay)
_________________________________________________________________________

NaCl   150 mM
Tris-HCl (Roth, Germany) 50 mM
Nonidet P 40 Igepal CA 630 (Fluka, Germany)     1 %
Deoxycholat (Fluka, Germany) 0,25 %
SDS (AppliChem, Germany) 0,1 %
H2O
________________________________________________________________________
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Table 2: Inhibitors for RIPA Buffer
_________________________________________________________________________

Complete® (Complete Protease Inhibitor Coctail tablets, Roche, Germany, in H2O
according to the instructions of the manufacturer) 4 mM
PMSF  (Phenylmethylsulfonylfluorid) (Sigma, USA/Germany) 1 mM
NaF 1 mM
Activated Na3VO4 (Sigma, USA/Germany) 1 mM

Added to Ripa Buffer before use
_________________________________________________________________________

Table 3: RIPA-Milanese buffer
_________________________________________________________________________

RIPA Buffer
Na2VO3 300 µM
NaF    1 mM

-glycerophosphat    3 mM
Pyrophosphat  10 mM

Add before use:
H2O2 600 µM
Complete® (Complete Protease Inhibitor Coctail tablets, Roche, Germany, in H2O
according to the instructions of the manufacturer) 4 mM

_________________________________________________________________________

Table 4: Laemmli Sample buffer (3x)
_________________________________________________________________________

Tris-HCl (Carl Roth GmbH, Germany) 187,5 mM
SDS (AppliChem, Germany)         6 %
Glycerol 30 %
Bromophenolblue (Sigma USA/Germany) 0,025 %
H2O

add before use:
-mercaptoethanol (Sigma USA/Germany) 12,5 %

_________________________________________________________________________
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2.2.2 Bradford assay for measuring protein concentration

To ensure equal amounts of proteins for Western blot analysis Bradford assay was

performed to measure the protein concentration of samples (Bradford 1976). Protein

samples were incubated with Bradford solution (Roti-Quant, Carl Roth GmbH, Germany,

1:5 dilution in water) for few minutes and the absorbance was measured photometrically at

595 nm (Tecan SpectraFluor plus, Tecan Switzerland; Software Magellan, Tecan

Switzerland). The procedure is based on the formation of a complex between the dye,

Brilliant Blue G, and proteins in solution. The protein-dye complex causes a shift in the

absorption maximum of the dye from 465 to 595 nm. The amount of absorption is

proportional to the protein present. Protein standards (linear regression dilution of a stock

solution of Bovine Serum Albumin, BSA 2mg/ml) were used to calculate the protein

concentration. Samples were then diluted to same concentration according to the sample

with lowest concentration.

2.2.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Proteins were separated according to their size using Sodium Dodecyl Sulphate

polyacrylamid gel electrophoresis (SDS-PAGE) according to Laemmli (Laemmli 1970).

Equal amount of proteins were loaded onto 12% SDS-polyacrylamid gel (consisting of

stacking and separation gels, based on the size of protein) pockets and separated according

to their electrophoretic mobility through the gel in an electric field at 100 V for 21 minutes

for the stacking and 200 V for 45 minutes for separation (Table 5 and 6). Protein molecular

weight was determined with a pre-stained protein marker (PageRuler®, Fermentas, St.

Leon-Rot, Germany).
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Table 5: 12% SDS-Polyacrylamid gel and

Stacking gel

_________________________________________________________________________

Rotiphorese® Gel 30 (37.5:1) (Carl Roth GmbH, Germany) 40 %
Tris-Base (pH 8.8) (Carl Roth GmbH, Germany) 375 mM
SDS (AppliChem, Germany) 0,1%
TEMED (Fluka, Germany) 0,2 %
APS (Sigma, USA/Germany) 0,1 %
H2O
_________________________________________________________________________

Separation gel

_________________________________________________________________________

Rotiphorese® Gel 30 (37,5:1) (Carl Roth GmbH, Germany) 40 %
Tris-Base (Ph 6.8) (Carl Roth GmbH, Germany) 125 mM
SDS (AppliChem, Germany) 0,1 %
TEMED (Fluka, Germany) 0,1 %
APS (Sigma, USA/Germany) 0,05 %
H2O
_________________________________________________________________________

Table 6: Content of Electrophorese-buffer

_________________________________________________________________________

Tris-Base (Carl Roth GmbH, Germany) 4,9 mM
Glycine (VWR Prolabo, Belgium) 38 mM
SDS (AppliChem, Germany) 0,1 %
H2O
_________________________________________________________________________

2.2.4 Electroblotting

After the gel-electrophorese, proteins were transferred to a nitrocellulose membrane by

tank-blot method (wet-transfer) (Table 7) (Kurien and Scofield 2003; Towbin et al. 1979).

Separated proteins are equally transferred to a membrane from the gel with voltage of 100

V for 90 minutes in 4 ºC in tank-blotting buffer.
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Table 7: Tank-Blotting Buffer

_________________________________________________________________________

Tris-Base (Carl Roth GmbH, Germany) 25 mM
Glycine (VWR Prolabo, Belgium) 192 mM
H2O

Add:
Methanol 20 %
H2O
_________________________________________________________________________

2.2.5 Immunodetection

Proteins transferred to nitrocellulose-membrane were identified from the membrane by

immunological detection, where primary antibody against the protein of interest is bound to

the recognition epitope, which can be visualized with a secondary antibody coupled to a

detection molecule (Towbin et al. 1979). Membrane was first incubated with 5 % Blotto

buffer (5 % Milk powder in PBS including 0,1 % Tween 20) for 1-2 hours in room-

temperature to block unspecific binding sites. After this, membrane was incubated with the

primary antibody (Table 7) over night in 4 °C.

