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2 1 INTRODUCTION

1.1 Angiogenesis and cancer

Angiogenesis, the sprouting of new vessels from the existing vasculature, mainly takes
place during embryonic development and growth. In the adult it is restricted to distinct
physiological processes, e.g. wound healing and pregnancy, by a balance of pro- and
anti-angiogenic factors.* Unregulated angiogenesis is one of the hallmarks of cancer.?
Tumor growth is highly dependent on proper supply with oxygen and nutrients and
removal of metabolic waste. Induction of angiogenesis is therefore paramount for tumor
survival and proliferation, and tumor size remains limited unless the tumor switches to
an angiogenic phenotype.? The tumor activates the “angiogenic switch” by shifting the
balance from anti-angiogenic to pro-angiogenic signaling in order to sustain its growth.”
The intent to stop tumor growth and finally starve out the tumor by disruption of tumor
derived pro-angiogenic signaling has led to anti-angiogenic drugs for anticancer
therapy. Agents interrupting vascular endothelial growth factor (VEGF) induced
angiogenesis have already been introduced into tumor therapy and can indeed stop
tumor growth. The VEGF-neutralizing antibody bevacizumab (Avastin) and the multi-
targeted growth factor tyrosine kinase inhibitors sunitinib (Sutent), sorafenib (Nexavar),
pazopanib (Votrient) and vandetanib (Caprelsa®, formerly Zactima) have been
approved for certain metastatic cancer types as monotherapy or in combination with
chemotherapy.®

However, in clinical use it has become apparent that anti-angiogenic tumor therapy is
more challenging than expected: Many tumors are refractory to VEGF-blockade, or
become resistant during treatment. This evasive resistance’ can be caused by a shift to
alternative angiogenic signaling pathways due to a pre-existing multiplicity of redundant
pro-angiogenic signals. Therefore novel targets in angiogenesis need to be identified
and characterized as a basis for future therapeutic concepts. If and how anti-
angiogenic therapy itself may contribute to increased metastasis is subject to

investigation.® °

1.1.1 The angiogenic cascade

The vessel wall of non-growing capillaries consists of a lining of endothelial cells tightly
interconnected by junction molecules like VE-cadherin and claudin, a basement
membrane and surrounding pericytes. When the quiescent vessels are activated by
angiogenic factors which are released from nearby hypoxic (tumor) tissue a series of

events occurs, as summarized in Figure 1:
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Figure 1 The angiogenic cascade. Pro-angiogenic factors like vascular endothelial
growth factor (VEGF) or basic fibroblast growth factor (bFGF) bind to the corresponding
receptors on endothelial cells and stimulate degradation of extracellular matrix (ECM) by
secretion of digestive enzymes and initiate proliferation of endothelial cells. Newly formed
endothelial cell sprouts further proliferate and migrate towards the tumor, navigating along the
gradient of angiogenic cues. In order to coordinate endothelial cell movement, a tip cell is
selected equipped with filopodia to sense guidance cues while the subsiding stalk cells
proliferate and eventually form the lumen.™ Finally, the endothelial cells organize into hollow
tubes and create a novel basement membrane. At the end, tight junctions and firm contacts to
the E%'\{ll are formed and pericytes and smooth muscle cells are recruited to the mature vessel
wall.™ ™

1.2 Function and regulation of Cdks

Cyclin-dependent kinases (Cdks) are a family of small serine/threonine kinases which
are only active when they are bound to their regulatory subunits, the cyclins. The
presence or absence of the activating cyclin is therefore crucial for Cdk kinase activity.
At least 29 proteins have been designated as cyclins, sharing a conserved “cyclin box”.
For some classes of cyclins the Cdk binding partner has not yet been identified."?

The best-characterized members of the Cdk family are involved in cell cycle control:
the mitotic Cdk Cdk1, and the interphase Cdks Cdk2, Cdk4 and Cdk6. They pair with
A-, B-, D- and E-type cyclins, whose expression fluctuates during the cell cycle (which
explains the term “cyclins”) and this way regulates Cdk activity.'* Cdk3 is only little-
studied and is also implicated in cell cycle control. ** Cdk7, Cdk8, Cdk9, Cdk10, Cdk11,
Cdk12 and Cdk13 regulate transcription and splicing. They are activated by Cyclin H
(Cdk?), C (Cdk8), T and K (Cdk9), and cyclins from the L-type (Cdk10-Cdk13). %124
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In a second function, Cdk7 regulates the activity of the cell cycle Cdks: It is part of the
Cdk-activating kinase (CAK) complex together with Cyclin H and the stabilizing protein
Mat1*® (see Figure 2), and phosphorylates the cell-cycle Cdks in the T-loop for full
activation.?® Cdk kinase activity can further be modulated by inhibitory phosphorylations
or endogenous Cdk inhibitors (CKIls), as displayed in Figure 2.

CKis regulate the activity of the cell cycle Cdks by direct interaction. The CKls of the
INK4 family, p16™*A, p15™**® p18™*‘ and p19™**P, specifically bind the monomeric
Cdk and thereby prevent activation via cyclins, whereas p21°°*, p27"P* and p57%"

directly inhibit the Cdk-cyclin complex.*?

Cyclin
P
Cyclin Weel
Cdc25

Cyclin
‘//\\ ~ \‘5/”’\
[Cyclin ™

«— P HJ 8 CAK
b ) Cdk7y
\g//// ;/“
INK4 p
Cyclin
Cip/Kip —
Figure 2 Regulation of cell cycle Cdks . Cdks are only active when bound to their cyclin

activators. The Cdk-cyclin complexes can be additionally modulated by phosphorylation:
Phosphorylation by Cdk activating kinase (CAK) in the T-loop of the Cdk enhances kinase
activity of the complex. By contrast, phosphorylation of a conserved threonine or tyrosine
residue by Weel or Mytl negatively regulates kinase activity. The Cdc25 phosphatases
abrogate this inhibitory phosphorylation. Cdk inhibitors from the INK4 or Cip/Kip family block
kinase activity by either stabilizing the monomeric Cdk or by binding to the cyclin-Cdk complex.
(P: Phosphorylation, 1¢: Kinase activity; adapted from Malumbres & Barbacid'?)
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1.3 Cdk5 as a unique Cdk in charge of cellular
migration

1.3.1 Functions of Cdk5

Cdk5 has been discovered as a neuronal cdc2-like kinase (nclk) in 1992.%” Cdk5 is a
proline-directed serine/threonine kinase that phosphorylates serine or threonine
residues directly upstream of a proline, with a preference for a basic residue in the +3
position and the consensus sequence (S/T)PX(K/H/R).?® Despite its high sequence
homology with the mitotic Cdk1 (cdc2), Cdk5 is not involved in cell cycle control and
unigue among the Cdks in its regulation and function. Cdk5 deficient mice die
perinatally due to severe defects in neuronal layering, as Cdk5 is crucial for the
cytoarchitecture of the CNS.?° On the cellular level, Cdk5 is well-described in neurons
as the key hub in the dynamic network of trafficking and transport, integrating signals in
cytoskeletal dynamics during neuronal migration, in synaptic plasticity and synaptic
vesicle endo- and exocytosis, cell adhesion and axon guidance, neuromuscular
development and pain signaling.®® 3! Deregulated Cdk5 activity in neurons is a major
feature of Alzheimer’'s disease resulting in the aggregation of neurofibrillary tangles
comprised of Cdk5-hyperphosphorylated tau.®* Although Cdk5 expression and activity
is highest in the central nervous system?®’, Cdk5 is as well expressed in various tissues,
and an increasing body of research uncovers extraneuronal functions of Cdk5, where it
is involved in the regulation of migration, cell death and survival, glucose metabolism

and inflammation. 33

1.3.2 Regulation of Cdk5

Monomeric Cdk5 requires the association with a regulatory subunit for activation; the
known Cdk5 activators p35 and p39 however are no cyclins. It has been shown that
Cyclin D, E and G bind to but do not activate Cdk5.33® The expression and cleavage of
p35 and p39 essentially determines Cdk5 activity and localization, as displayed in
Figure 3 for p35.%

Neuronal growth factor (NGF)*, tumor necrosis factor-alpha (TNF-a)** ** and
interferon-gamma  (INF-y)*® increase transcription and expression of p35 via
extracellular signal regulated kinase (ERK) / early growth response-1 (Egr-1) mediated

pathways.
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Figure 3 Regulation of Cdk5 . p35 activates Cdk5 and recruits the p35/Cdk5 complex to
the membrane, as p35 carries a myristoylation.>> ** The short-lived p35 is rapidly degraded by
the ubiquitin-proteasome pathway after phosphorylation by Cdk5.” The tyrosine kinases c-abl
(via the adaptor protein cables)46 and fyn47 activate Cdk5 by Ehosphorylation of tyrosine 15.
Neurotoxic events activate calpain which cleaves p35 into p254 +% and liberates the p25/Cdk5
complex from the membrane. p25 is more stable than p35 and dislocates Cdk5 activity to the
cytoplasm, which leads to tau hyperphosphorylation32 (P: Phosphorylation, U: Ubiquitination,

Y¥: Kinase activity; adapted from Dhavan & Tsai*%).

p39, which exhibits similar characteristics, is less explored: p39 carries a
myristoylation** and is either degraded by the proteasome or cleaved by calpain into
p29°°. p35/Cdk5 and p39/Cdk5 show similar substrate specificity®*, although they seem
to have physiologically distinct functions. The expression patterns of p35 and p39 in the
developing brain differ®?, they locate Cdk5 activity to different subcellular regions™ and
p39 can compensate only for some but not all functions of p35 in p35 knockout mice.>®
Cdk5 activation by p35 and p39 has mainly been explored in neurons but p35-
dependent Cdk5 activity was detected in several non-neuronal tissues as well.>*>®
Recently, Cyclin | was described as an alternative activator of Cdk5 in podocytes.*

In addition, Cdk5 regulation is unique in the family of cyclin-dependent kinases in two
further aspects: 1) The endogenous Cdk inhibitors (CKIs) are not involved in Cdk5
regulation and modulation. Yet, Cdk5 can phosphorylate and stabilize p27*"*, which is

61

crucial for migration.®® 2) Modulation of Cdk5 activity by phosphorylation

fundamentally differs from the cell cycle Cdks. In contrast to the cell cycle Cdks,
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phosphorylation by CAK in the T-loop seems dispensable for Cdk5 full activation. CAK
can phosphorylate Cdk5 on serine 159, but the function of this phosphorylation is
disputed.®*® Activity of mitotic Cdks is inhibited by phosphorylation of conserved
threonine or tyrosine residues (T14 and Y15 in Cdk2) by Weel or Mytl (see Figure 2).
Cdk5 is phosphorylated on T14 in vitro and this inhibits kinase activity.®® Cdk5 is not
inhibited by Wee1®, but can be phosphorylated at tyrosine 15 by fyn and c-abl.*’ *° In

contrast to the mitotic Cdks, this phosphorylation stimulates Cdk5 activity.

1.4 Cyclin-dependent kinase inhibitors

Tumor cells characteristically display limitless replicative potential which is caused by
alterations in cell-cycle control systems.? Cdks as prominent regulators of the cell cycle
exhibit deregulated activity in tumors, resulting from overexpression and mutations in
cell cycle cyclins and Cdks, as well as from a loss of their endogenous inhibitors, the
CKIs.?” % To target Cdks is therefore a promising strategy in anticancer therapy and
several approaches are imaginable to alter Cdk activity — either by direct inhibition of
the catalytic Cdk subunit, or by indirectly modulating regulatory pathways that govern
Cdk activity, for example binding of cyclins, phosphorylation of the Cdk subunit or
interaction with the CKIs. Most small molecule Cdk inhibitors interact with the ATP-
binding site of the kinase subunit, which is fundamental for kinase activity. The ATP-
binding site is well conserved among the Cdks which is why adequate Cdk selectivity of
inhibitors remains a big challenge.® If selective or broad-spectrum Cdk inhibitors are
more effective remains under discussion. Established Cdk modulators such as
flavopiridol (Alvocidib) and roscovitine (CYC202, seliciclib) inhibit a relatively wide
range of Cdks. Second generation Cdk inhibitors are under preclinical and clinical
investigation at present. They can be subdivided in three classes: 1) Broad spectrum
Cdk inhibitors that target both cell cycle and transcriptional Cdks, 2) Selective inhibitors
of Cdk2 or Cdk4/6 or 3) Compounds with combined activity against Cdks and additional
kinases with a benefit for anticancer therapy, for example receptor tryrosine kinases or
Aurora kinases. The most promising strategy for successful therapy with selective or
combined Cdk inhibitors is very likely depending on the genetic alterations present in

the tumor.
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1.4.1 Roscovitine

(R)-roscovitine or CYC-202/seliciclib — in the following referred to as roscovitine —
belongs to the class of 2,6,9-trisubstituted purines and is one of the best-studied Cdk

inhibitors.”

Figure 4 Structure of ( R)-roscovitine. The arrows indicate how the structure was
modified for the tested Cdk inhibitors.

It is developed by Cyclacel Pharmaceuticals’® and currently tested in several Phase |
and Phase Il clinical trials for tumor treatment.”® Roscovitine inhibits mainly Cdk1,
Cdk2, Cdk5, Cdk7 and Cdk9 and exerts anti-mitotic and pro-apoptotic effects in a wide
range of tumor cells.” Cell-cycle independent actions of roscovitine mainly derive from
Cdk5 inhibition and include anti-angiogenic’ and anti-inflammatory™ effects, inhibition

778 and modulation of glucose metabolism."

of cell migration and motility
The roscovitine derivatives evaluated for their anti-angiogenic potential were kindly
provided by V. Krystof and R. Jorda (Palacky University & Institute of Experimental
Botany, Olomouc, Czech Republic) and the structures are displayed in the Materials

and Methods section (Figure 5).

1.5 Aim of the study

As explained in the previous paragraphs, Cyclin-dependent kinases (Cdks) and their
activators, the cyclins, control the transitions of the cell cycle, which is deregulated in
many tumor types.®’ Cdk inhibitors like roscovitine or flavopiridol are currently tested in
clinical trials as anti-proliferative anticancer drugs.

Anti-angiogenic actions of these Cdk inhibitors have been observed in vitro and in
vivo.?>®2 Recently, it has been demonstrated that the anti-angiogenic effect of the Cdk
inhibitor roscovitine most likely results from impaired endothelial cell migration. The

effect on migration was traced down to Cdk5 inhibition which led to Racl inactivation
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and lamellipodia disruption.” A promising novel strategy in anti-angiogenic therapy
may therefore be Cdk5 inhibition. Up to date, improved Cdk inhibitors have mainly
been developed in order to block cancer cell proliferation but have not systematically
been optimized and evaluated for anti-angiogenic action by Cdk5 inhibition.

In contrast to the mitotic Cdks, Cdk5 is a cell-cycle independent Cdk that is known to
control migration of post-mitotic neurons during CNS development.

With regard to its regulation, Cdk5 is as well unique among the Cdks: First, Cdk5
activity and subcellular localization is directed by non-cyclin proteins (p35 and p39).
Second, phosphorylation of a conserved tyrosine 15 decreases activity of mitotic Cdks
but stimulates Cdk5 activity and third, endogenous Cdk inhibiting proteins (CKIs),
which control cell cycle Cdks, do not influence Cdk5 activity. Activation of Cdk5 in non-
neuronal cells, as investigated so far, parallels the neuronal Cdk5 activation pathways,
however distinct mechanisms have been reported as well.>* The mechanisms which
are responsible for the activation of Cdk5 during endothelial cell migration have not yet

been explored.

/Aims of the study were therefore:

1. to elucidate the characteristics of Cdk5 regulation during endothelial
cell migration by investigating the role of the neuronal activators
p35/p25 and p39/p29 and the tyrosine 15 phosphorylation.