The next day membrane was washed 3 times with water and 4 times 5 minutes with PBS

containing 0,1 % Tween 20 and incubated with secondary antibody (Table 8) for 2 hours at

room temperature. After incubation with the secondary antibody, washing steps were once

again performed.
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Table 8: Antibodies used in Western blot analysis and Immunoprecipitation

Primary antibodies:

Antigen Isotype Dilution in Provider

________________________________________________________________________
Actin mouse monoclonal 1:1000 Blotto 1% Chemicon
p35/p25 rabbit polyclonal   1:200 - 1:500 Blotto 1% Santa Cruz
Cdk5 mouse monoclonal   1:500 Blotto 1% Invitrogen

Secondary antibodies:

Antigen Isotype Dilution in Provider

________________________________________________________________________
IRDye 800 anti-mouse 1:20 000 Blotto 1% Invitrogen
Alexa Fluor® 488 Goat-anti-rabbit  1:20 000 Blotto 1% Invitrogen

Goat-anti-rabbit HRP-conjugated  1:10 000 Blotto 1% Bio-rad
Goat-anti-mouse HRP-conjugated 1:10 000 Blotto 1% Biozol
(HRP = Horseradish peroxidase)
________________________________________________________________________

When horseradish peroxidase (HRP) conjugated secondary antibody was used, membrane

was then incubated with Enzymatic chemiluminiscence solution (ECL, Homemade ECL

solution or ECL Plus Western Blotting Detection System, GE Healthcare, Germany) for 1-

5 minutes, where luminol is used as a substrate. HRP is an enzyme catalyzing oxidation and

thus the enzymatic reaction can be utilized in enhanced chemiluminescence (ECL) where

luminol is oxidized by HRP, when H2O2 is present, resulting in light detectable for example

by  an  autoradiography  film  (Super  RX,  Fuji,  Germany)  developed  with  a  Curix  60

Developing system (Agfa-Gevaert AG, Germany) (Table 9).
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Table 9: Enhanced chemiluminescence (ECL) solutions

Homemade ECL solution for 1-3 membranes

_________________________________________________________________________

Luminol (Sigma, Germany) (Stock 44g in 10 ml of DMSO) 50 µl
p-Coumaric acid (Fluka, Germany) (Stock 0.15g in 10 ml of DMSO) 22 µl

H2O2 30% (Merck, Germany) 3 µl
1 M Tris-Base (pH 8.5) (Carl Roth GmbH, Germany) 500 µl
H2O 4500 µl

Incubation time 1 minute
_________________________________________________________________________

ECL Plus Western Blotting Detection System for 1 membrane
(GE Healthcare, Germany)
_________________________________________________________________________

Solution A 2000 µl
Solution B     50 µl

Incubation time 1-3 minutes
_________________________________________________________________________

2.2.6  Quality control methods

After the electroblotting, the gel was stained with Coomassie staining solution for 20

minutes (Table 10). Thereafter the gel was washed with Coomassie destaining solution

until proteins could be detected as blue bands.

In some experiments, human frontal cortex brain sample, received as a gift from a

neuropathological institute (Zentrum für Neuropathologie und Prionforschung, for contact

information see APPENDIX), was used as a positive control of the existence of proteins

investigated to verify the reliability of the method.
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Table 10: Solutions for Coomassie staining quality control

Coomassie staining solution

_________________________________________________________________________

Coomassie blue G (Searle Diagnostic, England) 0,3 %

Glacial acetic acid (Sigma, USA/Germany) 10 %
Ethanol 45 %
H2O
________________________________________________________________________

Coomassie destaining solution

_________________________________________________________________________

Glacial acetic acid (Merck, Germany) 10 %
Ethanol 33 %
H2O
_________________________________________________________________________

The membrane was stained with Ponceau staining solution for 5 minutes and then washed

with water until the protein bands were detected as pink bands and the background was

white (Table 11). This was also to detect the blotting efficacy and the uniformity of

proteins in membrane.

Table 11: Ponceau staining solution

_________________________________________________________________________

Ponceau S (Sigma, USA/Germany) 0,1 %
Glacial acetic acid (Merck, Germany)    5 %
H2O
_________________________________________________________________________

Immunodetection of -actin was used as a quality control method to verify equal loading of

the samples. After protein detection the membrane was washed with water and then

incubated with primary antibody for -actin for 2 hours at room temperature. After this 4

washing steps were performed and straight after the membrane was incubated with Alexa
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Fluor® 680 Goat-anti-mouse secondary antibody with IRDye for 1 hour protected from

light. Another round of washing steps was then performed and protein bands were detected

with Li-cor using Tecan computer program.

2.3  Quantitative Real-Time Polymerase Chain Reaction

Quantitative Real-Time Polymerase chain reaction (PCR) is a method to study the levels of

a messenger RNA of a respective protein. It consist of RNA isolation from samples, reverse

transcription (RT) of RNA to its complementary DNA (cDNA) and finally Real-Time

Polymerase chain reaction for the cDNA, using special TaqMan® Gene expression Assays

(Applied  Biosystems,  USA).  All  the  steps  were  performed  with  special  care  to  avoid

contamination of extern nucleotides and ribonuclease in certain facilities allocated for

RNAse-free working. This was ensured also by using ribonuclease-free reagents and

equipments.

2.3.1  RNA isolation

After the stimulation, the cells were lysed with RLT-lysis-buffer containing -

mercaptoethanol (according to the manufacturer Qiagen Germany). The cells were

collected and RNA was isolated according to the protocol of the Kit used (RNeasy Mini-

Kit (250) Qiagen Germany). RNA concentration of the samples was measured using

spectrophotometer (NanoDrop - 1000 Spectrophotometer, Peqlab Biotechnology GmbH,

Germany). Water was used as a so called blank sample, to detect the background of the

samples isolated to water.

The integrity of the isolated RNA was verified by electrophoresis through 1% agarose gel

(Table 12). RNA samples were mixed with water and a loading dye (Gel Loading dye Blue

6x, New England Biolabs, USA). DNA 100 bp ladder (100 bp DNA Ladder, New England

Biolabs, USA) was used as a marker. Gel-electrophorese was performed with 100 V for 60
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minutes in Tris/Borate/EDTA buffer (TBE) (detection DeVision DBox, Decon Science

Tec).

Table 12: Contents of the Agarose gel 1% and TBE buffer

Tris/Borate/EDTA (1x TBE) buffer

_________________________________________________________________________

Tris base (Carl Roth GmbH, Germany) 44,4 mM
Boric acid (Acros Organics, Belgium) 44,5 mM
EDTA (Carl Roth GmbH, Germany) 1 mM
_________________________________________________________________________

Agarose gel 1%

_________________________________________________________________________

Agarose (SeaKem RE Agarose, Lonza, USA) 1 %
1x TBE buffer
_________________________________________________________________________

2.3.2 Reverse Transcription

Reverse Transcription is needed to synthesize the first-strand complementary DNA out of

isolated RNA. RNA samples were diluted with water to same concentration (400 ng/10 µl

or 600 ng/10 µl) according to the concentration measurements. Master mixture solution

(Table 13) was then prepared and set together with RNA samples, which were diluted to

same  concentration,  in  small  PCR  eppendorf  tubes.  Water  sample  was  used  as  a  non-

template control to prove that the protocol included no errors. Reverse Transcription

reaction (Table 14) was then performed using Thermal cycler (Peqlab primus 25 Peqlab

Biotechnology GmbH, Germany).
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Table 13: Content of the Master mixture solution for Reverse Transcription

(Applied Biosystems, USA)

Master mixture used per one RNA sample (RNA sample volume of 25 l in H2O,

concentration calculated according to the smallest concentration of the samples)

_________________________________________________________________________

10 x Taqman RT buffer 5 l

dNTP Mix (100 mM) 2 l

10 x RT Random Primers 5 l

Reverse Transcriptase 2,5 l

H2O ad  25 l

_________________________________________________________________________

Table 14: Reverse Transcription Reaction Steps in Thermal Cycler

Step Time Temperature

_________________________________________________________________________

1. Incubation 10 min 25 ºC

2. Reverse Transcription (RT) 15 min 42 ºC

3. Inactivation of RT 5 min 95 ºC

4. Cooling 60 min 4 ºC

_________________________________________________________________________

2.3.3  Real-Time Polymerase Chain Reaction

Real-Time Polymerase chain reaction (Real-Time PCR) was performed to investigate the

levels of the respective messenger RNA. The respective cDNA was mixed together with

master mixture (TaqMan® Gene Expression Master Mix, Applied Biosystems, USA) in

specific 96-well plates for Real-Time PCR (MicroAmp Optical 96-well Reaction Plate,
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Applied Biosystems) and sealed with a cover (Optical Adhesive Cover PCR Compatible)

(Table 15). To avoid pipeting errors, duplicates of each sample were used. The expression

of glyceraldehyde-3-phosphatedehydrogenase (GAPDH) was used as a so-called

“housekeeping” gene control, which is based on the general assumption that the expression

of this gene is unaffected by the experiment (Barber et al. 2005). This is to normalize the

data concerning the target gene expression. To compare the results, standard samples were

prepared by diluting the sample with highest RNA concentration with water (standards: 1,

1:5, 1:10, 1:50 and 1:100).  The plate was centrifuged before the Real-Time PCR was

procedured (Table 16) in specific cycler (7300 Real-Time PCR System, Applied

Biosystems, Appler Deutschland GmbH, Germany).

Table 15: Real-Time PCR mixtures

_________________________________________________________________________

Real-Time PCR for p35/p39 (Volumes per one cDNA sample)
_________________________________________________________________________

Master Mix 10 l
(TaqMan® Gene Expression Master Mix, Applied Biosystems, USA)

Gene expression assay for respective activator (p35 or p39)   1 l
(TaqMan® Gene Expression Assay, Applied Biosystems, USA)
cDNA (concentration set according to the smallest value)   2 l
H2O ad 10 l

_________________________________________________________________________

Real-Time PCR for GAPDH (Per one cDNA sample)
_________________________________________________________________________

Master Mix  25 l
(TaqMan® Gene Expression Master Mix, Applied Biosystems, USA)

Forward primer 400 nM
Reverse primer 400 nM
Taqman probe 400 nM
cDNA   2 l
H2O ad 50 l
_________________________________________________________________________
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Table 16: Steps of the Real-Time Polymerase Chain Reaction

_________________________________________________________________________

Step Time Temperature

Incubation 2 min 50 ºC

Hot Start 10 min 95 ºC

Polymerase Chain Reaction  40-45 cycles

Denaturation 15 sec 95 ºC

Extension 1 min 60 ºC

Cooling 60 min 4 ºC

_________________________________________________________________________

Quantification of the PCR product amounts was performed via specific TaqMan® Gene

expression  assay  where  the  activity  of  Taq  DNA  polymerase  results  in  cleavage  of

fluorescent dye-labelled probes (TaqMan ® Gene Expression Assays, Applied Biosystems,

USA). The detection is based on the increasing intensity of fluorescence when the PCR

product is accumulating (Figure 1).
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Figure 1: The principle of the TaqMan® Gene expression assay. A probe, sequence-
specific, labelled with a reporter dye (R) on the 5’ end and a quencher dye (Q) on the 3’
end, is located between the two PCR primers. It binds to its specific DNA template after the
denaturation, and then reaction cools down and primers anneal to the DNA. Formation of
PCR product when polymerase is adding the nucleotides, removes the probe. The probe has
two fluorescent tags attached to it: reporter dye having emission spectra that is quenched by
the neighbouring quencher dye. The reporter dye is set free by Taq DNA polymerase,
which leads to the increased fluorescent activity. This is proportional to the amount of PCR
product formed (Adapted from Applied Biosystems website).

The quantification of the emission is fairly complex and is done with computer. The result

of the multiple amplification, is seen as a graph display having PCR cycles on the x-axis

and the logarithmic indication of the intensity on the y-axis. The threshold (CT-value)
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represents the position of the curve where the amplification is risen already ten-times fold.

The following formula is used to compare the results of respective samples:

The values “Slope” and “Threshold” (CT) are given by the program (7300 System SDS

Software Version 1.3.1.21 Relative Quantification Study Plugin). “Ratio” – values of each

sample are used for statistical calculations, where the chosen control is set as one.

2.4  Immunofluorescence and confocal laser scanning microscopy

Confocal  laser  scanning  microscopy  has  an  advantage  to  use  for  cell  imaging.  It  has  a

capacity to capture only the light that is emitted or reflected by a single plane of a sample.