2. to evaluate the anti-angiogenic potency of novel roscovitine-derived
Cdk inhibitors in vitro and in vivo, thereby paying particular

consideration on their potency to inhibit Cdk5.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Biochemicals, inhibitors, dyes and cell cultu

Table 1

Reagent

re reagents

Biochemicals, inhibitors, dyes and cell culture reagents

Producer

Accustain® paraformaldehyde
Amphotericin B

BC Assay reagent

Bovine Serum Albumin (BSA)
Roti®-Quant Bradford Reagent
Cdk5/p35, active

Collagen G

Collagenase A

Complete® mini EDTA free

Coomassie brilliant blue G250

DMEM medium

DMSO

Endothelial Cell Growth Medium (ECGM)
with Supplement Mix #C-39215

FCS gold

FluorSave™ Reagent mounting medium
M199 Medium

NaF

NasVO,

Page Ruler™ Prestained Protein Ladder
Penicillin/Streptomycin

PMSF

TNF-a human recombinant

Triton X-100

Tween®20

VEGF 165 human recombinant

Sigma-Aldrich, Taufkirchen, Germany
PAA Laboratories, Pasching, Austria
Interdim, Montulocon, France
Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany
Millipore, Billerica, MA, USA,
Biochrom AG, Berlin, Germany
Biochrom AG, Berlin, Germany
Roche diagnostics, Penzberg, Germany
Carl Roth, Karlsruhe, Germany

PAA Laboratories, Pasching, Austria
AppliChem, Darmstadt, Germany

PromoCell, Heidelberg, Germany

PAA Laboratories, Pasching, Austria
Merck, Darmstadt, Germany

PAA Laboratories, Pasching, Austria
Merck, Darmstadt, Germany

ICN Biomedicals, Aurora, OH, USA
Fermentas, St. Leon-Rot, Germany
PAA Laboratories, Pasching, Austria
Sigma-Aldrich, Taufkirchen, Germany
PeproTech GmbH, Hamburg, Germany
Merck, Darmstadt, Germany

BDH Prolabo, Ismaning, Germany

PeproTech GmbH, Hamburg, Germany
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Table 2

Name

Technical equipment

Device

Producer

AB7300 RT-PCR
Axioskop

Culture flasks, plates,
dishes

Curix 60
FACSCalibur

LSM 510 Meta
Mikro 22R
Nanodrop® ND-1000
Nucleofector Il
Odyssey 2.1
Olympus BX41
Polytron PT1200
SpectraFluor Plus™

Sunrise™

Vi-Cell™ XR

Real-time PCR system
Upright microscope
Disposable cell culture
material

Tabletop film processor
Flow cytometer
Confocal laser scanning
microscope

Table centrifuge
Spectrophotometer
Electroporation device
Infrared Imaging System
Clinical microscope
Ultrax homogenizer
Microplate multifunction

reader

Microplate absorbance
reader

Cell viability analyzer

Applied Biosystems, Foster
City, CA, USA

Zeiss, Jena, Germany

TPP, Trasadigen,
Switzerland

Agfa, Cologne, Germany

Becton Dickinson,
Heidelberg, Germany

Zeiss, Jena, Germany
Hettich, Tuttlingen, Germany
Peqglab, Wilmington, DE,

USA

Lonza GmbH, Cologne,
Germany

LI-COR Biosciences,
Lincoln, NE, USA

Olympus, Hamburg,
Germany

Kinematica AG, Lucerne,
Switzerland

Tecan, Mannedorf, Austria

Tecan, Mannedorf, Austria

Beckman Coulter, Fullerton,
CA, USA
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Table3  Commonly used buffers

PBS (pH 7.4)

NaCl 132.2 mM
Na,HPO, 10.4 mM
KH,PO, 3.2mM
H,O

2.1.2 Inhibitors

PBS+Mg2+/Ca2+

NaCl 137 mM
KCI 2.68 mM
Na,HPO, 8.10 mM
KH,PO, 1.47 mM
MgCl, 0.25mM
H,O

The following inhibitors were used for experiments:

Table 4 Inhibitors

Compound

Producer

A-705253.13%°

Imatinib (STI571)

SU6656%

(R)-roscovitine Cdk inhibitor

calpain inhibitor

c-abl inhibitor

src family kinase inhibitor

Abbott Bioresearch Corp.
Worcester, MA, USA

Selleck Chemicals, Houston,
TX, USA

Sigma-Aldrich, Taufkirchen,
Germany

Sigma-Aldrich, Taufkirchen,
Germany
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2.1.3 LGR compounds

Novel roscovitine derivatives were synthesized and kindly provided by V. Krystof and

R. Jorda (Palacky University & Institute of Experimental Botany, Olomouc, Czech
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Figure 5 Chemical Structures of the tested LGR comp  ounds in comparison to ( R)-

roscovitine. The LGR compounds have been modified in comparison to (R)-roscovitine in one
or more of the following aspects: 1. The purine scaffold has been changed to pyrazolo[4,3-
dlpyrimidine (LGR 1404, 1406, 1407, 1430, 1492, 1667, 1695), with LGR 1404 being a
bioisoster of (R)-roscovitine. 2. In the aminobenzyl group, an additional ortho amino function is
present (LGR 1430, 1492, 1695, 1730). 3. The residue at purine C2 or pyrazolo[4,3-d]pyrimidine
C5 respectively, differs from (R)-roscovitine either in structure and/or stereochemistry. Defined
configurations are shown in the chemical structures. LGR 1407 contains no stereocenter.
LGR 1406 and LGR 1430 are an equal mixture of 4 stereoisomers: the trans enantiomers (R,S)
and (S,R); and the cis enantiomers (R,R) and (S,S).
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2.2 Cell culture

2.2.1 Cell culture solutions and reagents

The following solutions were used for isolation and cultivation of endothelial cells:

Table 5 Cell culture solutions

Growth medium Stopping medium

ECGM 500 ml M 199 500 ml
Supplement Mix #C-39215 23.5ml FCS 50 ml
FCS gold 50 ml

Penicillin/Streptomycin 5ml

Amphothericin B 5ml

Freezing medium Trypsin/EDTA (T/E)

FCS gold 10 % Trypsin 0.05 %
DMSO 10 % EDTA 0.20 %
Growth medium PBS

Collagen G

Collagen G 0.001 %

PBS

Before use, FCS gold was heat inactivated. First, FCS gold was partially thawed at
room temperature for 30 min, then completely thawed at 37<C. Heat inactivation was

carried out at 56 for 30 min. FCS aliquots were s tored at -20C

2.2.2 Endothelial cells

Endothelial cells (ECs) were cultured under constant humidity at 37<C with 5% CO in
an incubator (Heraeus, Hanau, Germany). Cells were routinely tested for mycoplasma
contamination with the Venor®GeM PCR detection kit (Minerva Biolabs, Berlin,
Germany). All cell culture flasks, Petri dishes and multiwell plates were coated with

Collagen G for 30 min in the incubator prior to plating the cells.
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2.2.2.1 HMEC-1 (Human microvascular endothelial cel Is)

The cell line CDC/EU.HMEC-1 was kindly provided by the Centers for Disease Control
and Prevention (Atlanta, GA, USA). The immortalized HMEC-1 cell line was created by
transfection of human dermal microvascular endothelial cells with a plasmid coding for
the transforming SV40 large T-antigen. HMEC-1 were shown to retain endothelial
morphologic, phenotypic, and functional characteristics.® ® HMEC-1 were used for
endothelial cell proliferation experiments, siRNA transfection and immunoprecipitations
for kinase assay and LC-ESI-MS/MS.

2.2.2.2 HUVECs (Human umbilical vein endothelial ce lIs)

Human umbilical cords were kindly provided by Klinikum Minchen Pasing,
Frauenklinik Munchen West/Krismannklinik, Rotkreuzklinikum Minchen, and
WolfartKlinik Gréfelfing. After childbirth, umbilical cords were placed in PBS+Ca?/Mg?*
containing penicillin (100 U/ml) and streptomycin (100 pug/ml), and stored at 4C. Cells
were freshly isolated every week. The umbilical vein was washed with PBS+Ca®*/Mg*",
filed with 0.1 g/l collagenase A, and incubated for 45 min at 37C. To isolate
endothelial cells, the vein was flushed with stopping medium and the cell suspension
was centrifuged (1,000 rpm, 5 min). Afterwards, cells were resuspended in growth
medium and plated in a 25 cm? flask (passage #0). After reaching confluency, cells
were trypsinized and plated in a 75 cm? flask. Unless otherwise indicated, experiments
were performed using cells at passage #3. HUVECs were used for all other
experiments except endothelial cell proliferation experiments, siRNA transfection and

immunoprecipitations for LC-ESI-MS/MS.

2.2.3 Passaging

After reaching confluency, cells were either sub-cultured 1:3 in 75 cm? culture flasks or
seeded either in multiwell-plates or dishes for experiments. For passaging, medium
was removed and cells were washed twice with PBS before incubation with T/E for
1-2 min at 37<C. Thereafter, cells were gradually detached and the digestion was
terminated using stopping medium. After centrifugation (1,000 rpm, 5 min), the pellet

was resuspended in growth medium and cells were plated.



18 2 MATERIALS AND METHODS

2.2.4 Freezing and thawing

For freezing, confluent HMEC-1 from a 150 cm? flask were trypsinized, centrifuged in
stopping medium (1,000 rpm, 5 min) and resuspended to 2 x 10° cells/ml in ice-cold
freezing medium. 1.5 ml aliquots were frozen in cryovials. After storage at -80<C for
24 h, aliquots were moved to liquid nitrogen for long term storage.

For thawing, a cryovial was warmed to 37C and the content was immediately
dissolved in pre-warmed stopping medium. In order to remove DMSO, cells were
centrifuged (1,000 rpm, 5 min), resuspended in growth medium and transferred to a

75 cm? culture flask.

2.3 Western blot analysis

2.3.1 Preparation of protein samples

Endothelial cells were treated as indicated, washed once with ice-cold PBS and
subsequently lysed in RIPA lysis buffer or in modified RIPA lysis buffer for phospho-
proteins. Immediately, cells were frozen at -80C. Afterwards, cells were scraped off
and transferred to Eppendorf tubes (Peske, Aindling-Arnhofen, Germany) before
centrifugation (14,000 rpm, 10 min, 4C). Tissue samples as positive controls were
homogenized in lysis buffer with a POLYTRON PT 1200 C homogenizer (Kinematica
AG, Lucerne, Switzerland), frozen at -80C and cent rifuged twice (14,000 rpm, 10 min,
4C). Protein concentration was determined in the s upernatant using either the BCA or
the Bradford assay. Afterwards, Laemmli sample buffer (3x) was added and samples

were heated at 95T for 5 min. Samples were kept at -20C until Western blot analysis.
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Table 6  Buffers for protein sample preparation
RIPA buffer Lysis buffer for phosphoproteins
Tris/HCI (pH 7.4) 50 mM Tris/HCI (pH 7.4) 50 mM
NacCl 150 mM NacCl 150 mM
Nonidet NP 40 1% Nonidet NP 40 1%
Deoxycholic acid 0.25% Deoxycholic acid 0.25%
SDS 0.10% SDS 0.10%
H,O Nas;VO, 0.3 mM
Complete®mini EDTAfree 4.0 mM NaF 1.0 mM
PMSF 1.0 mM B-Glycerophosphate 3.0mM
NaszVO, 1.0 mM Pyrophosphate 10 mM
NaF 1.0 mM H,O
Complete®mini EDTAfree 4.0 mM
PMSF 1.0 mM
H20; 600 pM
5x SDS-sample buffer 3x Laemmli buffer
Tris/HCI (pH 6.8) 3.125 M Tris/HCI (pH 6.8) 187.5 mM
Glycerol 10 ml SDS 6%
SDS 5% Glycerol 30%
DTT 2% Bromphenol blue 0.025%
Pryonin Y 0.025% H,O
H,O B-Mercaptoethanol 12.5%

2.3.2 Membrane fractionation

HUVEC lysates were separated

into a soluble (cytosolic) and a particulate

(membranous) fraction, as described previously by Li H et al.®” HUVECs were treated
as indicated, washed twice with ice-cold PBS+Ca*/Mg?*, and homogenized in lysis
buffer. Protein quantification with Bradford Assay was used to obtain equal protein
amount in the samples. Lysates were centrifuged at 100,000 g and 4<C for 45 min. The
supernatant (cytosolic fraction) was collected and boiled with 5x SDS sample buffer
(5 min, 95C). The pellet was washed in lysis buffer containing 1.0 M NaCl and
centrifuged at 100,000 g and 4 for 20 min. The su pernatant was discarded and the
pellet was solubilized with lysis buffer containing 20 mM CHAPS at 4<C for 30 min.
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After centrifugation at 100,000 g and 4 for 45 min, the supernatant was kept as
membranous fraction and boiled with 5x SDS sample buffer (5 min, 95C). The
cytosolic and membranous fractions were used for Western blotting.

Table 7 Buffer for membrane fractionation

Membrane fractionation

lysis buffer

Tris/HCI (pH 7.5) 50 mM
EDTA 0.5 mM
EGTA 0.5mM
Glycerol 10 %
Glutathion 7 mM
DTT 2mM
PMSF 1 mM
Complete®mini EDTAfree 4 mM
H,O

2.3.3 Immunoprecipitation

Immunoprecipitation for Kinase Assay

Immunoprecipitations were used in order to obtain active Cdk5 complexes for Cdk5
kinase assay. Cells or tissue samples were lysed (see 2.3.1) in the indicated lysis
buffer (Table 6 and Table 8) and kept on ice for 30 min. Thereafter, the samples were
centrifuged and protein concentrations were determined in the supernatants. Cell
lysates were incubated with 2 ug of the indicated antibodies over night at 4C under
gentle agitation. Thereafter, Protein A (for rabbit 1gG) or Protein G (for mouse 1gG)
Agarose beads (Sigma-Aldrich, Taufkirchen, Germany) were washed with lysis buffer
and 50 pl bead suspension (25 pl packed beads) was added to each sample. After 3 h
of incubation at 4C, the beads were spun down and an aliquot of the supernatant was
collected as binding control and boiled with Laemmli sample buffer (3x) for 5 min at
95<C. Subsequently, two washing steps with lysis bu ffer and two washing steps with
kinase buffer were performed, and 50 pl kinase buffer (Table 9) were added to the
bead pellet. The beads were resuspended in the kinase buffer before taking a 10 pl
aliquot of the beads as binding control and boiling the aliquot with Laemmli sample

buffer (3x) for 5 min at 95<C. The rest of the bead s was used for Cdk5 kinase assay.
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For the HA-immunoprecipitation of the Cdk5-HA transfected cells, the Pierce
Mammalian HA-Tag IP/Co-IP Kit (Thermo Fisher Scientific, Rockford, IL, USA) was
used according to the manufacturer’s instructions. The kinase assay reaction was
carried out directly on the beads.

Immunoprecipitation for the detection of novel Cdk5-interacting proteins by LC-ESI-
MS/MS

HMEC-1 were treated as indicated, lysed in the Lysis buffer for phosphoproteins (Table
6) and immunoprecipitation with Cdk5 mouse monoclonal antibody was performed as
described in the paragraph above. After three washing steps with lysis buffer, the
beads were spun down, 25ul Laemmli sample buffer (3x) were added and the samples
were boiled for 5 min at 95 and stored at -20C u ntil gel electrophoresis and

subsequent analysis.

Table 8  Lysis buffers for Cdk5 immunoprecipitation/kinase assay

Kinase assay lysis buffer 1 Homogeniz ation buffer

(Miyamoto et al.*") (Menn et al.?®)

HEPES (pH 7.5) 50 mM MOPS (pH 7.2) 25 mM
NaCl 150 mM MgCl, 15 mM
EDTA 1 mM EGTA 15 mM
DTT 1 mM DTT 2mM
MgCl, 20 mM Nas;VO, 1 mM
Nonidet NP 40 0.5% NaF 1 mM
PMSF 1 mM B-Glycerophosphate 60 mM
NaszVO, 1mM p-Nitrophenylphosphate 10 mM
NaF 10 mM Disodiumphenylphosphate 1mM
Leupeptin lpg/ml Leupeptin 10 pg/ml
H.O Aprotinin 10 pg/ml

Soybean trypsin inhibitor 10 pg/ml
Benzamidine 100 uM
H,O
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MPER lysis buffer with inhibitors

mammalian protein extraction reagent
(MPER), supplied in the HA Co-IP Kit

PMSF 1mM
NazVO, 1mM
NaF 1 mM
Complete®mini 4mM
EDTAfree

2.3.4 Cdk5 kinase assay

Cdk5 for the kinase assay was immunoprecipitated from cell lysates as described in
2.3.3. Kinase assay mix containing the indicated kinase buffer (Table 9), 2 uM ATP,
10 pCi *3P-y-ATP (Hartmann Analytic, Braunschweig, Germany) and 2.5 pg Histone H1
(Type Il from calf thymus, Sigma-Aldrich, Taufkirchen, Germany) as a substrate was
added to the beads and the enzyme reaction was carried out at 30C for 20 min. The
reaction was then terminated by adding 3x Laemmli Sample Buffer and boiling the
samples for 5 min at 95C. Aliquots of the samples were loaded onto a 15 % SDS-
PAGE gel and electrophoresis was run at 100 V for 21 min and at 200 V for 60 min. For
autoradiography, an X-ray film (Super RX, Fuji, Dusseldorf, Germany) was placed on
the gel for 8 to 48h at -80C. After exposure, the film was developed with a Curix 60
Developing system (Agfa-Gevaert AG, Cologne, Germany).
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Table 9  Kinase buffers used for Cdk5 kinase assay
Kinase buffer 1 Kinase buffer 2
(modified from Tsai et al.®) (Menn et al.®%)
HEPES (pH 7.0) 50 mM Tris-HCI (pH 7.2) 25 mM
MgCl, 20 mM MgCl, 10 mM
EDTA 0.1 mM EGTA 1mM
DTT 1mM DTT 1mM
NaF 10 mM Heparin 50pg/mi
Nas;VO, 1mM Nas;VO, 1 mM
PMSF 1mM NaF 1mM
Leupeptin lpg/ml B-Glycerophosphate 60 mM
H,O p-Nitrophenylphosphate 10 mM
Disodiumphenylphosphate 1mM
Leupeptin 10 pg/ml
Aprotinin 10 pg/ml
Soybean trypsin inhibitor 10 pg/ml
Benzamidine 100 uM
H,O
Kinase Buffer 3 (EDTA free)
(Tsai et al.*)
HEPES (pH 7.0) 50 mM
MgCl, 10 mM
DTT 1mM
NaF 1 mM
Nas;VO, 1 mM
PMSF 1mM
B-Glycerophosphate 3mM
Complete®mini 4 mM

EDTAfree
H,O
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2.3.5 Protein Quantification

In order to employ equal amounts of protein in all samples for Western blot analysis,
protein concentrations were determined using either the Bicinchoninic Acid (BCA)
Assay or Bradford Assay. After measurement, protein concentration was adjusted by

adding Laemmli sample buffer (1x).

2.3.5.1 Bicinchoninic Acid (BCA) Assay

Bicinchoninic Acid (BCA) Protein Assay was performed as described previously.®
10 pl protein samples were incubated with 200 yl BC Assay reagent (BC Assay
reagents, Interdim, Montulocon, France) for 30 min at 37C. Absorbance was
measured at 550 nm (Tecan Sunrise Absorbance reader, TECAN, Crailsheim,
Germany). Protein standards were obtained by diluting a 2 mg/ml stock solution of
bovine serum albumin (BSA, Sigma-Aldrich, Taufkirchen, Germany). Linear regression

was used to determine the actual protein concentration of each sample.

2.3.5.2 Bradford Assay

Bradford Assay was performed as described previously.®* 10 pl protein samples were
incubated with 190 pl Bradford solution (Roti®-Quant Bradford Reagent, Carl Roth,
Karlsruhe, Germany; 1:5 dilution in water) for 5 min. Thereafter, absorbance was
measured at 592 nm (Tecan Sunrise Absorbance reader, TECAN, Crailsheim,

Germany). Protein standards were obtained as described above for the BCA Assay.

2.3.6 SDS-PAGE

Proteins were separated by discontinuous SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) according to Laemmli et al.®* Equal amounts of protein were loaded on
discontinuous polyacrylamide gels, consisting of a separation and a stacking gel, and
separated using the Mini-PROTEAN 3 electrophoresis module (Bio-Rad, Munich,
Germany). The concentration of Rotiphorese™ Gel 30 (acrylamide) in the separating
gel was adjusted for an optimal separation of the proteins depending on their molecular
weights. Electrophoresis was carried out at 100 V for 21 min for protein stacking and at
200 V for 45 min for protein separation. The molecular weight of proteins was
determined by comparison with a prestained protein ladder (PageRuler™, Fermentas,

St. Leon-Rot, Germany).
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Table 10 Acrylamide gel concentration and SDS-PAGE buffers

Separation gel 12%/15% Stacking gel

Rotiphorese™ Gel 30 40%/50% Rotiphorese™ Gel 30 17%
Tris (pH 8.8) 375 mM Tris (pH 6.8) 125 mM
SDS 0.1% SDS 0.1%
TEMED 0.1% TEMED 0.2%
APS 0.05% APS 0.1%
H,O H,O

Electrophoresis buffe r

Tris 4.9 mM
Glycine 38 mM
SDS 0.1%
H,O

2.3.7 Tank electroblotting

After protein separation, proteins were transferred to a nitrocellulose membrane
(Hybond-ECL™, Amersham Bioscience, Freiburg, Germany) by tank electroblotting.*®
% A blotting sandwich was prepared in a box filled with 1x tank buffer as follows:
cathode — pad — blotting paper —

separating gel (from SDS-PAGE) — nitrocellulose membrane —

blotting paper — pad — anode.

The membrane was equilibrated with 1x tank buffer for 15 minutes prior to running the
tank blot. Sandwiches were mounted in the Mini Trans-Blot® system (Bio-Rad, Munich,
Germany), ice-cold 1x tank buffer was filled into the chamber and a cooling pack

inserted to avoid excessive heat. Transfers were carried out at 4C, 100 V for 90 min.
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Table 11 Tank blotting buffer

5x Tank buffer 1x Tank buffer

Tris base 240 mM 5x Tank buffer 20 %
Glycine 195 mM Methanol 20 %
H,O H,O

2.3.8 Protein detection

Prior to immunodetection, unspecific protein binding sites were blocked by incubating
the membrane in 5 % non-fat dry milk powder (Blotto, Carl Roth, Karlsruhe, Germany)
in PBS for 2 h at room temperature. Subsequently, the membrane was incubated with
the respective primary antibody at 4C overnight. After four washing steps with PBS
containing 0.1 % Tween®20 (PBS-T), the membrane was incubated with the secondary
antibody for 2 h at room temperature, followed by four additional washing steps with
PBS-T. All steps regarding the incubation of the membrane were performed under
gentle agitation. In order to visualize the proteins, two different methods have been
used depending on the Ilabels of the secondary antibodies: enhanced

chemiluminescence or infrared imaging.

2.3.8.1 Enhanced chemiluminescence (ECL)

Membranes were incubated with HRP-conjugated secondary antibodies (Table 14). For
detection, luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione) was used as a
substrate. The membrane was incubated with ECL solution for 1 minute protected from
light. The appearing luminescence was detected by exposure of the membrane to an
X-ray film (Super RX, Fuji, Dusseldorf, Germany), which was developed with a Curix 60

Developing system (Agfa-Gevaert AG, Cologne, Germany).

Table 12 ECL solution

ECL

Tris (pH 8.5) 100 mM
luminol 2.5 mM
p-Coumaric acid 1mM
H202 17 HM

H.O
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2.3.8.2 Infrared imaging

Secondary antibodies coupled to IRDye™ 800 or Alexa Fluor® 680 with emission at 800
and 700 nm, respectively, were used (Table 14). Incubation and the following washing
steps were carried out protected from light. Protein bands of interest were detected

using the Odyssey imaging system (Li-COR Biosciences, Lincoln, NE).

Table 13 Primary antibodies for Western blot immunodetection

Antigen Source Dilution In Provider

B-actin (C4) mouse monocl.  1:1,000 Blotto 5% Millipore
Cdk5 (DC34) rabbit polycl. 1:1,000 Blotto 1% Invitrogen
Cdk5 (C-8) rabbit polycl. 1:1,000  Blotto 1% Santa Cruz
phos.-Cdk5Y15 rabbit monocl. 1:1,000 BSA 5% Epitomics
p35/p25 (C64B10) rabbit monocl. 1:250 BSA 5% Cell Signaling
p35/p25 (C-19) rabbit polycl. 1:500 Blotto 1% Santa Cruz
HA.11 (16B12) mouse monocl.  1:1,000 Blotto 1% Covance

Table 14 Secondary antibodies for Western blot immunodetection

Antibody Dilution In Provider
Goat anti-mouse 1gG1: HRP 1:1,000 Blotto 1% Biozol
Goat anti-rabbit HRP 1:1,000 Blotto 1% Dianova
Goat anti-rabbit HRP 1:1,000 Blotto 1% Biorad
Alexa Fluor® 680 Goat anti-mouse IgG 1:20,000 Blotto 1% Molecular
Probes
Alexa Fluor® 680 Goat anti-rabbit IgG 1:20,000 Blotto 1% Molecular
Probes
IRDyeTM 800CW Goat anti-mouse IgG  1:20,000 Blotto 1% LI-COR
Biosciences

2.3.9 Quantification of band intensity

Intensity of Western blot bands detected with enhanced chemiluminescence was
measured densitometrically with ImageJ Gel analyzer (Version 1.43q; NIH, Bethesda,
MD, USA).

Quantification of bands obtained with infrared imaging was carried out with the Quant

Data function of the Odyssey software.
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2.4 Protein identification from SDS-PAGE gels

2.4.1 Coomassie staining

Table 15 Solutions for Coomassie staining

Coomassie staining solution Destaining solution

Coomassie blue G250 0.3% Ethanol 33.3%
Ethanol 45 % Acetic acid 10 %
Acetic acid 10 % H,O

H,O

The SDS-PAGE gel was incubated under gentle agitation in Coomassie staining
solution for 1 h. The staining solution was removed and the gel was washed in
destaining solution for several times until the bands became clearly visible. After a last

washing step in water the gel was kept at 4C until protein analysis.

2.4.2 In-gel tryptic digestion

The gel band was cut and destained twice with a 1/1 mixture of acetonitrile
(ACN) / 20 mM ammonium bicarbonate (NH,HCO3) pH 8.5 at 37T for 30 min. The gel
slice was dried at room temperature, rehydrated with the addition of 25 mM NH4HCO;
and then reduced with 10 mM dithiothreitol (DTT) for 30 min at 56 in darkness. After
removing the supernatant, 55 mM iodoacetamide (IAA) in 25mM NH4HCO; was added.
The reaction of carboxyamidomethylation proceeded for 30 min at RT in darkness. For
the enzymatic digestion, the gel slice was incubated overnight at 37C with 200 ng
trypsin in 20 mM NH4HCO; pH 8.5. To quench the enzymatic reaction 1 % aqueous
acetic acid was added. After the digestion, peptides were extracted by incubating the
slice with 2 % aqueous formic acid (HCOOH) / ACN (1/1) at RT for 20 min and then
sonicating for 5 min. The extraction procedure was repeated twice. Supernatants were
pooled and then dried using a Savant Speedvac Plus SC210A apparatus (Thermo
Scientific, San José CA, USA).

2.4.3 LC-ESI-MS/MS analysis

The extracted peptides were dissolved in 0.1 % HCOOH aqueous solution and

separated with a nano-LC system (Eksigent, Dublin, CA, USA), consisting of
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autosampler and 2D-nano HPLC devices, coupled to the LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, Bremen, Germany) equipped with a nano ESI source.
The sample was loaded onto a RP-C18 micro column (10 mm x 100 um i.d.) trapping
column (Agilent technologies, Santa Clara, CA, USA) and washed for 10 min with
0.1% HCOOH at 3pl/min. The peptides were separated on a nano column
(75 pm i.d. x 15 cm, capillary column (New Objectives, USA) packed in-house with
3 um C18 coated particles). For the liquid chromatography, 0.1 % HCOOH aqueous
buffer (solvent A) and ACN / 0.1% HCOOH (95/5, v/v) organic buffer (solvent B) were
used. The peptides were eluted with a linear gradient of solvent B from 2 to 10 % in
5 min and from 10 to 40 % in 98 min at flow rate of 200 nl/min. The eluted peptides
were on-line analyzed in ESI-MS and -MSMS positive mode. The mass spectrometer
was set so that one full scan was acquired in the Orbitrap parallel to the MSMS scans
in the LTQ linear ion trap. The resolving power of the Orbitrap mass analyzer was set
at resolution 60000 (FMHW, m/z 400). The fragmentation spectra (MSMS mode) were
acquired in data dependent mode, five most intensive signal ions (m/z) per scan were
selected for fragmentation with repeat duration time 30 s and exclusion duration time
60 s, isolation width (m/z) 2 amu, activation time 30 ms, activation Q 0.250, normalized
collision energy (V) 35. The chromatographic separation and the spectra acquisition
were performed in automatic mode, controlled and monitored by Xcalibur software
(version 2.0.7, Thermo Scientific, San José CA, USA).

2.4.4 Protein identification

Prior the submission to protein database (DB) search the MSMS spectra were
converted in mzData format using a conversion tool embedded in Bioworks software
(version 3.1, Thermo Scientific, San José CA, USA). The protein database searches

were performed using the Mascot search engine (www.matrixscience.com). The

tandem spectra were searched against the protein database SwissProt 15.3 (uniprot
29.05.09), choosing for taxonomy specimen homo sapiens. The peptide and the
fragment mass accuracies were set to 20 ppm and 0.6 Da, respectively. Full tryptic
peptides including one missed cleavage side were accepted.
Carboxyamidomethylation at cysteine was set as a static modification. Methionine
oxidation was set as variable modifications. The Mascot database search of the data

sets was performed with a confidential index over 95 %.
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2.5 Quantitative real time RT-PCR

2.5.1 Isolation of mMRNA

Total RNA was extracted from cell and tissue samples using the RNeasy mini Kit
(Qiagen GmbH, Hilden, Germany) according to the instruction manual. QuiaShredder
columns (Qiagen GmbH, Hilden, Germany) were used for sample homogenization.
DNA-digestion was performed during the isolation procedure with the RNase Free

DNase Set (Qiagen, Hilden, Germany).

2.5.2 Reverse transcription

Reverse transcription was performed with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, DA, USA) according to the users’
manual. Reverse transcription was carried out in a Primus 25 advanced® thermocycler
(Peqglab Biotechnologie GmbH, Erlangen, Germany), using the cycling protocol
displayed in Table 16. cDNA was aliquoted and stored at -20C until used for real time
RT-PCR.

Table 16 Reverse transcription

Temperature Time
25C 10 min
37C 2h
85T 5 min

2.5.3 Quantitative real time PCR

Quantitative real-time PCR was performed on AB 7300 RealTime PCR system, using
TagMan® Gene Expression Mastermix (Applied Biosystems, Foster City, CA, USA).
The thermal cycling conditions are shown in Table 17. GAPDH primers shown in Table
18 were designed using the Primer Express® 2.0 software program (Applied
Biosystems). For p35 and p39, pre-mixed TagMan® Gene Expression Assays were
used (See Table 19). PCR on GAPDH was used as reference, and serial dilution of
cDNA served as standard curves. Fluorescence-development was analyzed using the
AB 7300 system software, and calculation of relative mRNA amount was done

according to Pfaffl et al.®



2 MATERIALS AND METHODS 31

Table 17 Real Time RT-PCR thermal cycling conditions

Temperature Time Step
95T 10 min Amplitaq ® Gold enzyme activation
95T 15 sec denature

_ PCR (40 cycles)
60C 1 min anneal / extend

Table 18 GAPDH Primers and Probe

GAPDH

forward human 5'-GGGAAGGTGAAGGTCGGAGT-3'

reverse human 5-TCCACTTTACCAGAGTTAAAAGCAG -3
probe human 6-Fam-ACCAGGCGCCCAATACGACCAA-Tamra

Table 19 TagMan® Gene Expression Assays

Target Species  Product Id
p35 human Hs00243655_s1
p39 human Hs00269563_s1

2.6 Transfection of cells

For transient transfection with the indicated siRNA and plasmids, HUVECs or HMEC-1
were electroporated using the Nucleofector® Il device in combination with the HUVEC
Nucleofector® Kit (both from LONZA Cologne AG, Cologne, Germany).

2.6.1 Transfection with sSiRNA

In order to downregulate p35, HMEC-1 were transiently transfected with p35 siRNA.
A 4-siRNA duplexes bundle from riboxx (Radebeul, Germany) was used. The
sequences are shown in Table 20. The duplexes were dissolved in RNAse free water
to 0.3 pg/l, aliquoted and stored at -80C. The con centration of siRNA was verified
using a NanoDrop (Wilmington, DE, USA). Before transfection, equal parts of the four
duplexes were mixed. 1 x 10° HMEC-1 were suspended in HUVEC Nucleofector®
Solution and added to 1.2 ug of the siRNA mixture. The mixture of cells and siRNA was

transferred to a Nucleofector® cuvette and transfection was performed (program A-



32 2 MATERIALS AND METHODS

034). Immediately after electroporation, pre-warmed growth medium was added to the
cuvette. Afterwards, cells were seeded into 24-well plates (250,000 cells per well) for
scratch assays and into 6-well plates (750,000 cells per well) for real time RT-PCR to

ensure successful downregulation.

Table 20 4-siRNA duplexes bundle - sequences

5’-3'sequence 3’-5'sequence

p35-1 AUUAAUGAGUCAAACCAGCCCCC GGGGGCUGGUUUGACUCAUUAAU
p35-2 AUAAACCACACAUACUCACCCCC GGGGGUGAGUAUGUGUGGUUUAU
p35-3 ACAUUGGUCUUUGUUCUCCCCC GGGGGAGAACAAAGACCAAUGU
p35-4 UUACACAAUACUGAUGACCCCC GGGGGUCAUCAGUAUUGUGUAA

2.6.2 Transfection of plasmids

To evaluate the effect of a non-phosphorylatable Cdk5 mutant, HUVECs were
transfected with pEGFP-CDK5Y15F-C1, which was a gift from P. Zelenka (National
Eye Institute, National Institutes of Health, Bethesda, MD, USA).”® The respective
control plasmid pEGFP-C1 was purchased from Clontech Laboratories, Mountain View,
CA, USA.

For the Cdk5 kinase assay with Pierce Mammalian HA-Tag IP/Co-IP Kit, HUVECs
were transfected with the following constructs (all purchased from Addgene,
Cambridge, MA, USA): Cdk5-HA-pCMV-NeoBam,®’ (Addgene plasmid 1872) and p35-
myc-pCMV (Addgene plasmid 1347), or the respective backbone vectors.

For each transfection, 1 x 10° HUVECs were suspended in HUVEC Nucleofector®
Solution and added to 3 pg plasmid. For co-transfection, a mixture of 1.5 ug Cdk5
construct and 1.5 pg p35 construct was used. Electroporation was performed in
analogy to the siRNA experiments. Subsequently, cells were seeded into 24-well plates
(250,000 cells per well) for scratch assays and FACS, or into 60 mm Petri dishes

(2 x 10° cells per dish) for immunoprecipitation followed by Cdk5 kinase assay.

2.7 Flow Cytometry (FACS)

Transfection efficiency of the GFP-tagged plasmids was evaluated by flow cytometry.
The measurements were performed on a FACSCalibur (Becton Dickinson, Heidelberg,

Germany). Cells were illuminated by a blue argon laser (488 nm).
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Transfected cells were seeded in duplicates into 24-well plates in parallel to the
migration experiments. After finishing the scratch assay, the cells for FACS transfection
control were washed with warm PBS, harvested by trypsination and resuspended in

PBS. Immediately thereafter, 10,000 cells/sample were measured by flow cytometry.