The light out of interest is filtered out, so that only the light coming from the sample in

interest reaches the detector. The light is then scanned and assembled in order to achieve

images with high contrast and resolution, which can give information about the localisation

and also co-localisation of signals from different fluorochromes. For our studies Zeiss LSM

510 META confocal microscope was used.

Immunofluorescence staining and confocal laser scanning microscopy was used to

investigate the localisation of a certain protein in cells. In this method cells are

permebilized to immunodetect certain proteins with primary antibody, which then will be

detected with fluorescence-dye secondary antibody.
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Known amount of cells were seeded to Collagen A coated specific microscopy µ-slides

(Ibidi Integrated BioDiagnostics GmbH, Germany).  When the needed stimulation was

done,  medium  was  poured  away  and  cells  were  washed  with  PBS.  Cells  were  then

incubated with the fixing solution (CytoSkelFix™ Cytoskeleton with Triton X-100 (non-

ionic surfactant) 1:100 to permeabilize the cell, added just before use) for 4 minutes in

temperature of -20°C. Then cells were incubated with PBS for 10 minutes in room

temperature. The next step was blocking the unspecific binding sites with 0,2 % BSA in

PBS for 30 minutes. After blocking, cells were incubated with primary antibody (rabbit

polyclonal anti-p35 1:50 in 0,2 % BSA in PBS) at room temperature for 1 hour. After the

incubation with primary antibody (or blocking solution when control) the washing steps (3

times 5 minutes with PBS at room temperature) and incubation with secondary antibody

with fluorescence dye (Alexa anti-rabbit 488 1:400 in 0,2 % BSA in PBS, for 30 minutes at

room temperature, protected from the light, together with Hoechst staining 5 µg/ml) were

performed. That was followed by another round of washing steps and mounting with

Aquious Mounting Medium (Calbiochem Fluorsave™ reagent, USA). Samples were

protected from the light and stored in room temperature until time for microscope. To

detect the background fluorescence of the secondary antibody, in each sample one well was

incubated only with the secondary antibody after incubation with blocking solution.

2.5  Immunoprecipitation

Immunoprecipitation (IP) is a method that uses antigen-antibody reaction principle to

identify a special protein and examine the proteins co-precipitated with it. These proteins

were further detected with SDS-PAGE and immunoblotting (see chapters 2.2.3-2.2.6).

Protein G-Agarose beads (Protein G-Agarose®, Sigma-Aldrich, USA) were first washed

three times with PBS (on ice, centrifuged between every wash step for 30 s 14 000 rpm at

4°C), dissolved in 500 µl of PBS and incubated with respective primary antibody over
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night in 4°C on a shaker (2 µg of respective antibody with 30 µl of beads in 500 µl of PBS)

(Table 8).

Cells were stimulated and the lysis was procedured with non-denaturing lysis (Table 17) or

RIPA Milanese lysis buffer incubating on ice for 15 minutes (Table 3). Protein

concentration was measured using Bradford assay (see chapter 2.2.2) (Bradford 1976). A

certain protein amount (volume of cell supernatant, samples diluted to same concentration

with respective lysis buffer), was then incubated with antibody-beads mixture over night on

a shaker to enable respective proteins to bind with the primary antibody.

Table 17: Non-denaturing lysis buffer and the list of inhibitors to be added freshly

before the use

_________________________________________________________________________

Tris HCl pH 8 (Carl Roth GmbH, Germany) 20 mM
NaCl 137 mM
Glycerol 10 %
Nonidet P-40 Ipegal CA 630 (Fluka, Germany) 1%
EDTA (Carl Roth GmbH, Germany) 2 mM
_________________________________________________________________________

Inhibitors, that are added to  Non-denaturating lysis buffer freshly before use

_________________________________________________________________________

Complete® (Complete Protease Inhibitor Coctail tablets,
Roche, Germany, in H2O according to the instructions of the manufacturer) 4 mM
PMSF (Phenylmethylsulfonylfluorid) (Sigma, USA/Germany) 1 mM
NaF 1 mM
Activated Na3VO4 1 mM
________________________________________________________________________

After the second incubation period, the mixture was centrifuged and part of the solution

(above the beads) was taken as a binding control, mixed with Laemmli Sample buffer

including -mercaptoethanol and cooked (in 95 °C for 5 minutes) (Table 4). Remaining

mixture of beads was then washed with PBS for three times (on ice, centrifuged between
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every  wash  step  for  30s  14  000  rpm  at  4  °C).  The  liquid  part  of  the  mixture  was  then

completely removed and the beads are mixed and cooked (in 95 °C for 5 minutes to

complete denaturation) with Laemmli Sample buffer including -mercaptoethanol. All the

samples were then frozen in – 85 °C.

Proteins precipitated and co-precipitated were then detected using western blot analysis (for

more detailed see chapters 2.2.3-2.2.6) using respective antibodies (Table 8). Small amount

of respective antibodies were mixed and cooked with Laemmli Sample buffer (95 °C for 5

minutes) and used as a control in western blot analysis in order to exclude bands caused by

precipitated and denaturated antibodies.

2.6  Statistical analysis

All experiments were repeated two or three times unless otherwise indicated in the Results-

chapter of the thesis. Numeric data is expressed as a mean of the results and +/-SEM when

possible. For the statistical evaluation, SigmaPlot Software was used. Statistical data is

represented in the respective legend of the figure. Value of p</= 0,05 is considered as

statistically significant.

3  RESULTS

3.1. p35 and p25 in human endothelial cells

3.1.1 Expression of p35 and p25 in spreading cells

The expression of Cdk5 neuronal activators p35 and p39 and their cleavage products are the

limiting factor of Cdk5 activation in neurons. Our aim was to investigate whether p35 and

p25 are expressed in HUVECs as a suggestion of their abilities to activate Cdk5.

Expression of the activator p35 and its cleavage product p25 was studied in spreading
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endothelial cells. To mimic the cell migration in vitro, the cells were freshly plated and

collected after a certain period of time, as the signalling in migrating and spreading cells is

comparable.

In our studies it was shown for the first time that the activator p35 and p25 fraction are

indeed  expressed  also  in  HUVECs.  The  western  blot  analysis  showed  a  pattern  in  their

expression, which was proven by three independent studies. Protein amounts of p35 and

p25 were increased in spreading HUVECs reaching the maximum peaks at time points of

45 minutes and 2 hours after plating the cells, respectively (Figure 2).

Figure 2: Expression of p35 and p25 is increased in spreading Human umbilical vein
endothelial cells (HUVECs), when HUVECs were freshly plated and lysed after certain
time point (15 min – 180 min). Proteins were detected with Western blot analysis. They
were separated on a 12 % SDS-PAGE gradient gel using prestained protein marker
(PageRuler®, Fermentas, St. Leon-Rot, Germany) as a standard for the protein weight.
Proteins were transferred into nitrocellulose membrane. p35 and p25 were detected with a
rabbit-anti-p35/p25 antibody (1:500, Santa Cruz) and visualized with a HRP-conjugated
goat-anti-rabbit IgG secondary antibody and ECL detection. The results were proven with
three independent studies. Detection of -actin was used as a quality control for equal
loading of samples.

To support the received results and our hypothesis that p35 might be involved in human

endothelial cell migration, western blot studies were followed by studies of the p35
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messenger RNA (mRNA) using quantitative Real-Time Polymerase-chain-reaction.

Identical time points of spreading HUVECs were used to evaluate whether the mRNA and

protein expression correlate. Three independent studies (repetitions) indeed showed a

pattern also in the expression of p35 mRNA in spreading HUVECs (Figure 3).

Figure 3: Expression of messenger RNA (mRNA) of p35 in spreading Human umbilical
vein endothelial cells in different time points (15 – 120 minutes after plating the cells)
(n=4-6, duplicates of 2-3 independent studies, mean value +/- SEM) compared to control
(confluent cells) was measured using quantitative Real-Time Polymerase Chain Reaction
(PCR) method and TaqMan® Gene Expression Assay (Applied Biosystems, USA). The
expression of glyceraldehyde-3-phosphatedehydrogenase (GAPDH) was used as a so-
called “housekeeping” gene control to normalize the data concerning the target gene
expression. (* Statistically significant, One Way Anova (p< 0,001) with Holm Sidak
method (p< 0,05)).
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The expression of p35 mRNA showed to be increased significantly compared to the control

already after 15 minutes of plating the cells. The highest peak is reached after 45 minutes of

plating.

Thus, we showed that the activator p35 and its cleavage product p25, are expressed in

HUVECs and that the expression can be modulated in spreading cells, which gives us a

clue that they might be involved in cell migration. This result was ensured also with Real-

Time PCR detecting the expression of p35 mRNA.

3.1.2 Expression of p35 and p25 after growth factor stimulation

Many different cytokines such as Vascular Endothelial Growth Factor (VEGF) and

Fibroblast growth factor (FGF) are involved in regulating the chemotactic endothelial cell

migration (Ferrara and Davis-Smyth 1997; Jih et al. 2001). VEGF expression is induced in

tumour cells by hypoxia and it is related to the tumour-associated angiogenesis (Goldman

et al. 1998; Shweiki et al. 1995; Warren et al. 1995). On the other hand in neurons, NGF is

shown to increase the expression of p35 via activation of Extracellular-Signal Regulated

Kinase (ERK) mediated pathway and Early growth response – 1, one known transcription

factor of p35 (Harada et al. 2001). This has been shown to lead to increased Cdk5 activity

and neuronal outgrowth. Taken these findings into account, we made a hypothesis, that

expression of p35 and p25 might be up-regulated by growth factor stimulation also in

human  endothelial  cells.  Therefore  we  performed  a  western  blot  analysis  for  HUVECs

stimulated with different growth factors for different period of time to investigate whether

our hypothesis was correct.

Stimulation of confluent HUVECs with Fetal Calf Serum (FCS)  and Vascular Endothelial

Growth Factor (VEGF) for 15 and 30 minutes gave, in spite of all, a result that did not

support our hypothesis (Figure 4).
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Figure 4: Expression of p35 and p25 in Human umbilical vein endothelial cells after
stimulation with Fetal Calf Serum (FCS 10%) or Vascular Endothelial Growth Factor
(VEGF, 50 ng/ml) for 15 or 30 minutes, after 4 hours incubation in starvation medium to
stabilize the activity, was detected with Western blot analysis. Confluent cells in
endothelial cell growth medium (coE) and confluent cells in starvation medium (coH) were
used as controls. Proteins were separated into 12 % SDS-PAGE gradient gel using
prestained protein marker (PageRuler®, Fermentas, St. Leon-Rot, Germany) as a standard
for the protein weight. Proteins were transferred to nitrocellulose membrane. p35 and p25
were detected with a rabbit-anti-p35/p25 antibody (1:500, Santa Cruz) and visualized with
a HRP-conjugated goat-anti-rabbit IgG secondary antibody and ECL detection. Detection
of -actin was used as a quality control for equal loading of samples. This study setting was
performed twice.

Negative  results  from  this  experiment  did  not  convince  us,  so  we  performed  an  assay,

where cells were stimulated only with VEGF and this time for longer period of time.

Although confluent HUVECs were this time stimulated with VEGF for 15 minutes to 60

minutes, it did not show to have any appreciable effect on the expression of the activators

(Figure 5).
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Figure 5: Expression of p35 and p25 in Human umbilical vein endothelial cells after
stimulation with Vascular Endothelial Growth Factor (VEGF 50 ng/ml) for 15 to 60
minutes after starvation of 4 hours with starvation medium, was detected with Western blot
analysis. Confluent cells in starvation medium (coH) were used as controls. Proteins were
separated on a 12 % SDS-PAGE gradient gel using prestained protein marker (PageRuler®,
Fermentas,  St.  Leon-Rot,  Germany)  as  a  standard  for  the  protein  weight.  Proteins  were
transferred to nitrocellulose membrane. p35 and p25 were detected with a rabbit-anti-
p35/p25 antibody (1:500, Santa Cruz) and visualized with a HRP-conjugated goat-anti-
rabbit  IgG  secondary  antibody  and  ECL  detection.  Detection  of  -actin  was  used  as  a
quality control for equal loading of samples. This study setting was performed only once.

Stimulation with different growth factors did not show to have any effect on the protein

levels, which could have been possible to repeat.

By this state it was evident, that dealing with such low protein amounts as p35 in HUVECs,

more sensitive methods needed to be use. Cells were stimulated with VEGF and expression

of p35 mRNA was detected using quantitative Real-Time PCR. Confluent cells, without

growth factor stimulation after the starvation period, were used as a control. Studies with

Real-time PCR also showed a negative effect on the p35 mRNA expression (Figure 6).
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Thus, the study with Real-Time PCR confirmed the results, that stimulation with VEGF did

not have an effect on the p35 expression in HUVECs in our study settings.
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Figure 6: The expression of p35 messenger RNA in HUVECs stimulated with growth
factors Vascular Endothelial Growth Factor (VEGF, 50 ng/ml) for one and two hours (n=2,
mean values) after 4 hours starvation in starvation medium to stabilize the activity, using
quantitative Real-Time Polymerase Chain Reaction (PCR) method and TaqMan® Gene
Expression Assay (Applied Biosystems, USA). The expression of glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) was used as a so-called “housekeeping” gene control
to normalize the data concerning the target gene expression. Confluent cells without
stimulation were used as a control. Control was set as one.