2.8 Immunocytochemistry and immunohistochemistry

2.8.1 Immunocytochemistry

2.8.1.1 Immunocytochemistry and confocal microscopy

HUVECs were cultured in 8-well y-slides (ibiTreat, ibidi GmbH, Martinsried, Germany)
until reaching confluency. Afterwards, the cell layer was scratched and washed twice
with PBS+Ca2+/Mg2+. The cells were treated as indicated and allowed to migrate for
8 h. The cells were then washed with PBS and fixed with 4 % parafomaldehyde in PBS
at room temperature (10 min), followed by permeabilization for 2 min with 0.1 % Triton
X-100 in PBS. Cells were washed and unspecific binding was blocked with 0.2 % BSA
in PBS for 15 min. Thereafter, cells were incubated with primary antibody in 0.2 %
BSA / PBS over night at 4C. After three washing st eps with PBS, the specimen were
incubated with the corresponding AlexaFluor®-labeled secondary antibodies or
rhodamine-phalloidin for f-actin staining in 0.2 % BSA/PBS for 30 min at room
temperature. Finally, the slides were again washed three times with PBS (5 min),
embedded in FluorSave™ Reagent mounting medium and covered with 8 mm x 8 mm

glass cover slips (custom made by Helmut Saur Laborbedarf, Reutlingen, Germany).
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Table 21 Primary and secondary antibodies for immunocytochemistry

Antigen Source Dilution  Provider

cortactin rabbit polyclonal 1:100 Cell Signaling
Racl mouse monoclonal 1:100 Upstate

Antibody Dilution  Provider

Alexa Fluor® 488 Goat anti-rabbit IgG (H+L) 1:400 Molecular Probes
Alexa Fluor® 633 Goat anti-mouse 1gG (H+L), 1:400 Molecular Probes
highly cross absorbed

rhodamine-phalloidin 1:400 Molecular Probes

A Zeiss LSM 510 META confocal microscope (Zeiss, Oberkochen, Germany) was used

for obtaining immunofluorescence images.

2.8.1.2 Quantification of lamellipodia

Confluent layers of HUVECs were scratched and stimulated in 8-well y-slides as
described above. The cells were allowed to migrate for 8 h in the presence or absence
of the respective concentration of the compounds, until clear lamellipodia formation
was visible in the control. The actin cytoskeleton was then stained with rhodamine-
phalloidin and fluorescence images of the scratches were taken in 10x magnification
with the Zeiss LSM 510 META. For quantitative evaluation of lamellipodia formation,
cells with prominent lamellipodia and ruffles were counted with ImageJ (Cell Counter
plug-in by Kurt De Vos) in relation to the total number of cells at the scratch front. The
ratio was calculated as number of lamellipodia-positive cells per 100 cells at scratch

front.

2.8.2 Immunohistochemistry

2.8.2.1 Sections of p35 knockout and wild type mice

Brain, heart, kidney, liver and lung of four p35 knockout mice and three wild type mice
were used (age between 11 and 15 weeks). All organs, which were perfusion-fixed in
paraffin, were kindly provided by J. A. Bibb (University of Texas Southwestern Medical
Center, Dallas, TX, USA). Generation of the p35 k.o. mice is described in Chae et al.%®

The paraffin-fixed organs were sectioned with a rotation microtome (5 ym sections).
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Table 22 Identification numbers of p35 k.o. and wt mice

p35 knockout mice wt mice
008 KO 010 wt
890 KO 042 wt
892 KO 891 wt
893 KO

2.8.2.2 Hematoxylin-eosin staining

Sections were treated twice with xylene and each once with ethanol 100 %, 95 % and
70 % for deparaffinization. Sections were then incubated with Mayer's Hematoxylin
Solution (Sigma-Aldrich, Taufkirchen, Germany) for 15 min, watered for 15 min, treated
with Accustain® Eosin Y Solution Aqueous (Sigma-Aldrich, Taufkirchen, Germany) for
3 min and finally watered for 3 min. Sections were mounted with FlourSave™ Reagent

and covered with 18 mm x 18 mm cover slips (Menzel, Braunschweig, Germany).

2.8.2.3 Microvessel density of perfusion-fixed and HE stained sections

To estimate the number of blood vessels in the brain and liver of p35 knockout and wild
type mice, sections of 4 different p35-deficient mice and sections of 3 different wild type
mice were used. As the sections were perfusion-fixed, blood vessels could be
recognized by their particular lumen in the HE-staining. Four images of each brain
section were taken with the clinical microscope Olympus BX41 (Olympus, Hamburg,
Germany) with 10x magnification (A = 0.56819712 mm?) and four images of each liver
section were taken with 40x magnification (A = 0.03551232 mm?).

Blood vessels were then identified and counted using ImageJ (Cell Counter plug-in).
Every blood vessel needed to be clearly separated from each other and to show a
lumen big enough to be identified by human eye. Blood vessels that were truncated
were also counted. Blood vessels that showed two or more lumina and were identified
as one connected blood vessel, were counted as only one. The microvessel density
(MVD) per image was calculated with the formula MVD = n/ A with n as the number of

vessels, and A as the image area, and averaged for each p35 wt or k.0. mouse.

2.8.2.4 Sections of the HUH7 xenograft tumors

The mice were sacrificed by neck fracture. Tumors were removed and weighed and

volume was determined. Afterwards, tumors were fixed with 4 % paraformaldehyde in
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PBS for one day and with 1 % paraformaldehyde for additional three days prior to
embedding in paraffin. The paraffin-embedded tumors were sectioned with a rotation

microtome (5 pym sections).

2.8.2.5 CD31 immunohistochemistry staining

The slides were treated three times with xylene, twice with ethanol 100 %, twice with
ethanol 95 % and twice with distilled water for deparaffinization. For antigen retrieval,
sections were incubated with Proteinase K Working Solution (Roche, Indianapolis, IN,
USA, see Table 23) at 37C for 15 min and at room temperature for 10 min, and
washed twice with PBS + 0.05 % Tween®20. Endogenous peroxidase was blocked by
incubation in 7.5 % hydrogen peroxide for 10 minutes. Subsequently, the slides were
incubated with Purified Rat Anti-Mouse CD31 antibody (clone MEC 13.3; BD
Biosciences, Franklin Lake, NJ, USA) diluted 1:100 in PBS. For antibody detection,
Vectastain® Universal Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA) was
used according to the manual together with InmPACT™ AEC Peroxidase Substrate Kit
(Vector Laboratories, CA, USA) as a chromogen. Slides were counterstained with
hematoxylin for 1 min and washed with distillated water. Finally, the sections were
mounted with FlourSave™ Reagent Mounting Medium and covered with 18 mm x

18 mm cover slips.

Table 23 Proteinase K solutions

TE Buffer Proteinase K stock solution 12 U/ml
Tris Base (pH 8) 50 mM Proteinase K 57.2 ul
EDTA 1mM TE Buffer 971.4 ul
Tween®20 0.05 % Glycerol 971.4 l
H,O

Proteinase K working solution 0.6 U/ml

Proteinase K stock solution 0.4 ml
TE Buffer 7.6 ml

2.8.2.6 Microvessel density of the CD31 stained tum  or sections

Microvessel density per mm? tumor tissue was determined after CD31 staining of tumor
sections. For each tumor, four 10x magnification overview images of well vascularized

areas were taken with the Olympus BX41. For each 10x overview, four detail images at
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40x magnification (A = 0.03551232 mm?) were taken and CD31 positive stained
vessels were counted with the ImageJ Cell Counter plug-in. Every blood vessel
counted needed to be clearly separated from each other and positively stained for
CD31. Blood vessels that were definitely identified as one connected blood vessel were
counted as only one. The microvessel density (MVD) per image was calculated with
the formula MVD = n/ A with n as the number of vessels and A as the image area, and

averaged for each tumor.

2.9 Angiogenesis assays

2.9.1 Cell proliferation assay (crystal violet stai  ning assay)

HMEC-1 were seeded into 96-well-plates (1,500 cells / well). After 24 h, the cells were
stimulated with the indicated compounds. At the same time point, cells in a reference
plate were stained with crystal violet, serving as initial cell number. After 72 hours of
stimulation, cells were fixed and stained with crystal-violet solution for 10 minutes,
washed with water, and air dried. Crystal violet was eluted with dissolving buffer and
absorbance was measured at 550 nm (Tecan Sunrise Absorbance reader, TECAN,

Crailsheim, Germany).

Table 24 Solutions for proliferation assay

Crystal violet solution Dissolving buffer

crystal violet 0.5% sodium citrate 0.1 M 50 %
methanol 20 % ethanol 50 %
H,O

2.9.2 CellTiter-Blue ™ cell viability assay

HUVECs were seeded in 96-well plates. After reaching confluency, the cells were
treated for 16 h with the indicated compounds or left untreated as control. After addition
of CellTiter-Blue™ Reagent (Promega Corporation, Madison, WI, USA), cells were
incubated for additional 4 h and fluorescence was measured at 560 nm in a plate-

reading photometer (SpectraFluor Plus; Tecan, Crailsheim, Germany).
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2.9.3 Scratch assay (wound healing assay)

Cdk inhibitors:

HUVECs were seeded into a 24-well plate. After reaching confluency, cells were
scratched using a pipette tip. The wounded monolayers were washed twice with
PBS+Ca”"/Mg®* and growth medium containing the indicated concentration of the
compounds was added.

siRNA/plasmids

After transfection, HMEC-1 were seeded into a 24 well plate (250,000 cells per well).
40 h (siRNA) or 24 h (plasmids) after transfection, cells were scratched, washed twice
with PBS+Ca?/Mg?* and growth medium was readded.

After 16 h (HUVECs) or 8-12 h (HMEC-1) of migration, cells were washed with
PBS+Ca?'/Mg®* and fixed with 4 % paraformaldehyde. Images were taken using the
TILLvisON system (TILL Photonics GmbH, Grafelfing, Germany) and a CCD-camera
connected to an Axiovert 200 microscope (Zeiss, Oberkochen, Germany). Quantitative

image analysis of the cell covered area was done by Wimasis GmbH, Munich.

2.9.4 Tube formation assay

Pre-cooled BD Matrigel™ Matrix Growth Factor Reduced (GFR) (BD Biosciences,
Heidelberg, Germany) was filled into the lower compartment of p-slide Angiogenesis
wells (ibidi GmbH, Martinsried, Germany) on ice. For polymerization of the Matrigel™
Matrix, the slides were incubated at 37C for 30 min. 12,000 HUVECs/well were
seeded onto the MatrigelTM and stimulated in quintuplets for 16h. The level of tube
formation was determined by light microscopy using the TILLviSON system.
Quantitative image analysis of tube length, number of branching points and tubes was

done by Wimasis GmbH, Munich.

2.9.5 Chemotaxis assay

The effect of the LGR compounds on endothelial cell chemotaxis was determined using
Collagen IV coated p-slides Chemotaxis (ibidi, Martinsried, Germany).*® The slides and
the media were equilibrated overnight in the incubator before the experiment. A
HUVECS suspension of 5 x 10° cells per ml was seeded into the observation channel of

the slides according to the protocol, and the cells were allowed to attach for 4 hours.
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Thereafter, the chambers of the chemotaxis slide were completely filled with serum-
free medium M 199; and growth medium containing 30 % FCS was added to one
chamber in order to generate an FCS-gradient from 0% to 10 %. 10 pM of the
indicated compounds were added both to the M199 and to the 30 % FCS. Chemotaxis
was observed over 20 hours by live-cell imaging with a Zeiss LSM 510 META confocal
microscope equipped with a heating stage (EMBLem, Heidelberg, Germany). During
observation, cells were incubated with constant humidity at 37C and with 5 % CO ,.
A time series was collected taking 1 picture every 10 minutes. For cell tracking and
data analysis, the manual tracking plug-in (Fabrice Cordelieres) and the Chemotaxis

and Migration Tool (Version 1.01, ibidi, Martinsried, Germany) for ImageJ were used.

2.9.6 Chorioallantoic membrane (CAM) assay

Preparation of cellulose discs

After preparing the cellulose solution, the mixture was autoclaved, resulting in a
homogenized, clear solution. For each disk, 200 ul of the warm solution were given into
the preformed circles of the lid of a 96 well plate and allowed to polymerize under a
laminar air flow for 48 h. Finally, the cellulose disks were removed using tweezers and

stored in a sterile Petri dish until use.

Table 25 Cellulose solution

Cellulose solution

Hydroxyethyl cellulose (HEC) 25 %
PVP 17 2%
PEG 400 2%
H,O

Preparation of the eggs and stimulation

Fertilized white leghorn eggs were incubated for 72 h at 37T in humidified
atmosphere. After transferring the growing embryo into a Petri dish, a second
incubation period of 72 h followed. At day 6, two cellulose discs, one with
2.5 ng VEGF / 250 nmol compound and the other with 2.5 ng VEGF / DMSO as control
were placed on one CAM. After 24 h of stimulation, the vascular structure in the
stimulated areas of the CAM was visualized using a stereomicroscope and a CCD

camera (Olympus, Munich, Germany) and pictures were taken.
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2.10 In vivo tumor model

The HUH7 xenograft tumor model in SCID mice was performed in cooperation with M.
Gunther (Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-

Maximilians-Universitat, Munich, Germany).

2.10.1 Animals and cell line

Female SCID mice (8-10 weeks) were housed in individually ventilated cages under
specific pathogen free conditions with a 12 h day/night cycle and with free access to
food and water. All experiments were performed according to German legislation for
the protection of animals and approved by the local government authorities.

The HUH7 cell line was kindly provided by M. Gunther (Pharmaceutical Biotechnology,
Department of Pharmacy, Ludwig-Maximilians-Universitat, Munich, Germany) and
cultured in DMEM medium (PAA, Pasching, Austria) with 10% FCS gold.

2.10.2 Tumor cell implantation

HUH7 were harvested with T/E at approximately 70 % confluency. 5 x 10°® HUH7 cells
in 100 pl PBS were injected subcutaneously with a 25 G needle (Braun, Melsungen,
Germany) into the flank of SCID mice. Animals were checked regularly for tumor
progression. Tumor volume was determined in situ, using a digital measuring slide
(Digi-Met, Preisser, Gammertingen, Germany). Length (a), width (b) and height (c) of
the tumor were measured and tumor volume was calculated by the formula a-b-c-11/6;

with 11/6 as the correction factor for tumor shape.

2.10.3 Intraperitoneal application of LGR 1407

The tumors were allowed to become established for 6 days before initiation of
treatment. On treatment day 1, mice were randomly assigned to the treatment (n=4) or
the control group (n=3). LGR 1407 was dissolved in DMSO (50 mg/ml) and freshly
diluted 1:10 with PBS / 40 mM HCI before injection. 30mg/kg/d LGR 1407 solution
(treatment) or the respective volume of vehicle only (control) was administered
intraperitoneally with a 25 G needle (Braun, Melsungen, Germany). The mice were

treated daily from day 1 to day 7.
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2.10.4 Isolation of tumors

For investigation of tumor size, mice were sacrificed by neck fracture. Tumors were
removed and weight and volume was determined. For immunohistochemistry and
determination of microvessel density according to 2.8.2.6, the tumors were fixed and

stained according to 2.8.2.

2.11 Statistical Analysis

The number of independently performed experiments is stated in the respective figure
legend. One representative image is shown. Bar graph data are mean values + SEM.
Statistical analysis was performed with the GraphPad Prism software version 3.03
(GraphPad Software, San Diego, CA, USA). Unpaired t test was used to compare two
groups. To compare three or more groups, one-way ANOVA followed by Dunnett post

hoc test was used. Values of p < 0.05 were considered statistically significant.
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3.1 Cdk5 regulation in endothelial cell migration

Our group has previously shown that Cdk5 is a central regulator of endothelial cell
migration and a potential target for anti-angiogenic compounds.” Therefore, the first
part of the study aimed at the elucidation of the regulation of Cdk5 in endothelial cell
migration. To get a uniform activated migratory cell phenotype for Western blot or Real
Time RT-PCR, the cells were detached and freshly seeded for spreading, as indicated

in the graph labels.

3.1.1 Cdk5 expression level in endothelial cell mig  ration

First, we tested the basal Cdk5 protein expression in comparison to brain tissue. In
endothelial cells Cdk5 protein expression was by trend lower than in human cortex

tissue, but the difference was not statistically significant (Figure 6)
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Figure 6 Cdk5 protein expression in endothelial cel Is in comparison to human

cortex. Cdk5 protein amount was analyzed by Western blot in samples of human cortex (HC),
confluent HUVECs (HU) and HMEC-1 (HM). B-actin served as a loading control and for
normalization of protein amount. Relative quantification (A) and one representative image (B) of
three individual blots are shown. Note the much lower protein loading in the HC sample in
panel B (n=3, mean + SEM, p>0.05, One Way ANOVA, Dunnett).

Cdk5 regulation mainly takes place by transcriptional control of its activators p35 and
p39, only to a minor degree by alteration of Cdk5 expression.* In order to find out if
this also accounts for the regulation of Cdk5 in endothelial cell migration, we first
analyzed whether the protein levels of Cdk5 are changed during endothelial cell
spreading (Figure 7). The amount of Cdk5 protein was not significantly altered in the

migration-activated cells in comparison to confluent control.
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Figure 7 Cdk5 expression in endothelial cells is no t changed during spreading.

HUVECs were freshly seeded and allowed to spread for the indicated time periods or grown to
confluency as control. Cdk5 protein amount was analyzed by Western blot. B-actin served as a
loading control and for normalization of protein amount. Relative quantification (A) and one
representative image (B) of three individual blots are shown (n=3, mean + SEM, p>0.05, One
Way ANOVA, Dunnett).

3.1.2 Cdk5 phosphorylation at tyrosine 15 is not cr  ucial for
endothelial cell migration

Cdk5 phosphorylation on tyrosine 15 by the non-receptor tyrosine kinases fyn or c-abl
enhances Cdk5 activity and stimulates migration in oligodendrocyte precursor cells*’
and neurite outgrowth in cortical neurons®. So we assumed that Cdk5 phosphorylation
on tyrosine 15 might also be central for endothelial cell migration. First, we determined
if treatment with the fyn inhibitor SU6656 or with the c-abl inhibitor imatinib affected
endothelial cell migration. Neither inhibition of fyn nor inhibition of c-abl decreased

endothelial cell migration (Figure 8).
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Figure 8 Neither fyn nor c-abl inhibition affect en  dothelial cell migration. Confluent

layers of HUVECs were scratched and allowed to migrate for 16 h in the presence or absence
of the respective concentration of the inhibitors. The columns indicate the relative area re-
covered by migrating cells. A: Effect of the fyn inhibitor SU6656 B: Effect of the c-abl inhibitor
imatinib (A and B: n=3, mean + SEM, p>0.05, One Way ANOVA, Dunnett).

Phosphorylation of Cdk5 on tyrosine 15 might still be crucial for endothelial cell
migration, because during endothelial cell migration other tyrosine kinases are
activated which could also phosphorylate Cdk5. Nevertheless, in Western blots we
found no increase of Cdk5 phosphorylation level during spreading in comparison to
confluent control (Figure 9).
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Figure 9 Cdk5 phosphorylation at tyrosine 15 is not increased during spreading.

HUVECs were freshly seeded and allowed to spread for the indicated time periods or grown to
confluency as control. Phospho-Cdk5 Y™ and Cdk5 amount were determined by Western blot.
The ratio pCdk5/Cdk5, normalized to control (A) and one representative image (B) of three
individual blots are shown. (n=3, mean + SEM, p>0.05, One Way ANOVA, Dunnett).

Overexpression of a non-phosphorylatable Y15F-Cdk5 in endothelial cells did not lead
to a decrease in migration as well (Figure 10). Therefore, Cdk5 tyrosine 15
phosphorylation does not seem to be crucial for endothelial cell migration.
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Figure 10 Overexpression of a non-phosphorylatable Cdk5 mutant does not affect
endothelial cell migration. HUVECs were transfected with the Y15F-Cdk5-EGFP plasmid or
the empty EGFP vector as a control. 24h after transfection, the cells were scratched and
allowed to migrate for 16h (n=3, mean * SEM, p>0.05, t-test). Transfection efficiency of at least
45% was determined by FACS analysis of GFP positive cells (data not shown).
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3.1.3 p35 and p39 are not the central Cdk5 activato  rs in
endothelial cell migration

3.1.3.1 Neuronal Cdk5 activator p35 is expressed at  a low level in endothelial
cells

Cdk5, although in the beginning discovered in neurons, has now been described in

100 101

various non-neuronal cell types, for example epithelial cells™, endothelial cells™,

podocytes®, adipocytes®, pancreatic B-cells’”®, and several cancer cells®® *" %2 For

p35, extraneuronal expression has also been reported.>*®

As p35 is described as the central regulator of Cdk5, we first determined whether p35
is present in endothelial cells and compared the amount of p35 mRNA in endothelial
cells to that in human cortex tissue. The detected amount of p35 mMRNA in endothelial
cells was only about 0.3% of that in brain tissue. p35 protein is present in endothelial

cells, but to a substantially lesser degree than in brain tissue (Figure 11).
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Figure 11 In endothelial cells, p35 is expressed at a very low level in comparison to

brain tissue. A: mRNA from human cortex (HC), confluent HUVECs (HU) and HMEC-1 (HM)
was isolated and the amount of p35 mMRNA was determined by Real Time RT-PCR (n=3, mean
+ SEM, * p<0.05, One Way ANOVA, Dunnett). B: Western blot of p35 protein levels of human
cortex and confluent HUVECs and HMEC-1. Note the much lower protein loading in the HC
sample (n=1).

3.1.3.2 Cdk5 is translocated to the membrane during endothelial cell spreading

In neurons, Cdk5 is translocated to the membrane when coupled to its activator p35,
which carries a myristoylation motif that anchors it to the plasma membrane.?* **

In endothelial cells, we found an increased amount of Cdk5 in the membrane fraction

after 45 min cell spreading (Figure 12).
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Figure 12 Cdk5 is translocated to the membrane duri ng spreading. Confluent
HUVECs or HUVECs which were allowed to spread for 45 min were lysed for membrane
fractionation and the amount of Cdk5 in the cytosolic or membranous fraction was determined
by Western blot. B-actin served as a loading control (confl. = confluent, spr. = 45 min spreading;
n=3).

On the one hand p35 expression is very low in confluent endothelial cells; and on the
other hand a translocation of Cdk5 to the membrane takes place during spreading, in a
similar manner as described in neuronal cells, where this translocation is p35
dependent. This indicates that p35 expression might be increased during endothelial
cell migration.

We found that p35 mRNA levels are elevated in spreading cells in comparison to
confluent cells, with peaks at 45 and 240 minutes after plating. The Real time RT-PCR
experiments shown in Figure 13 have been performed under my supervision by Suvi
Heiskanen for her Master Thesis.

p35 MRNA
(x-fold control)

S v

S W& 3 cell spreading

Figure 13 p35 mMRNA expression is regulated in sprea  ding cells, with peaks at 45
and 240 min. HUVECs were freshly seeded for the indicated time periods or as control grown
to confluency. p35 mMRNA amount was analyzed by Real-time RT-PCR (n=3, mean = SEM,
* p<0.05, One Way ANOVA, Dunnett).

3.1.3.3 The pro-angiogenic factor VEGF does not aff ect p35 protein levels in
endothelial cells

To further investigate the potential role of p35 in endothelial cell migration, we tested

the influence of growth factor signaling on the level of p35. p35 expression has been
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shown to be under the control of NGF signaling in neurons via an ERK/Egrl pathway.*
Treatment with VEGF did not lead to increased levels of p35 (Figure 14). Treatment
with PDGF-B and bFGF did not augment p35 protein levels as well (data not shown).
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Figure 14 p35 protein level is not increased upon V. EGF treatment. HUVECs were

serum-starved for 4 h and subsequently treated with 50 ng/ml VEGF for the indicated time
periods or left untreated as control. p35 protein amount was determined by Western blot. $-actin
served as a loading control and for normalization of protein amount. Relative quantification and
one representative image of three individual blots is shown (n=3, mean + SEM, p>0.05, One
Way ANOVA, Dunnett).

3.1.3.4 p35 levels in endothelial cells are regulat  ed by proteasomal degradation
but not by calpain.

p35 protein level is known to be controlled by two degradation pathways: On the one
hand, it can be degraded via the ubiquitin-proteasome pathway after
autophosphorylation by p35/Cdk5 in a negative feedback loop.*> ' On the other hand,
p35 can be cleaved by calpain into p10 and the more stable Cdk5 activator p25, whose
binding leads to a translocation of Cdk5 from the membrane to the cytosol.”® We
investigated therefore whether p35 levels in endothelial cells are influenced by
proteasomal degradation or by calpain activity. Our hypothesis was that the
degradation of p35 by the proteasome or calpain might be involved in Cdk5 activation
and redistribution within the cell. Further, inhibiting the degradation of the unstable p35

protein might be useful for detection.
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Treatment with the proteasome inhibitor MG132 led to an increase of p35 protein levels
in HUVECs. Both antibodies used for Western blot are able to detect also the p35
cleavage product p25 besides p35. The two proteins can be distinguished by their
molecular weight of 25 kDa or 35 kDa respectively. No 25 kDa band could be detected
in control cells or after MG132 treatment, which should result in an increased cleavage
of p35 via the calpain pathway, suggesting that p25 is not present in endothelial cells
(Figure 15).

35kDa
p35/p25
25 kDa
B | (3-actin
15° 30 60° 1200 Co MG132
Figure 15 p35 protein level increases upon proteaso  me inhibition. HUVECs were

treated with 10 pM MG132 for the indicated time periods or left untreated as control. p35 protein
amount was determined by Western blot. B-actin served as a loading control. p25 is not
detectable (n=3).

In contrast to the effect of proteasome inhibition, treatment of HUVECs with the calpain
inhibitor A-705253.13 did not lead to increased p35 protein levels and had no effect on
endothelial cell migration (Figure 16).
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Figure 16 p35 protein levels and migration are not affected upon calpain inhibition

in endothelial cells. A , B: HUVECs were treated with 10 uM of the calpain inhibitor A-
705253.13 for the indicated time periods or left untreated as control. p35 protein amount was
determined by Western blot. B-actin served as a loading control and for normalization of protein
amount. Relative quantification (A) and one representative image (B) of three individual blots
are shown. C: Confluent layers of HUVECs were scratched and allowed to migrate for 16 h in
the presence or absence of the respective concentration of the calpain inhibitor A-705253.13.
The columns indicate the relative area re-covered by migrating cells (A-C: n=3, mean + SEM,
p>0.05, One Way ANOVA, Dunnett).
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3.1.3.5 siRNA-mediated downregulation of p35 does n ot influence endothelial

cell migration
Although p35 does not seem to be involved in growth-factor induced signaling in the
endothelium, the fact that it is regulated in spreading cells implicates a role in
cytoskeletal rearrangement during endothelial cell migration. To finally elucidate the
role of p35 in endothelial cell migration, p35 siRNA experiments were performed in
HMEC-1. A concentration-dependent decrease in migration after Cdk5 inhibition with
roscovitine was confirmed in the microvascular HMEC-1, comparable to the effect in
HUVECSs (Figure 17).

1.2
1.0 -
0.8
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Figure 17 Cdk5 inhibition leads to decreased migrat  ion not only in HUVECSs but also
in HMEC-1. Confluent layers of HMEC-1 were scratched and allowed to migrate for 8-12 h in
the presence or absence of the respective concentrations of (R)-roscovitine. The columns
indicate the relative area re-covered by migrating cells (n=3, mean + SEM, * p<0.05, One Way
ANOVA, Dunnett).

For the RNAI experiments, p35 downregulation was assured by Real Time RT-PCR.
p35 downregulation with siRNA did not lead to a decrease of endothelial cell migration
(Figure 18).
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Figure 18 p35 RNAi knockdown does not affect migrat ion of endothelial cells.

HMEC-1 were transfected with p35 siRNA or non-targeting (nt) sSiRNA. 40h after transfection,
the cells were scratched and allowed to migrate for 8-12h. Downregulation of p35 was assured
by Real Time RT-PCR. A: The columns indicate the relative area re-covered by migrating cells.
(n=3, mean = SEM, p>0.05, t-test). B: Representative images of one scratch assay are shown
with the corresponding downregulation control. p35 mMRNA was reduced by 50-60% in the three
experiments (single experiment data not shown).

On protein level, the silencing was visible only after treatment with the proteasome
inhibitor MG132 (Figure 19), due to the short half life of p35.

W™ . e 3

— — — w [3-actin
nt p35 nt p35 SsiRNA
+ o+ + + MG132
40 h 48 h after transfection
Figure 19 p35 downregulation can be detected on pro tein level after proteasome

inhibition. HMEC-1 were transfected with p35 siRNA or non-targeting (nt) siRNA as a control
and seeded. After 38 h or 46 h respectively, the cells were treated with 10 uM of the
proteasome inhibitor MG132 for two hours and then harvested (40 h or 48 h after transfection)
for Western blot. B-actin served as a loading control (n=1).

As we could detect p39 in endothelial cells at a very low level (Figure 20), we
hypothesized that p35 downregulation might be compensated by p39 upregulation
which would mask an effect on migration.®® *® Yet, no significant increase of p39 mRNA
levels was found after downregulation of p35 (Figure 21). This demonstrates that p39
does not compensate p35 downregulation and is probably not crucial for endothelial
cell migration.



3 RESULTS 55

1.2 -
~ 08 I

< ©
Z e 0.4 -
T8 1x10% 7
5T
m L
5% 05x10% 1

O d

&

o

Figure 20 In endothelial cells, p39 MRNA is detecta  ble but at an insignificant level in
comparison to brain tissue. mMRNA from human cortex (HC) and confluent HUVECs (HU) was
isolated and the amount of p39 mMRNA was determined by Real Time RT-PCR. Lower panel:
Agarose gel bands of p39 RT-PCR product (n=1).
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Figure 21 Downregulation of p35 does not lead to up  regulation of p39. HMEC-1 were
transfected with p35 siRNA or non-targeting (nt) siRNA as a control and harvested 40 h after
transfection .The relative expression of p39 mRNA was determined by Real Time RT-PCR. p35
downregulation of 50-60% was assured in the p35 siRNA samples by Real Time RT-PCR (n=3,
mean + SEM, p>0.05, t-test).

3.1.3.6 p35 knockout mice do not show visible defec  ts in their vascular
phenotype

In order to finally clarify the role of p35 in endothelial cell migration and angiogenesis in
vivo, we investigated the vascular phenotype of p35 deficient mice. p35 knockout mice
are viable and show defects in the cortical layering similar to Cdk5 deficient mice.” To
detect severe defects in vascular patterning in p35 k.o. mice, organ sections of brain,
heart, lung, liver and kidney were stained for CD31 and analyzed. No obvious
differences in vessel patterning were found between the wild type and p35 mice. Figure

22A displays representative images of liver and kidney sections. For quantitative
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evaluation, the vessel density was determined for brain and liver sections. No
significant difference in vessel density between wild type and p35 k.o. mice could be
detected (Figure 22B and C). The experiments for Figure 22 were performed under my
supervision by Tanja Tran for her Bachelor Thesis.
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Figure 22 p35-deficient mice display a regular vasc  ular phenotype. A: Representative

images of liver and kidney of wild type and p35 / mice (40x magnification; red: CD31 staining;
blue: nuclei). B: Representative images of the cortex and liver of wild type and p35 7/ mice
(cortex: 10x magnification; liver: 40x magnification; HE staining). C: Vessel density of cortex and
liver, determined in the HE-stained sections and expressed as vessels / mm? (wt: n=3, p35 7/
n=4, mean + SEM, p>0.05, t-test).
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3.1.3.7 TNF does not affect p35 levels in endotheli  al cells

The previous results excluded p35 as the crucial regulator of Cdk5 in endothelial cell
migration and angiogenesis. Recently, our group was able to show that Cdk5 inhibition
targets the endothelium in a second central process: Cdk5 is responsible for the
regulation of inflammation, where it is in control of TNF-a-induced expression of
adhesion molecules in endothelial cells.”® Therefore we hypothesized that p35 might
not be central for Cdk5 regulation in endothelial cell migration but in inflammatory
activated endothelial cells. For this reason we tested whether TNF-a treatment of
endothelial cells leads to an increase of p35 expression, as it has been shown for
PC12 cells and adipocytes.*" *?

In HUVECs, TNF-a treatment for short and long periods did not cause a significant

elevation of p35 protein levels (Figure 23).
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Figure 23 p35 protein levels are not significantly increased upon TNF- a treatment.

HUVECs were treated with 10 ng/ml TNF-a for the indicated time periods or left untreated as
control. p35 protein amount was determined by Western blot. B-actin served as a loading
control and for normalization of protein amount. Relative quantification and representative
image of at least three individual blots is shown (A and B: n=3, mean = SEM, p>0.05, One Way
ANOVA, Dunnett).

3.1.4 Cdk5 kinase activity in endothelial cells

Inhibition of Cdk5 kinase activity both by roscovitine and overexpression of a dominant
negative kinase dead D144N-Cdk5 mutant decreases endothelial cell migration, as well
as Cdk5 downregulation by siRNA.” These findings point to a crucial role of Cdk5

activity during endothelial cell migration. In order to measure Cdk5 activity, we set up a
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kinase assay according to the following procedural method: Immunoprecipitation of
Cdk5 (or p35) — kinase reaction with [y-**P]-ATP and Histone H1 as a substrate — SDS-
PAGE and autoradiography, as previously described in different variations.*

3.1.4.1 Cdk5 immunoprecipitation

Cdk5 was precipitated as described in the Materials and Methods section, using a
Cdk5 mouse monoclonal antibody (Invitrogen, Carlsbad, CA, USA), Kinase assay lysis
buffer 1 and Kinase buffer 1. To assure Cdk5-specific activity, 10 uM roscovitine were
added to one probe as negative control. Successful immunoprecipitation was verified
by Western blot.