 52

3.2 The localisation of p35 and p25

In neurons, Cdk5 and p35 co-localize in axonal growth cones suggesting their importance

for neurite outgrowth and axonal path-finding, which are important steps in neuronal

migration (Asada et al. 2008; Humbert et al. 2000; Nikolic et al. 1996). As concluded,

Cdk5 indeed localises at the leading edge of migrating HUVECs (Liebl J., dissertation at

Ludwig Maximilians University Munich, 2008). Taking these studies and our results into

account, next relevant step was to investigate the localisation of p35 and p25 in spreading

HUVECs to further evaluate their possible role in endothelial cell migration.

Immunofluorescence-staining with respective antibodies followed by confocal laser

scanning microscopy (CLSM) was used. In our studies, the expression of p35 reached

maximum peaks at time points of 45 minutes and 2 hours after freshly plating the cells.

Based on this, we fixed the cells for antibody staining after 15, 45 and 120 minutes of

seeding. We were able to detect proteins at the edge of a spreading cell, which supports our

hypothesis (Figure 7). The localisation was nevertheless not self-evident in all time points.
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Figure 7: Immunofluorescence staining of p35 and p25 (green) in spreading Human
umbilical vein endothelial cells (HUVECs) detected with confocal laser scanning
microscopy (CSLM). Cells were stimulated to spread and fixed after 15 minutes (A), 45
minutes (B) or 120 minutes (C) of seeding to plates, using anti-p35/p25 antibody (1:50,
Santa Cruz) as a primary antibody and fluorescence labelled Alexa fluor goat-anti-rabbit
488 secondary antibody. Cells incubated with secondary antibody were used as a control
for the background fluorescence (pictures on right edge). To easily detect individual cells,
Hoechst staining was used (blue).

A: p35/p25 in 15 minutes spreading HUVECs

B: p35/p25 in 45 minutes spreading HUVECs

C: p35/p25 in 2 hours spreading HUVECs
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3.3 Immunoprecipitation of Cdk5 together with p35/p25

It was now evident, that both p35 and Cdk5 exist in HUVECs and that Cdk5 participates in

human endothelial cell migration. The next step was to study the possible interaction

between Cdk5 and its neuronal activator p35/p25 in HUVECs. To evaluate this,

immunoprecipitations for Cdk5 and p35 were performed to detect this possible interaction

by means of co-immunoprecipitation. Spreading HUVECs were collected after 45 minutes

of seeding, as the expression of p35/p25 was previously shown to be increased at that time

point and as the expression of the activators are shown to be the limiting factor of the Cdk5

activity.

What we could find out this time, was also very interesting. In our results, it seems like we

are able to co-immunoprecipitate Cdk5 together with p35 (Figure 8, upper legend).

However it was not possible to detect p35 in samples where Cdk5 was co-

immunoprecipitated (Figure 8, lower legend). Interestingly, Cdk5 was detectable in

samples where we were precipitating p35, however it was not possible to detect p35 in

these samples.
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Figure 8: Immunoprecipitations (IP) of Cdk5 and p35 in spreading HUVECs using G-
Agarose beads (Sigma-Aldrich, USA) and respective primary antibodies (anti-p35/p25
Santa Cruz, anti-Cdk5 Invitrogen). Brain sample was used as an additional marker for the
protein size. Cdk5 is detected in upper figure and p35 in lower figure using Western blot
analysis. Proteins were separated into a 12 % SDS-PAGE gradient gel using prestained
protein marker (PageRuler®, Fermentas, St. Leon-Rot, Germany) as a standard for the
protein weight. Proteins were transferred to nitrocellulose membrane. p35 and p25 were
detected with a rabbit-anti-p35/p25 antibody (1:500, Santa Cruz) and visualized with a
HRP-conjugated goat-anti-rabbit IgG secondary antibody. Cdk5 was detected with anti-
Cdk5 antibody (Invitrogen, 1:500) and visualized with goat-anti-mouse IgG secondary
antibody, and ECL detection. Legends are representative of results from two individual
studies (repetitions).

BeadsSupernatant

IP for
p35

IP for
Cdk5

IP for
p35

IP for
Cdk5

Cdk5

p35

IP for
p35

p35
AB

Cdk5
 AB Brain

Brain
Cdk5
 AB

p35
AB

IP for
Cdk5

IP for
p35

IP for
Cdk5

IP for
p35

Supernatant  Beads



 56

As p35 is a short living phosphoprotein that binds to the membranes with its myristoylation

motif we modified the study settings and performed immunopreicipitation using two

different lysis buffers, which might have an effect on the stability and membrane binding

properties of p35. As in previous study setting, Not denaturated lysis buffer was used. Ripa

Milanse buffer was seleceted for the second sample. Immuniprecipitation of Cdk5 using the

two different lysis buffers is seen in Figure 9. The lower legend shows that the antibody of

p35 detects a smear and an intensive large un-specific protein band instead of detecting

possible co-immunoprecipitated p35.

Figure 9: Immunopreicipitation of Cdk5 using two different lysis buffers Ripa Milanese
(M) and Not denaturated lysis buffer (N), in spreading HUVECs using G-Agarose beads
(Sigma-Aldrich, USA) and respective anti-Cdk5 primary antibody (Cdk5 AB) (Invitrogen).
Brain sample was used as an additional marker of the protein size. Cyclin dependent kinase
5 (Cdk5) is detected in upper figure and p35 in lower figure using Western blot analysis.
Proteins were separated on a 12 % SDS-PAGE gradient gel using prestained protein marker
(PageRuler®, Fermentas, St. Leon-Rot, Germany) as a standard for the protein weight.
Proteins were transferred to nitrocellulose membrane. p35 and p25 were detected with a
rabbit-anti-p35/p25 antibody (1:500, Santa Cruz) and visualized with a HRP-conjugated
goat-anti-rabbit IgG secondary antibody. Cdk5 was detected with anti-Cdk5 antibody
(Invitrogen, 1:500) and visualized with goat-anti-mouse IgG secondary antibody, and ECL
detection. Legends are representative of results from two individual studies (repetitions).
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3.4 Expression of p39 in human endothelial cells

Besides p35 also p39 acts as a neuronal activator of Cdk5 (Humbert et al. 2000; Ko et al.