In this setting, only a weak signal was obtained, and the negative control did not

consistently differ from the samples (Figure 24).

kinase activity

Cdk5, supernatant
Cdk5, beads

rosc 15 30 45 60

cell spreading

Figure 24 Kinase Assay after Cdk5 immunoprecipitati  on. HUVECs were freshly
seeded, allowed to spread for the indicated time periods, and lysed in Kinase assay lysis
buffer 1. Cdk5 activity was assayed after Cdk5 immunoprecipitation in Kinase buffer 1. 10 uM
roscovitine were added to one assay reaction as negative control. Western blot for Cdk5 served
as immunoprecipitation control (n=3).

3.1.4.2 p35 immunoprecipitation

In order to obtain a higher amount of active kinase, we changed the protocol to
immunoprecipitation of the putative activator p35, as we had not yet fully excluded p35
for Cdk5 activation in endothelial cell migration.

The lysis conditions were altered to avoid disruption of the Cdk5/p35 complex:
detergent-free Homogenization buffer and sonication were used for the lysis, and the
kinase reaction was carried out in Kinase buffer 2 according to the protocol of S. Bach
(Station Biologique, Roscoff, Bretagne, France, personal communication). The amount

of roscovitine was increased in order to assure complete inhibition (Figure 25).
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cell spreading

Figure 25 Kinase Assay after p35 immunoprecipitatio  n. HUVECs were freshly seeded,
allowed to spread for the indicated time periods, and lysed in Homogenization buffer. Cdk5
activity was assayed after p35 immunoprecipitation in Kinase buffer 2. p35 immunoprecipitation
from mouse brain tissue lysate served as positive control. 100 uM roscovitine were added to
one assay reaction as negative control. (n=4).

The positive control from brain consistently displayed a very strong signal. This
confirms the functioning of the assay. For the endothelial cell samples, the signal was
consistently similar to the negative control. Densitometric quantification of the signals
with the roscovitine control as zero point showed no significant differences and resulted
partly in negative values (data not shown).

In order to rule out that the weak signal in endothelial cells was due to unspecific
binding, we compared immunoprecipitations with p35, CdkS5, irrelevant rabbit polyclonal
IgG and beads only from endothelial cells. The autoradiography (Figure 26) showed no

difference in the signal.

p35 - Cdk5 IgG

Figure 26 Kinase activity after IP. HUVECs were freshly seeded, allowed to spread for
15 min, and then lysed in Homogenization buffer. Cdk5 activity was assayed after p35 (p35) or
Cdk5 (Cdk5) immunoprecipitation or mock IP with irrelevant IgG (IgG) or no IgG (-) in Kinase
buffer 2. (n=1).

3.1.4.3 Cdk5 overexpression

According to our previous findings, we concluded that Cdk5 activity in endothelial cells
is present, but probably very weak. In order to increase the Cdk5 amount and activity,
we overexpressed Cdk5 in endothelial cells. To reduce unspecific binding, we used a
HA-tagged Cdk5 together with the Pierce ProFound™ Mammalian HA-tag IP/Co-IP Kkit,
where the anti-HA antibody is directly coupled to the beads without Protein A or G.

The kinase assay was carried out in Kinase Buffer 3 directly on the beads. A
comparable approach is used in Brinkkoetter et al.>® Overexpression of Cdk5-HA and
equal loading was assured by Western blot of the supernatants for Cdk5 and B-actin,

respectively. In order to check if a “dilution effect” in the activator/Cdk5 ratio caused by
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Cdk5 overexpression would decrease the signal, we also co-transfected Cdk5-HA with
p35-myc. Cells transfected with the empty vector were used as negative control.

Overexpression of Cdk5-HA did not lead to a stronger signal in comparison to negative
control (empty vector). p35-myc co-expression with Cdk5-HA did also not result in an

increased signal (Figure 27).
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Figure 27 Kinase activity after Cdk5-HA overexpress  ion and HA
immunoprecipitation. HUVECs were transfected with Cdk5-HA only, Cdk5-HA and p35-myc or
empty vector as control. Kinase activity was assayed after immunoprecipitation with the
ProFound™ Mammalian HA-tag IP/Co-IP kit in Kinase Buffer 3. Overexpression of plasmids and
equal loading was confirmed in the supernatant by Western blot for HA-tag, p35 and B-actin.
(Cdk5-HA overexpression: n=3, Cdk5-HA/p35-myc co-transfection: n=1)

3.1.4.4 Evaluation of different Cdk5 antibodies wit  h recombinant Cdk5/p35

To finally exclude that the IP procedure and the buffers would interfere with Cdk5
activity, we first tested the used buffers with an active recombinant Cdk5/p35 complex
(Millipore, Billerica, MA, USA). An additional set of a lysis and a kinase buffer was also
tested, which had been used for Cdk5 kinase assay in endothelial cells by Cho et al.'*
(data not shown). Kinase assay lysis buffer 1 and Kinase buffer 3 were chosen for the
evaluation of antibodies.

We compared the previously used mouse monoclonal Cdk5 antibody with a rabbit
polyclonal Cdk5 (C-8) and a mouse monoclonal Cdk5 (J-3) antibody (both from Santa
Cruz Biotechnology, Santa Cruz, CA, USA). IP with beads only served as a negative
control. As a positive control, 20 ng of active recombinant Cdk5/p35 were added to one
lysate before the IP. All antibodies were able to immunoprecipitate the recombinant
Cdk5 activity. However no difference between Cdk5 immunoprecipitation (IP) and

unspecific IP was detected in the endothelial cell lysates (Figure 28).
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Figure 28 Evaluation of Cdk5 antibodies for Cdk5 ki  nase assay. For Cdk5 (Inv.) and
Cdk5 (J-3) HMEC-1 lysates, and for Cdk5 (C-8), HUVEC lysates obtained with Kinase assay
lysis buffer 1 were used for immunoprecipitations with or without active recombinant Cdk5/p35
added as indicated in the figure legend. Immunoprecipitation without IgG served as negative
control. Kinase activity was assayed in Kinase buffer 3. (n=1).

3.1.5 A proteomics approach to reveal novel Cdk5 in  teracting
proteins

According to the experimental data up to now, Cdk5 regulation in endothelial cells
seems to differ from the “canonical” pathway with p35 and p39 as central activators.
For detection of significant levels of Cdk5 kinase activity, it is important to identify the
endothelial specific activator(s), as immunoprecipitation of activators leads to increased
Cdk5 kinase activity in the assay.

In order to find novel Cdk5 interacting proteins, we used immunoprecipitation of Cdk5
and a proteomics approach after separation of the samples in SDS-PAGE gels. For this
experiment, we compared confluent and 45 min spreading HMEC-1 as well as starved
and FCS treated HMEC-1. Figure 29 shows the Coomassie stained SDS-PAGE gel
after Cdk5 immunoprecipitation. Cdk5 is clearly precipitated as a band at 33 kDa is
visible in the precipitation samples in comparison to IgG IP. The bands marked in

Figure 29B and C appear to be regulated upon spreading or stimulation with FCS.
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Figure 29 Coomassie stained SDS-PAGE gel after CDK5  immunoprecipitation. A : In
comparison to negative control IP (IgG/confl., lane 6), precipitated Cdk5 is present as a 33kDa
band. B: At 40-50 kDa, a weak negatively regulated band can be seen. C: At about 75 kDa a
pair of bands is visible, positively regulated during spreading or FCS stimulation.

Bands A, B and C were kindly analyzed by G. Maccarrone in the laboratory of C. Turck
(Max Planck Institute of Psychiatry, Munich). The results are displayed on the next

page in Table 26.
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Proteins co-immunoprecipitated with Cdk5 and identified by LC-ESI-MS/MS.

Table 26
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3.2 Novel Cdk inhibitors with increased Cdk5
selectivity show anti-angiogenic effects in vitro and
in vivo
We identified Cdk5 as a novel target in endothelial cell migration and angiogenesis
using roscovitine as a molecular tool. Roscovitine does however not only inhibit Cdk5
but also Cdk2, further Cdkl, Cdk7 and Cdk9.'°* *°" Therefore, we tested novel
roscovitine derivatives in order to identify highly potent anti-angiogenic Cdk inhibitors
with an increased selectivity for Cdk5. The compounds LGR 1404, LGR 1406,
LGR 1407, LGR 1492, LGR 1667, LGR 1695 and LGR 1730 were kindly provided by V.
Krystof and R. Jorda (Palacky University & Institute of Experimental Botany, Olomouc,
Czech Republic). For the chemical structures see the Materials and Methods section
(Figure 5).

3.2.1 The LGR compounds do not show acute toxicity on
endothelial cells

To rule out potential toxic effects, the impact of the novel Cdk inhibitors on cell viability
was tested. No lower cell viability was found for 10 uM of each of the inhibitors in
comparison to control. By contrast, 30 uM of LGR 1404, 1406, 1407, 1492, 1695 and
1730 displayed a weak but significant decrease of viability. Therefore, in the functional

assays, the effects at 10 uM were used as selection criterion (Figure 30).

1.2 4
1.0 A
0.8 1
0.6 1
0.4 ~
0.2 1

Cell viability
(x-fold control)

10 pM 30 uM

Figure 30 The tested LGR compounds do not affect ce |l viability of endothelial cells

in the concentration range used in the functional a ssays. Confluent HUVECs were treated
for 16 h with the indicated compounds or left untreated as control. Cell viability was determined
in CellTiter-Blue™ assays (n=3, mean = SEM, * p<0.05, One Way ANOVA, Dunnett).
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3.2.2 The LGR compounds inhibit endothelial cell pr  oliferation
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Figure 31 The LGR compounds concentration-dependent ly inhibit endothelial cell

proliferation. HMEC-1 were left untreated as control or treated with 0.3-1-3-10-30 uM of the
indicated LGR Cdk inhibitors. After 72 h, cell proliferation was determined by crystal violet
staining (n=3, mean + SEM, ICxq values calculated with Graph Pad Prism).
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As a first screening step, the novel inhibitors were tested in crystal violet proliferation
assays with HMEC-1 (Figure 31). All eight compounds concentration-dependently
showed an impact on endothelial cell proliferation, with an I1Csq between approximately
1 uM (LGR 1406) and 20 pM (LGR 1730).

3.2.3 LGR 1404, 1406, 1407 and 1492 significantly r educe
endothelial cell migration at a concentration of 10 UM

Endothelial cell migration is the subsequent crucial step in angiogenesis after the
activation of the quiescent endothelial cells to proliferate. All eight LGR compounds
were tested for their effect on migration at 10 uM and 30 uM. LGR 1404, 1406, 1407
and 1492 were able to significantly decrease endothelial cell migration at 10 uM.
Treatment with 10 uM of the most potent substances, LGR 1406 and 1407, reduced
migration by 51 % and 31 %, respectively (Figure 32).



68 3 RESULTS

Migration
(x-fold contraol)

LGR 1404 LGR 1406 LGR 1407 LGR 1492
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Figure 32 The four compounds LGR 1404, 1406, 1407 a nd 1492 significantly reduce

endothelial cell migration at 10 yM.  Confluent layers of HUVECs were scratched and the cells
were allowed to migrate for 16 h in the presence or absence of the respective concentration of
the compounds. A: The columns indicate the area re-covered by migrating cells. (n=3, mean *

SEM, * p<0.05, One Way ANOVA, Dunnett). B: Scratches at endpoint, representative images
taken out of three experiments.
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3.2.4 LGR 1404, 1406, 1407 and 1492 concentration-
dependently inhibit tube formation

The most powerful compounds from the migration experiments, LGR 1404, 1406, 1407
and 1492 were chosen for tube formation assays. 10 uM of LGR 1404, 1406 and 1407
showed a significant reduction of tube and branching point numbers as well as of total
tube length. LGR 1406 and 1407 again showed the strongest effects. 10 pM of
LGR 1406 decreased tube length and number of branching points by 56 %, and the
tube number by 42 %. Treatment with 10 uM of LGR 1407 resulted in an about 30 %
reduction of tube number and total tube length; and to a 35 % reduction in the number

of branching points (Figure 33).

A

No. of tubes
(x-fold control)

No. of branching points
(x-fold control)




70 3 RESULTS

Total tube length
(x-fold control)

10 pM 30 uM

Figure 33 LGR 1404, 1406, 1407 and 1492 concentrati on-dependently inhibit tube
formation. HUVECs were seeded onto a matrix of growth-factor reduced MatrigelTM in the
presence or absence of the compounds in the respective concentration. After 16h, images were
taken and tube characteristics were quantified. A: Number of tubes B: Number of branching
points C: Tube total length (A, B, C: n=3, mean + SEM, * p<0.05, One Way ANOVA, Dunnett).

3.2.5 Overall maotility of HUVECs in a chemotacticg radientis
affected by LGR 1404, 1406 and 1407

LGR 1404, 1406 and 1407 inhibit endothelial cell migration and also tube formation,
where cytoskeletal rearrangement and migration-like processes take place as well.

In order to study the impact of LGR 1404, 1406 and 1407 on migration in more detail,
chemotaxis experiments in an FCS gradient were performed with HUVECs in the
presence of 10 puM of the respective compound. Cell paths were analyzed for
accumulative and Euclidean distance, velocity and y-forward migration index.
Accumulative distance maps the complete distance a cell migrates, whereas the
Euclidean distance represents the linear distance between starting and end point of
migration. The y-forward migration index describes the orientation in the chemotactic
gradient. All three compounds led to a decrease in accumulative distance and velocity,
which are indicators for general cell motility. Orientation did not seem to be clearly
affected, as the y-forward migration index was not significantly reduced. However, the

Euclidean distance, as a second indicator for orientation, was decreased (Figure 34).



3 RESULTS 71

A
Accumulated Euclidean . y-forward
; . Velocity T
12 distance distance migration index
o
€
o
o
=}
L
3
B
Co LGR 1404 10%
800 1 ;
2 400 -
c
= n
o 0 2
S
<, -400 A
-800 A
QI QI QI QI QIQI QI QI QI QI 0%
FrOoOSEFy TS
x-axis [units]
LGR 1406 LGR 1407 10%
800 1
@ 400 -
c .
=1 # n
o 07 * <
x ;
<. -400 A
-800 A
QI QI QI QI QIQI QI QI QI QI 0%
P TP £

X-axis [units]

Figure 34 LGR 1404, 1406 and 1407 decrease chemotax is of endothelial cells.
Chemotaxis of HUVECSs in the presence or absence of 10 uM of the indicated compounds was
determined in p-slides Chemotaxis. A: Quantitative evaluation of accumulated and Euclidean
distance, velocity and y-forward migration index (n=3, mean * SEM, * p<0.05, One Way
ANOVA, Dunnett). B: Representative cell tracking plots of untreated and LGR treated cells.
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3.2.6 LGR 1404, 1406 and 1407 completely inhibit ve ssel
formation in the CAM assay

The anti-angiogenic potency of the three most effective compounds has been
evaluated in vitro so far. In order to substantiate these findings, chorioallantoic
membrane (CAM) assays were performed with LGR 1404, 1406 and 1407, where they

completely abolished VEGF-induced vessel formation (Figure 35).

LGR 1404 LGR 1406 LGR 1407
\
VEGF/ \ -~ L )\,)\
DMSO ) P TN
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'
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Figure 35 LGR 1404, 1406 and 1407 completely inhibi t VEGF-induced vessel
formation in the CAM assay . Cellulose discs with 2.5 ng VEGF / 250 nmol compound or
2.5 ng VEGF / DMSO as control were placed on the membrane for 24 h. Representative images
of the stimulated areas of at least three independent experiments are shown.

3.2.7 Kinase profile of LGR 1406 and 1407 shows pre ferential
inhibition of Cdk5 and Cdk2

We found that LGR 1406 and 1407 were the most potent compounds in the in vitro
assays. Therefore it was of interest to see which kinases, especially Cdks, are inhibited
by those compounds. The kinase profiling was performed by ProQinase (Freiburg,
Germany). For LGR 1404, synthesis, kinase profiling and biological effects on cancer
cells have recently been published.*®

LGR 1406 and 1407 were tested for their ICso in a panel of 24 kinases, including the
Cdk/Cyclin complexes Cdk1/Cyclin B, Cdk2/Cyclin A, Cdk2/Cyclin E, Cdk4/Cyclin D1,
Cdk5/p25NCK, CDK®6/Cyclin D1, CDK7/Cyclin H/IMAT1 and Cdk9/Cyclin T. The other
kinases tested were

— PTK®6 (Protein tyrosine kinase 6, also known as breast tumor kinase, BRK)

- EGFR (Epidermal growth factor receptor)
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- FAK (Focal adhesion kinase)

- FGFR1 and FGFR2 (Fibroblast growth factor receptor 1 and 2)

— NLK (Nemo-like kinase)

- PAK4 (p21 protein (Cdc42/Rac)-activated kinase 4)

- VEGFR1 and VEGFR2 (Vascular endothelial growth factor receptor 1 and 2)
- MEK1 (Mitogen-activated protein kinase kinase 1, MAP2K1)

— ROCK1 (Rho-associated, coiled-coil containing protein kinase 1)

- RAF1 (v-raf-1 murine leukemia viral oncogene homolog 1),

— ALK (Anaplastic lymphoma receptor tyrosine kinase)

- RSK3 (Ribosomal protein S6 kinase, 90kDa, polypeptide 2, RPS6KA2)

— AURKA (Aurora kinase A)

- AMPKal (protein kinase, AMP-activated, alpha 1 catalytic subunit, PRKAA1L)

The I1Cs [M] of LGR 1406 and LGR 1407 for the Cdk/Cyclin complexes are shown in
Table 27.

Table 27 Cdk profile of the two most potent substan  ces LGR 1406 and 1407. Both
compounds show increased selectivity for Cdk2 and Cdk5.

Cdk1/ Cdk2/ Cdk2/ Cdk4/ Cdk5/ Cdke/ Cdk7/ Cdk9/
CycB CycA CycE CycD1 p25 CycD1 CycH/ CycT
MAT1

LGR 3,2 9,9 5,9 15 4.4 >10-4 > 10+ 1,0

1406 -106 -107 -107 -10° 107 .10

LGR 5,8 15 9,9 6,6 1,6 9,1 > 10+ 1,9

1407 -106 -108 -107 -10° -106 105 -10

<107 T T ] >104M

Both compounds inhibit mainly Cdk2 and Cdk5, and to some extent Cdk9 and Cdk1.
Concerning the other tested kinases, FAK, PAK4, RSK3 and Aurora kinase A are
inhibited by LGR 1406 with an ICsg below 1 x 10° M. LGR 1407 only inhibits Aurora
kinase A (ICso< 1 x 10 M) in addition to the Cdks displayed in Table 27.
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3.2.8 LGR 1404, 1406 and 1407 reduce lamellipodia f ormation
and Racl localization to lamellipodia, indicating a Cdk5-
dependent mode of action

In order to gain insight into the anti-angiogenic action of the three most potent LGR, we
analyzed their effect on the lamellipodia formation in migrating endothelial cells. It is
known that Cdk5 inhibition leads to impaired endothelial cell migration via a
downstream inactivation of Racl and resulting in decreased Racl localization to the
leading edge and breakdown of lamellipodia.”™

LGR 1404, 1406 and 1407 significantly diminished the formation of lamellipodia by
54 % (LGR 1404) to 67 % (LGR 1406) at 10 uM. This can be seen in the corresponding
images stained for f-actin. The strong decrease in lamellipodia formation was a first

indication for a Cdk5-dependent mode of action (Figure 36).

A B

Co LGR 1404 10puM

cells with lamellipodia
(per 100 cells at scratch)

LGR 1406 10puM LGR 1407 10pM

Figure 36 LGR 1404, 1406 and 1407 significantly dec reased lamellipodia formation in
migrating endothelial cells.  Confluent HUVECs were scratched and allowed to migrate in the
presence of 10 uM or 30 puM of the respective compounds for 8 h. The cells were fixed, stained
for f-actin and the cells with prominent lamellipodia were counted at the scratch front from 10x
magnification fluorescence images. A: The graph shows the number of cells with prominent
lamellipodia per 100 cells at scratch front (n=3, mean + SEM, * p<0.05, One Way ANOVA,
Dunnett). B: Representative images of the scratch front (f-actin, 10x magnification).

To substantiate this finding, we examined the localization of Racl to the cell front of

migrating cells. In immunofluorescence stainings we found a decreased Racl



3 RESULTS 75

localisation to lamellipodia as displayed in Figure 37. Cortactin served as a marker
protein for lamellipodia. Again, LGR 1406 and LGR 1407 showed the strongest effects.

f-actin cortactin Racl merge

LGR 1404

LGR 1406

LGR 1407

Figure 37 The LGR compounds 1404, 1406 and 1407 dec reased colocalization of
Racl and cortactin at lamellipodia. Confluent HUVECs were scratched and allowed to
migrate in the presence of 10 uM of the respective compounds for 8 h. The cells were fixed and
stained for f-actin (red), cortactin (green) and Racl (white) and pictures were taken.
Representative images out of three experiments are shown (CLSM, 40x magnification).

3.2.9 LGR 1407 significantly inhibits tumor growth and
vascularization in a hepatoma xenograft mouse model

In the in vitro and ex vivo angiogenesis assays, LGR 1406 and LGR 1407 have
consistently shown the strongest effects, with LGR 1406 being slightly more potent. In
order to prove the anti-angiogenic and anti-tumor potential of the inhibitors, we
evaluated the effects of LGR 1407 on tumor growth and vascularization in an in vivo
tumor model of xenograft hepatocellular carcinoma in SCID mice. LGR 1407 was

chosen because of its potency and higher selectivity for Cdks in the kinase panel.
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LGR 1407 was able to clearly reduce tumor growth after seven days of treatment of the
xenograft tumors (Figure 38).
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Figure 38 LGR 1407 significantly impairs tumor grow th in a hepatoma xenograft

mouse model. SCID mice with established subcutaneous HUH7 xenograft tumors were treated
with 30 mg/kg/day LGR 1407 or vehicle for 7 days. A: Images of the tumors after extraction
(scale: mm) B: Tumor volume during treatment (I x w x d x 1/6; Co: n=3, LGR 1407: n=4, mean
+ SEM) C: Tumor weight at end point (Co: n=3, LGR 1407: n=4, mean = SEM, * p<0.05, t-test).

Figure 38A displays that the treated tumors are not only smaller, but also seem to lack
sufficient vascularization and blood supply as the tissue appears in part colorless. This
was further analyzed in CD31 stained tumor sections. In the treated tumors, the
microvessel density was decreased by 70 % in comparison to the controls (Figure 39).
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Figure 39 LGR 1407 significantly decreases microves sel density in the hepatoma

xenograft tumors. Microvessel density per mm? tumor tissue was determined after CD31
staining of tumor sections. A: Microvessel density of Control and LGR 1407 treated tumors (Co:
n=3, LGR 1407: n=4, mean + SEM, * p<0.05, t-test). B: Representative images of Control and
LGR 1407 treated tumor sections (40x magnification, CD31 (red) and hematoxylin
counterstaining).
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4.1 Elucidation of novel endothelial signaling path ways
as the basis for future anti-angiogenic therapy

For the first time, we have demonstrated that regulation of Cdk5 in endothelial cell
migration differs from the “canonical” pathway reported in neurons and cancer cells.
This finding is of importance with regard to established anti-angiogenic tumor therapy.
Therapeutic agents targeting VEGF or its signaling pathways in clinical use show only
transient benefits. The tumor adapts to anti-angiogenic therapy by switching to
alternative pro-angiogenic pathways.” Therefore it is of central interest to elucidate
novel signaling pathways in tumor angiogenesis to provide the knowledge for future
therapeutic exploitation. Our group has recently identified Cdk5 as a potential new
target in endothelial cell migration and angiogenesis. In order to increase our
understanding of the mechanisms of Cdk5 regulation and to find possible links to
established angiogenesis signaling pathways, it is necessary to reveal the
characteristics of Cdk5 activation in endothelial cell migration. New insight into Cdk5
regulation in endothelial cells might as well lead the way to Cdk5 specific and at the
same time endothelium-specific inhibitors that target activator-kinase binding. This has
been established for neurons: the p35-derived CIP'® and p5''° are specific p25/Cdk5
interaction inhibitors without disturbing p35/Cdk5 activity.

4.2 CdKk5 regulation in endothelial cell migratione  xerts
non-canonical characteristics

In neurons, p35 and p39, and their truncated forms p25 and p29, respectively, activate
Cdk5. Additionally, Cdk5 can be regulated by phosphorylation on tyrosine 15 and
serine 159 (reviewed in Dhavan & Tsai®®). Aim of the work was to investigate if Cdk5
regulation in endothelial cell migration follows the same principles as in neuronal

migration.

4.2.1 Cdk5 phosphorylation on tyrosine 15 is dispen  sable in
endothelial cell migration

In our work, we concentrated on tyrosine 15 phosphorylation, which is well described
as activating in neuronal and in non-neuronal cells, and has also been implicated in

migration and actin dynamics.** *" *® Further phosphorylation sites of Cdk5 on serine
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159 and threonine 14 have been reported, but their significance in cell signaling
mechanisms is not clearly defined.®®® Cdk5 inhibition in migrating endothelial cells
leads to defects in the actin cytoskeleton and lamellipodia formation, so our hypothesis
was that Cdk5 may be activated during endothelial cell migration via phosphorylation of
tyrosine 15.

Fy
endothelial cells with fyn inhibitor SU6656 or the c-abl inhibitor imatinib did not affect

47 46
n |

and c-ab reportedly phosphorylate Cdk5 at tyrosine 15. Yet, treatment of
migration. Moreover, phosphorylation of Cdk5 during endothelial cell spreading by so
far unidentified tyrosine kinases is obviously not the case, since Cdk5 tyrosine 15
phosphorylation was not increased. Finally, a crucial function of phospho-Cdk5"™* in
endothelial cell migration was ruled out by overexpression of a non-phosphorylatable
Cdk5 mutant.

For Cdkb5, it has not conclusively been shown that phosphorylation is essential for full
activation after binding to its activator. Regarding the structure of activator/Cdk5
complex, phosphorylation of serine 159 in Cdk5 is not required for reaching the fully
active conformation.®® If Cdk5 needs to be phosphorylated at tyrosine 15 for full
activation has not been proven. According to our data, phosphorylation on tyrosine 15
is not essential for Cdk5 regulation in endothelial cell migration. Recently, a novel
mode of Cdk5 regulation has been shown: Cdk5 can be activated by S-nitrosylation.™"
12 T9 investigate a regulation of Cdk5 by nitrosylation during endothelial cell migration
may be of interest, as it has been reported that Cdk5 can inactivate eNOS by
phosphorylation.’® Moreover, eNOS co-localizes with actin at the cell front during

HUVEC migration'*®, and is also connected to Rac1 signaling.*** '*°

4.2.2 p35 and p39 are not central for Cdk5 regulati  on in
endothelial cell migration

Expression of p35 and activation of Cdk5 by p35 has been described in non-neuronal
cells.***® We have shown that p35 and p39 are expressed in endothelial cells as well,
but reach only a fraction of 3 x 10° and 1 x 10 of the mRNA expression in brain
tissue, respectively. In comparison, the protein levels of Cdk5 in endothelial cells are by
trend lower than in human brain, but not significantly. The extremely low expression
level of the classical Cdk5 regulators in endothelial cells is in line with the investigations
of Cho et al.'®® In contrast to their findings, we were able to identify p35 on protein level
in HUVECs and also in HMEC-1.
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As the expression of p39 was hardly detectable on mRNA level, we focused on the role
of p35 in endothelial cells, in order to identify its function in migration and angiogenesis.
To examine the role of p35 during endothelial cell migration, we used spreading cells
as a model for cytoskeletal activation in comparison to confluent cells. During
endothelial cell spreading, Cdk5 is targeted to the membrane and p35 expression is
weakly increased after 45 min and 240 min. As p35 carries a myristoylation which
targets Cdk5 to the membrane in neuronal cells*, these findings suggested that 1) p35
might be involved in Cdk5 regulation during migration and 2) p35 may be responsible
for the membrane localization of Cdk5 during spreading. However, we could not
consistently detect p35 protein in membrane fractions due to its low amount.

As Cdk5 inhibition affects growth factor-induced endothelial cell migration™, the
influence of VEGF, a fundamental stimulus in angiogenesis and endothelial cell
migration, was investigated. For p35, growth factor (NGF) induced increase in protein
level has already been shown in neurons.*® p35 protein expression in endothelial cells,
though, is not induced upon treatment with VEGF, neither with PDGF-B and bFGF.
This further indicates that p35 is not involved in Cdk5 regulation in endothelial cell
migration.

However, we supposed that the degradation of p35 by the proteasome or calpain might
be involved in Cdk5 activation and redistribution within the cell. Further, stabilization of
unstable p35 protein by inhibiting degradation could facilitate detection. Indeed, we
found that p35 protein level is controlled by the proteasome, since treatment with a
proteasome inhibitor leads to increased protein levels of p35. This effect was utilized to
detect the p35 siRNA downregulation on protein level. The impact of MG132 on p35
protein amount indicates a rapid cycle of p35 proteasomal degradation, as has been
reported for neurons.”” The significance of p35 stabilization for endothelial cell
migration cannot be determined by MG132 treatment, as this substance strongly
inhibits NF-kB and this in itself affects endothelial cell migration.'®

The alternative degradation pathway of p35 via the protease calpain leads to the
cleavage product p25. In neurons, p25 deregulates Cdk5 activity with regard to
cytosolic localization and prolonged activation. Calpain and the endogenous calpain

inhibitor calpastatin are active in endothelial cells**’

and calpain can be activated
during VEGF-induced endothelial cell migration.''® However, p25 was not detected in
endothelial cells, neither after stabilization of the p35 protein by proteasome inhibition,
which should favor the second degradation pathway. Furthermore, calpain inhibition

had no effect on endothelial cell migration and did not lead to increased p35 levels.
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These findings demonstrate that calpain cleavage of p35 to p25 is not involved in the
regulation of Cdk5 during endothelial migration.

In p35 siRNA experiments, we could finally rule out a key role of p35 in endothelial cell
migration. Since it has been shown that p39 is able to counteract the loss of p35>,
compensation of p35 downregulation by rise of p39 was also excluded.

The conclusion drawn from the in vitro experiments — p35 is not crucial for endothelial
cell migration — was substantiated in vivo by our investigations in p35 deficient mice.
The vascular pattern and the vessel density in p357/ animals did not differ from those of
wild type mice. If p35 knockout had affected endothelial cell migration during
developmental and physiological angiogenesis, obvious defects should have been
visible in organ vascularization and vessel density, and this is not the case.

Altogether, the results presented in this study exclude p35 and p39 as key regulators in
endothelial cell migration. Therefore we, for the first time, have demonstrated that Cdk5

in endothelial cell migration is not dependent on p35/p25 and p39/p29 as activators.

4.2.3 p35 is not increased in Cdk5-dependent endoth  elial
inflammatory reaction

Our group has previously proven that additional anti-inflammatory properties of the Cdk
inhibitor roscovitine result from Cdk5 inhibition in the endothelium.” This means two
central functions of the endothelium, migration/angiogenesis and inflammation, are
regulated by Cdk5. Therefore, the question was, whether p35 might be crucial for Cdk5
in the endothelial inflammatory response although it has been proven to be extraneous
in endothelial cell migration. It has already been shown that Cdk5 can be differentially
modulated by disparate activators in the same cell type.*® '*°

Thus, we investigated the influence of TNF-a treatment on p35 expression in
endothelial cells, as TNF-a stimulation can increase p35 levels in neuronal and non-
neuronal cells.*> ** TNF-a had no impact on the amount of p35 protein in endothelial
cells, which may indicate that p35 has no key role for Cdk5 regulation in inflammatory
activated endothelium as well. This supports the findings from our investigation of p35
and p39 in endothelial cell migration, and points out to a specific regulatory mechanism

for Cdk5 in the endothelium.
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4.2.4 Evaluation of Cdk5 activity in endothelial ce  lls

The effect of Cdk5 inhibition on endothelial cell migration is derived from inhibition of
the kinase activity, since the inhibitor roscovitine blocks the ATP binding-pocket of the
kinase.” Furthermore, a dominant negative kinase dead mutant of Cdk5 exerts the
same effects as Cdk5 loss after sSiRNA downregulation.75 Thus, it is the activity, and not
only the presence of Cdk5 that is crucial for endothelial cell migration.

Measuring the influence of stimuli on Cdk5 kinase activity is of central importance in
order to explore activators and activating processes of Cdk5. To assess Cdk5 activity,
we first immunoprecipitated Cdk5, p35, or overexpressed Cdk5-HA. Cdk5-specific
kinase activity was evaluated by comparison to a negative control, which was obtained
by addition of Cdk5 inhibitor roscovitine to the kinase reaction, by immunoprecipitation
with irrelevant or no IgG, or by using HA-untransfected cell lysate, respectively. In all
settings, the kinase activity in endothelial cells did not significantly differ from the
negative control. This indicates that endogenous Cdk5 activity is very low in endothelial
cells and difficult to distinguish from background signal. Methodical issues were ruled
out by using recombinant Cdk5/p35 kinase to check buffers and antibodies for their
compatibility with the assay. With p35 immunoprecipitation, it was possible to obtain a
strong kinase activity from neuronal cell lysate — demonstrating that the assay worked
— however the signal from the endothelial cells was not distinguishable from
background. This could now be explained by the finding that p35 does not seem to be
involved in Cdk5 regulation in endothelial cell migration. After Cdk5-HA overexpression
and p35-myc co-transfection in order to increase Cdk5 activity and to improve the
signal/background ratio the signal was still not increased over background. Cdk5
overexpression alone may lead to an inappropriate activator/kinase ratio. As this could
not be overcome by p35 co-transfection, our previous findings that p35 is no central
Cdk5 activator in endothelial cells are further substantiated.

As Cdk5 activity is reliant on the pairing with its activating subunit, the crucial step in
the assay is the co-immunoprecipitation of the activator. According to our findings so
far, Cdk5 activity in endothelial cells is presumably much lower than in neuronal cells.
In order to get sufficient kinase activity, it is therefore essential to identify the
endothelial activator of Cdk5 and precipitate the activator with Cdk5, as it is described
for Cdk5/p35 by Nicolic & Tsai.'®

The challenges that remain for the evaluation of Cdk5 activity in migrating endothelial
cells are 1) to identify the so far unknown endothelial Cdk5 activator and 2) to optimize

the kinase assay with the precipitation of activator, in order to obtain sufficient kinase
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activity, as Cdk5 activity in endothelial cells is supposedly much lower than in neuronal

cells but central for migration.