2001; Tang et al. 1995). Investigating the expression of p39 in HUVECs, was therefore also

considered interesting and relevant.

The expression of p39 in spreading HUVECs was studied using Real Time PCR. Cells

were detached and freshly plated after 15 or 45 minutes. The expression of p39 was

compared to the expression of p35 in HUVECs, which was enabled using same cDNA

samples and same GAPDH control. With this assay we were able to detect also p39 in

HUVECs, although in quite a low degree (Figure 10).
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Figure 10: Expression of p35 and p39 in spreading Human umbilical vein endothelial cells
(HUVECs) collected after 15 or 45 minutes of plating, was investigated with quantitative
Real Time Polymerase Chain Reaction method (n=2, mean value) and TaqMan® Gene
Expression Assay (Applied Biosystems, USA). The expression of glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) was used as a so-called “housekeeping” gene control
to normalize the data concerning the target gene expression. The expression of p35 in
HUVECs spreading 15 minutes after seeding was set as one.

Although Real-time PCR is considered as a high sensitivity method, the low level of p39

detected still raises a question of its reliability. The amount of p39 was clearly shown to be

only a small portion of the amount of p35 in HUVECs. To ensure the results and verify that

our method was working, brain sample was additionally used as a positive control for

existence of the activators. Furthermore having done this, it was evident that the amounts of

the both activators in HUVECs are considerably only a small share of those in the human

brain sample (Figure 11). This might have been expected as p35 and p39 are generally
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considered as neuronal activators Cdk5 due to their high expression in brain, although other

kinds of activation mechanisms in non-neuronal tissues have not been found.

Figure 11: Expression of p35 and p39 in spreading Human umbilical vein endothelial cells
(HUVECs) lysed after 15 or 45 minutes of seeding compared to the expression of those in
brain sample (human frontal cortex), was investigated with quantitative Real Time
Polymerase Chain Reaction method (n=2, mean value) and TaqMan® Gene Expression
Assay (Applied Biosystems, USA). The expression of glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) was used as a so-called “housekeeping” gene control
to normalize the data concerning the target gene expression. The expression of p35 in
HUVECs migrating 15 minutes after seeding was set as one.
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4 DISCUSSION

Cdk5 needs to form a heterodimer with its neuronal activator p35 or p39 in order to be

activated and mediate neuronal migration. As Cdk5 mediates also endothelial cell

migration, we made a hypothesis that these, mainly neuronal, activators might be expressed

also in human endothelial cell having a role in Cdk5 mediated cell migration. In this study

we indeed proved some of our assumptions to be true and also showed some patterns in the

regulation of p35 and p25 expression.

4.1 The expression pattern of p35/p25 in spreading cells

In this study we showed for the first time, that the neuronal Cdk5 activator p35 and its

cleavage product p25 do exist also in HUVECs. We showed that the expression of p35 and

p25 are increased in spreading HUVECs, which can be concluded as a clue of their

involvement in spreading and possibly migrating cells, as our study settings were

performed to mimic the cell migration.

The studies of the messenger RNA expression of p35 in spreading cells also supported our

hypothesis. The expression of mRNA and protein synthesis cannot be directly correlated to

each other, as there are modulating factors between. Despite it, the expression of mRNA is

showed to be increased quite rapidly after plating the cells, as the first significant peak for

p35 mRNA expression is detected already after 15 minutes of plating the cells compared to

confluent cells. The peaks in protein and mRNA expression suggest a possible involvement

in cell migration, but they also show that p35 is relatively rapidly expressed, cleaved and

also degradated. This is an interesting aspect to take into account when in the future

focusing on the Cdk5 activation studies. The expression of p25 on the other hand, does not

seem to follow the same pattern as studied in neurons. The assumed and in neurons evident

5-10 times longer half-life of p25 cannot be detected in our study settings. We can at this

point only assume that the protease mediating this cleavage is calpain also in HUVECs.
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4.2 Growth factor stimulation shows no effect on expression of p35 and p25

Based  on  studies  related  to  VEGF  in  cell  migration  and  NGF  in  activation  of  p35

transcription factor Egr-1, we made a hypothesis (D'Angelo et al. 1995; Fu et al. 2003;

Harada et al. 2001; Rousseau et al. 1997). Although we stimulated HUVECs with VEGF,

FGF and also FCS using different setting, we ended up with no effect on p35 or p25

expression against our assumption.

Taking all the facts account, our hypothesis was well made. Negative results may not still

prove that the hypothesis is wrong. As noticed in other study settings, the expression of p35

is relatively low. Our perhaps most significant problem is the combination of low

expression of protein together with relatively unspecific antibody, that in the worst case

leads to false conclusion. Although the anti-p35/p25 antibody, was selected based on its

wide and successful use in publications, it was probably not sensitive enough for our

studies. On the other hand the reliability of our results may have been weaken also due to

focusing on several different kind of study settings instead of adequate repetition of each

setting. None of the settings, despite of all, showed notable effect.

Interestingly FGF and VEGF are shown to have an additive effect on endothelial cell

proliferation, FGF having a sensitizing effect to HUVECs for VEGF stimulation (Chen et

al. 2001). Whether the stimulation with both of the activators in combination would show

an effect on the p35 expression, might also be relevant to study. As stated before, without

proof of evidence, it cannot be ruled out that the expression of p35 in HUVECs would be

mediated through some other paths as shown in neurons.