4.2.5 A proteomics approach provides novel insights into
endothelial Cdk5 signaling

In literature, few works have investigated the role of Cdk5 in the endothelium; and the
part of the canonical activators p35/p25 and p39/p29 has not been thoroughly
examined yet, except by this work. The fact that the central endothelial-related
processes inflammation and angiogenesis which are regulated by Cdk5 do not depend
on p35 and p39 raises the question, which up to date unknown activator is responsible
for Cdk5 activity in endothelial cells.

We chose a proteomics approach with LC-ESI-MS/MS identification of protein bands
after Cdk5 immunoprecipitation in order to find novel Cdk5 interacting proteins. This
approach aims first to identify the activator of Cdk5 in endothelial cell migration.
Second, up to now unknown Cdk5 substrates upstream from Racl could be
determined in order to reveal the mechanism of Racl inactivation by Cdk5 inhibition
during endothelial cell migration.” We used two migration-related stimulations for the
investigations — 45 min spreading and starved/FCS treated cells — in comparison to
confluent or starved control cells. Three bands were analyzed, as described in the
results part (list of identified proteins: see Results part, Table 26). The LC-ESI-MS/MS
identified also Cdk2 and Cdk1 in the band containing Cdk5. This could be either due to
the about 60% sequence homology of Cdk5 with Cdk1 and Cdk2 respectively?’, which
would lead to overlapping peptides; or owing to partly unspecific antibody binding, as
the Cdk5 antibody is raised against the whole Cdk5 protein. GBLP (guanine nucleotide-
binding protein subunit beta-2-like 1), also known as RACK1 (Receptor for activated
protein C kinase 1) belongs to the RACK family of proteins identified as adaptor
proteins in PKC signaling.*** RACK1 has been shown to regulate VEGFR1-mediated
endothelial cell migration: RACK1 silencing led to impaired migration, suppressed
PI3K/AKT cascade activation and inhibited Racl activation and membrane ruffling.*?
However, inactivation of Racl by Cdk5 inhibition with roscovitine did not affect AKT
phosphorylation, which suggests an AKT independent pathway. If RACK1 might be the
link between Cdk5 and Racl in endothelial cell migration, still needs to be elucidated.
RACKZ1 could be a novel Cdk5 substrate as it carries potential phosphorylation sites for
Cdk5 (determined with GPS Version 2.1% 124,
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Cdk5 plays an important role in the regulation of the actin cytoskeleton'®, and it is
localized to the dense actin network of lamellipodia in endothelial cell migration™. This
could explain the presence of actin in the immunoprecipitation, although no direct
interaction of Cdk5 and actin has been reported, only via its neuronal activators p35
and p39.126, 127

Various HSP 70 Heat shock proteins co-immunoprecipitated with Cdk5. Heat shock
proteins are molecular chaperons which guide protein folding and are involved in
cellular transport. They are upregulated in response to cellular stress but some are also
constitutively expressed.*?® In neurons, Heat shock cognate 71 kDa protein HSP7C can
bind to, and regulate degradation of Cdk5-hyperphosphorylated tau in neurons; a direct
Cdk5/HSP7C interaction is not reported.’” The role of HSP 70 in angiogenesis has
been investigated by Shiota et al.: They showed that global HSP 70 inhibition
decreased endothelial cell migration, VEGF-induced eNOS phosphorylation and
angiogenesis in vivo.”*® This again might allude to a connection of Cdk5 and eNOS
during endothelial cell migration.

The co-IP of lamin A and disks large homolog 4 (or PSD-95), both substrates of Cdk5
in neurons, proves that our approach of Cdk5-IP and LC-ESI-MS/MS is suitable for
identifying Cdk5 interacting proteins in endothelial cell migration. Lamin A is a nuclear
envelope protein, and its phosphorylation by Cdk5 in neuronal cells results in nuclear
envelope dispersion, which precedes cell death.’® Lamin A can be cleaved during
endothelial cell apoptosis.*®* Further, a lamin A mutant (progerin) is responsible for the
vascular symptoms in Hutchinson—Gilford progeria syndrome.*** Disks large homolog 4
(PSD-95) is a post-synaptic density (PSD) protein in glutamatergic synapses, and is
known as a substrate of Cdk5 in hippocampal neurons.'® Its presence as a synaptic
protein in endothelial cells is striking and a function in endothelial cells is so far
unknown. With neurexin and neurogilin two other synaptic proteins have been shown to
play a role in the vasculature; and the parallels between signaling in nerves and
vessels very likely exceed the field of guiding cues.™®

Desmoplakin is an intracellular part of desmosomes, tight intercellular junctions, and
anchors intermediate filaments to these structures. Desmoplakin localizes with VE-
cadherin in HUVECs at tight junctions™® and also is involved in tube formation of
endothelial cells in vitro.”®*" In epithelial cells, Cdk5 is involved in the maintenance of
cell-cell-adhesion.™®® 3 The presence of desmoplakin may therefore indicate a role for

Cdk5 in endothelial barrier function.
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POTE ankyrin domain family member E (POTE-2) belongs to the primate specific
POTE family**°, which share an ankyrin repeat domain and sequence homology with
actin. POTE proteins were discovered in prostate, ovary, testis and placenta (POTE=
prostate ovary testis expressed protein) but have been reported to be overexpressed
in certain tumors'*!. POTE proteins are palmitoylated and located at the membrane.**
Nothing so far is known about their role in the endothelium or a link to Cdk5.

In order to find the endothelial specific activator a comparison between IPs with
different antibodies needs to be carried out. It cannot be excluded that the antibody
interfered with the binding of the activator to Cdk5, as it was not yet possible to
precipitate a potential candidate for Cdk5 activation. The antibody used was tested in
the kinase assay with recombinant Cdk5/p35 and does not disturb p35 binding, but the
binding and amount of the endothelial specific activator might be weaker or lower,
respectively. Besides p35/p25 and p39/p29, there are reports that Cdk5 can bind to

93538 of which only Cyclin | is able to activate Cdk5.*® Cyclin | is

several cyclins
expressed in endothelial cells (data not shown), but if it is involved in Cdk5 activation
needs to be elucidated. Nevertheless, our approach identified promising novel Cdk5
interacting proteins in endothelial cells. For example RACK1, desmoplakin, lamin A and
PSD-95 could be worth closer investigations, possibly revealing novel roles of Cdk5 in
PKC signaling, barrier function, (endothelial cell) apoptosis, and so far unknown

functions of neuronal synaptic proteins in endothelial cells.

4.3 Novel LGR inhibitors are potent anti-angiogenic
compounds and validate Cdk5 as a target

4.3.1 In vitro potency of LGR compounds is confirmed in the
CAM assay in vivo

Our approach to use the effect on endothelial migration as the crucial selection criterion
resulted in the identification of compounds that were tested further in functional assays
for their tube formation and directed migration in a chemotactic gradient. Finally, the
most potent compounds LGR 1404, 1406 and 1407 proved their anti-angiogenic
potency in CAM-assays, where they completely inhibited VEGF-induced vessel
formation. We have identified three potent novel roscovitine derivatives that display

increased anti-angiogenic activity in comparison to their mother substance.
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4.3.2 Kinase data and Cdk5-dependent mode of action  of
LGR 1404, 1406 and 1407

Roscovitine inhibits several Cdks, mainly Cdkl, Cdk2, Cdk5, Cdk7 and Cdk9. The
selectivity data depend on the kinase panel referred to.”* %% %% 1% | GR 1407 is equally
potent in inhibition of Cdk2 and Cdk5, and inhibits Cdk1l and Cdk9 to some extent.
LGR 1406 is by one order of magnitude more selective towards Cdk5 and Cdk2 in
comparison to Cdkl and Cdk9. Both compounds inhibited preferably Cdks in our
kinase panel, with LGR 1407 showing a higher Cdk selectivity. Comparing the two
most powerful compounds LGR 1406 and 1407, the lower ICs, for Cdk5 and the higher
selectivity for Cdk5 (and Cdk2) of LGR 1406 mirror the effect in the angiogenesis
assays. LGR 1407 is more selective towards Cdk5 in comparison to LGR 1404, which
mainly inhibits Cdk2 (ICs, for Cdk2 0.22 uM, for Cdk5 0.94 uM according to Jorda et
al.'%). This is probably the reason why LGR 1404 is the least potent anti-angiogenic
compound of the three with regard to the in vitro data. Determining the effect of
LGR 1404, 1406 and 1407 on lamellipodia formation and Racl localization, we suggest
that their mode of action is the potent inhibition of Cdk5 and not Cdk2. The lower
selectivity of LGR 1404 for Cdk5 becomes also apparent in the lamellipodia
guantification and the Racl/lamellipodia immunofluorescence images: the disruption of
lamellipodia and the effect on Racl is not that prominent as with LGR 1406 and
LGR 1407.

4.3.3 Structure and anti-angiogenic potency of the LGR

In order to optimize the structure of the Cdk inhibitors for optimal anti-angiogenic
potential, the relation of structure changes and anti-angiogenic effect is of interest. For
the LGR compounds as roscovitine derivatives, the structure was modified in three

points:

1 - Changing the purine scaffold to a pyrazolo[4,3-d]pyrimidine

In general, the change of the scaffold led to a higher anti-angiogenic potency of the
substances. All substances chosen for further evaluation after the migration assay
share the pyrazolo[4,3-d]pyrimidine scaffold. Direct comparison of the potency of
roscovitine and its pyrazolo[4,3-d]pyrimidine bioisoster, LGR 1404, substantiates this
observation. The only compound tested with a purine scaffold, LGR 1730, showed the

weakest effect on proliferation and only a minor impact on migration.
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2 - ortho-amino function in the aminobenzyl group at C6 (purine) or C7 (pyrazolo[4,3-
d]pyrimidine)

The presence of an amino group rather seems to decrease the anti-angiogenic
potential of the compounds. The compounds LGR 1430 and LGR 1492 differ from
LGR 1406 and LGR 1404, respectively, only in the presence of the amino function, and
show both weaker effects. This is especially obvious in the comparison of LGR 1406
and LGR 1430 as LGR 1406 was the most potent compound in the assays, whereas

LGR 1430 showed no detectable effect on migration at 30 uM (data not shown).

3 - Variation of the side chain at C2 (purine) or C5 (pyrazolo[4,3-d]pyrimidine)

Evaluating the impact of different side chains on the anti-angiogenic effect is difficult as
the compounds differ from roscovitine in more than one structural property and no
direct comparison is possible. By trend, a bulky side chain like the substituted sec-
butyl- (e.g. LGR 1404) or cyclohexyl- (e.g. LGR 1406) groups seem to increase anti-

angiogenic potency.

4.3.4 Novel CdK5 inhibitors validate Cdk5 as an ant  i-angiogenic
target in vitro and in the LGR 1407 tumor xenograft

For further evaluation of Cdk5 as a target in angiogenesis, novel inhibitors with
increased Cdk5 selectivity need to be synthesized and examined for their anti-
angiogenic potential. We have demonstrated that LGR 1404, 1406 and 1407 are able
to potently inhibit angiogenesis in vitro via a Cdk5-dependent mechanism and show a
higher potency and selectivity for Cdk5 in comparison to the established Cdk5 inhibitor
roscovitine. Additionally, LGR 1407 was well tolerated in the in vivo mouse model and
led to a clear decrease in tumor vascularization and tumor growth. The conclusions we
can draw from this experiment are clear: On the one hand, with LGR 1407 we have a
potent anti-tumor agent displaying low toxicity in vivo. On the other hand, for the first
time we have shown the efficacy of a Cdk5 inhibitor on tumor angiogenesis in vivo.
This further validates Cdk5 as a promising target in angiogenesis and the therapeutic
potential of Cdk5 inhibitors.
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4.4 Conclusion and future aspects

4.4.1 Cdk5 upstream regulation in endothelial cells

This work provides first insight into Cdk5 upstream regulation in endothelial cells, which
we have for the first time proven to substantially differ from the “canonical” pathway via
p35/p25 and p39/p29 and tyrosine 15 phosphorylation. A goal for future research is the
identification of the so far unknown endothelial specific Cdk5 activator(s). A possible
candidate for further investigations is Cyclin I, which is expressed in HUVECs and
HMEC-1, and has been shown to activate Cdk5. A useful approach for further research
is provided by the Cdk5 immunoprecipitation and LC-ESI-MS/MS: on the one hand it
showed that neuronal substrates of Cdk5 are probably also involved in endothelial cell
signaling, and on the other hand revealed potential novel Cdk5 interacting partners,

with RACK1 as a possible link to Racl activation.

4.4.2 Cdk inhibitors with higher potency and select ivity to Cdk5

The concept of Cdk5 inhibition to target angiogenesis has recently been introduced by
our group. In this study, novel roscovitine derivatives were tested in order to find
effective and non-toxic small molecule inhibitors for a possible therapeutic application.
Three potent compounds were identified: LGR 1404, 1406 and 1407 strongly inhibit
angiogenesis in vitro and in vivo. Their impact on Cdk5 parallels the efficacy in the
angiogenesis assays which supports the strategy of Cdk5 inhibition as a powerful new
approach in anti-angiogenic therapy. Moreover, for the first time the efficacy of a Cdk5
inhibitor on tumor angiogenesis in a HCC xenograft mouse model has been
demonstrated with the compound LGR 1407. For the further development of anti-
angiogenic roscovitine derivatives, comparison of the structures of the tested LGR
inhibitors shows a positive correlation to anti-angiogenic potency for the pyrazolo[4,3-
d]pyrimidine scaffold and a negative correlation for an additional amino function in the

benzyl group.
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The discovery, characterization and validation of novel targets in angiogenesis is of
central interest, as clinical use of anti-angiogenic drugs in anticancer therapy has
shown that in many cases resistance and sustained tumor growth occur in response to
blockade of VEGF-induced angiogenesis by a shift towards alternative angiogenic
pathways.

Cyclin-dependent kinase inhibitors, which were actually designed as anti-proliferative
drugs affecting the cell cycle of the limitless proliferating tumor cells, exert anti-
angiogenic properties as well. The atypical cyclin-dependent kinase Cdk5 has recently
been identified as a potential target protein for the anti-angiogenic effects. Cdk5
inhibition leads — via Racl inactivation — to actin disorganization, lamellipodia
breakdown and consequently to a decrease of endothelial cell migration.”

In the first part of the presented study, the question was addressed if Cdk5 is regulated
during endothelial cell migration by the known mechanisms: via its neuronal non-cyclin
activators p35 or p39, or by tyrosine 15 phosphorylation.

The activating tyrosine 15 phosphorylation of Cdk5 was found to be dispensable for
Cdk5 regulation in endothelial cell migration.

A low amount of p35 is expressed in endothelial cells on mRNA and protein level,
whereas p39 mRNA is at the limit of detection. p25, the calpain cleavage product of
p35 and alternative Cdk5 activator, though, is not present in endothelial cells.
Downregulation of p35 does not affect endothelial cell migration and does not lead to a
compensatory upregulation of p39. In vivo, p35 deficient mice do not display vascular
aberrations. These findings exclude p35 as a central regulator of endothelial cell
migration during angiogenesis. Cdk5 kinase activity in endothelial cells is very likely
independent of p35 as well. There was also no strong hint for a prominent role of p35 in
TNF-a induced inflammatory reaction of endothelial cells, a second major process in
the endothelium under the control of Cdk5. Mass spectrometric identification of proteins
co-immunoprecipitated with Cdk5 revealed novel potential Cdk5 interactants in
endothelial cells. If Cyclin I, an alternative Cdk5 activator which is also expressed in
endothelial cells, is involved in Cdk5 regulation in endothelial cells still needs to be
elucidated.

The second part of the study dealt with the evaluation of prospective anti-angiogenic
Cdk inhibitors, paying particular consideration on their potency to inhibit Cdk5. Eight
novel roscovitine derivatives were assessed in vitro for their impact on endothelial
proliferation, migration, chemotaxis and tube formation. The three most potent

compounds LGR 1404, 1406 and 1407 were selected and proved their anti-angiogenic
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potency in chorioallantoic membrane assays in vivo. LGR 1406 and LGR 1407 showed
preferred inhibition of Cdk5 (and Cdk2), whereas the slightly less effective LGR 1404
inhibited Cdk2 rather than Cdk5. Immunostainings demonstrated that the three LGR
compounds affect endothelial cell migration by lamellipodia breakdown and cortactin
and Racl mislocalization, which suggests a Cdk5-dependent mode of action. LGR
1407 decreased tumor growth and angiogenesis in a hepatocellular carcinoma
xenograft in SCID mice. For the future development of anti-angiogenic compounds,
comparison of the structures of the tested LGR inhibitors shows a positive correlation
to anti-angiogenic potency for the pyrazolo[4,3-d]pyrimidine scaffold and a negative

correlation for an additional amino function in the benzyl group.

From these findings, we conclude that regulation of Cdk5 in endothelial cells follows an
alternative mechanism different from the canonical pathway via p35 and p39 described
in neurons. Moreover, we present a promising approach to identify novel Cdk5
interacting proteins and suggest Cyclin | as a candidate for upcoming investigations.
Using novel potent Cdk inhibitors, our results further support the idea of Cdk5 inhibition
as a future approach for anti-angiogenic therapy, highlighting the compound LGR 1407

as a potent inhibitor of tumor growth and vascularization.
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