4.3 Localisation of p35 and p25

In our studies p35 and p25 seem to localise at the edge of a spreading cell at time point of

15 minutes after freshly plating them. The localisation at the edge was not self-evident in
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every time point, as in spreading cells after 45 minutes of plating, they showed to localise

in inner parts of the cells. This may hint at possible co-localisation with microtubule, as

microtubule association of p35 is shown already in neurons. Thus, results are consistent

with the hypothesis that p35 could be involved in endothelial cell migration. Evidence also

suggests that p35 might have similar membrane targeting properties as in neurons, where

p35 is mainly detected in membranes. The detection of p25 without a myristoylation motif,

could then explain the non-membrane-localisation. Here again the unspecificy of the

respective antibody and low protein level needs to be taken into account when evaluating

the results.

4.4 Interaction of Cdk5 and p35/p25

After showing the expression of p35 in spreading HUVECs, the interaction between Cdk5

and p35/p25 was considered as a next relevant step. Using immunoprecipitation, we were

able to co-immunoprecipitate Cdk5 together with p35, as we hoped. Despite changes in

study settings, the results could not be completely verified, as detecting p35 from these

precipitates was not possible. This might be due to several reasons. The easiest conclusion

is to state that p35 does not interact with Cdk5 in HUVECs. Most relevant reason is

perhaps the too low level of p35 to be detected.

The expression of p35/p25 showed to be especially small, when compared to their amounts

in brain. Dissecting the blots of the immunoprecipitation assays rises a question, whether

the antibody raised against p35/p25 is sensitive enough for our studies when dealing with

such low level of protein in focus and whether we are dealing with too low level of protein

to be relevant at all.
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4.5 The expression of p39 and p29 in spreading HUVECs

The activators p35 and p39 are spatially and developmentally regulated in brain. In

developing brain, p35 is mostly expressed in all brain regions the early stages of the

development, where as the expression level of p39 is increased in postnatal cerebral cortex

(Humbert et al. 2000). p35 is stated to be the main neuronal activator, p39 having a

compensatory role (Ko et al. 2001; Ohshima et al. 2005). On the other hand the expression

of p39 is increased in some parts of the brain in p35 knockout mice. In our studies the

expression of p39 could be detected in HUVECs, but the level showed to be almost non-

existent when compared to p35. It is to discuss whether the low levels of p39 can truly be

stated as expression or only an error of the method. Another question is the relevance of

p39 in possible Cdk5 activation and whether there could even be sensitive enough methods

to reliably investigate it.

On the other hand, it cannot be ruled out that p39 could have a compensatory role in Cdk5

activation also in endothelial cells. It would be interesting to study whether the amount of

p39 expression is increased when p35 is knocked-down. On the other hand, even though we

could show in our studies, that p39 is expressed in HUVECs, it is still a hypothesis that it

would be involved in Cdk5 activation as in case of p35.

In neurons p39 can be cleaved to its truncated form p29, by calpain, the same protease that

also does the cleavage of p35 to p25 (Kusakawa et al. 2000; Patzke and Tsai 2002). These

cleavage products are shown to be capable to activate Cdk5 in neurons (Tang et al. 1995).

To discuss about p29 in HUVECs, we base our hypothesis on the studies in neurons and

our findings. If considered that p39 exists in HUVECs as also p25 do, might that be the

case also to p29. Though, we could only assume that p29 would be expressed in HUVECs.

Considering the low level of p39 in our studies, the amounts of p29 would probably also be

significant low or even non-existent to measure.
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5 CONCLUSION

Here, we were able to detect the neuronal activators p35 and p39 and the cleavage product

p25 in HUVECs. As the activation of Cdk5 is dependent on the expression of its neuronal

activators, this was an important step forward to reach deeper in the mechanisms of Cdk5

activation in endothelial cells keeping the role of Cdk5 in angiogenesis in mind. The results

partly support our hypothesis of their role in endothelial cell migration, but on the other

hand, as assumed, opened wide range of new questions to answer. Though, we were able to

show the existence of the activators and an interaction between p35 and Cdk5, their role in

Cdk5 activation still remains unclear and need further studies.

Interestingly, the regulation and expression pattern of p35 and p25 leads to a discussion of

their possible role in Cdk5 activation. In migrating cells, when making a hypothesis

according to our findings, Cdk5 would have an impulsive activation based on the rapid up-

and down regulation of p35 and p25. On the other hand, it is still unclear whether p35 or

p25 are capable of activating Cdk5 and how quickly after the peak of their expression they

may do so. Interesting aspects for further studies are also the role of possible calpain

mediated cleavage and its activation.  In our studies we stimulated the cells to spread and

evaluated the expression of activators and detected also p25. The stimulation caused a huge

oxidative stress to the cells. Oxidative stress might activate also other cellular mechanisms

that may contribute to spreading. For example calpain activity is shown to increase due to

oxidative stress in neurons leading to increased level of p25 and prolonged activation of

Cdk5.

The  small  share  of  the  activators  in  HUVECs  compared  to  those  in  brain,  questions  the

reality of our main hypothesis; the relevance and significance of their existence in

endothelial cells related to possible Cdk5 activation. Neverthelss, our results and other

studies do not advocate this and therefore it can be proved wrong or right only by further

studies.
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APPENDIX

Contact information of the cell providers

Contact information for hospitals providing the human umbilical cords used to isolate the
human umbilical vein endothelial cells used in the exams and neuropathological institute
providing the human brain (frontal cortex) sample.

Wolfart Klinik – Gräfelting

Waldstrasse 7
82166 Gräfelfing
Tel: +49 89 8587-0
Fax:  + 49 89 8587-113
info@wolfartklinik.de

Klinik Pasing

Klinikum München Pasing
Steinerweg 5
81241 München, Germany
Tel: + 49 89 8892-0
Fax: +49 89 8892-2228
empfang@kliniken-pasing-perlach.de

Krüsman Klinik

Schmiedwegerl 2 - 6
81241 München Pasing, Germany
Tel.: + 49 89 8 20 99 - 0
Fax: +49 89 8 20 99 - 460
info@fklmw.de
www.fklmw.de

Taxis Klinik

Taxisstraße 3
80637 München, Germany
Tel.: +49 89  15 70 6 - 0
Fax: +49 89 15 70 65 10

Zentrum für Neuropathologie und
Prionforschung

Faculty of Medicine
Feodor-Lynen-Straße 23
81377 München, Germany
Tel.: +49 89 2180 78000
Fax: +49 89 2180 78037

mailto:info@wolfartklinik.de
mailto:empfang@kliniken-pasing-perlach.de
mailto:info@fklmw.de
http://www.fklmw.de
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