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General Introduction



Identification and Characterization of Novel Genes by Reverse and Forward Genetics in Zebrafish

General Introduction
The zebrafish, a model system for cardiovascular development and disease
This thesis mostly describes the identification of new genes involved in cardiovascular
development and disease using the vertebrate model system, zebrafish. One of
the major advantages of studying cardiovascular development in zebrafish is the
transparency of the embryos throughout development, which allows us to observe the
heart, blood vessels and blood circulation with a standard light microscope. Second,
zebrafish embryos can develop independent from a functional cardiovascular system
during early development. In the absence of a functional cardiovascular system,
oxygen from their aquatic environment diffuses throughout the embryo and proper
development is possible. Therefore, cardiovascular defects in zebrafish can easily
be studied in vivo. Third, the zebrafish genome can be genetically modified relatively
easily, which makes it an ideal model system for the discovery of new genes
involved in cardiovascular development. In order to discover these new genes, a
‘forward genetic’ approach can be undertaken. This method is widely used in several
zebrafish research laboratories, where forward genetic mutagenesis screens deliver
mutants that are defective in a variety of developmental processes (Driever et al.,
1996; Haffter and Nusslein-Volhard, 1996; Mullins et al., 1994). The causal mutation
in these mutants can be traced by a method called ‘gene mapping’ and new genes
involved in a developmental process of interest can be determined (Geisler, 2002;
Knapik et al., 1998). The mutants described in this thesis are all derived from a
forward genetics mutagenesis screen for cardiovascular defects.
Cardiovascular development in zebrafish
In all vertebrates, like the zebrafish, the cardiovascular system is one of the first
organ systems to develop. In contrast to most amniotes that develop a double
circulatory blood system, from the heart to the lungs and from the heart to the rest
of the body, fish develop a single circulatory system. Oxygenated blood from the
gills flows to the heart where it is pumped throughout the embryo. Instead of a 4chambered heart, the heart of fish contains only two chambers, one ventricle and
one atrium. Zebrafish cardiovascular development is rapid. As early as 30 hours after
fertilization the primitive two chambered heart pumps blood throughout the primitive
vasculature. This is followed by cardiovascular maturation, which establishes the
zebrafish adult cardiovascular system. Although human cardiovascular development
is more complex, the majority of basic elements and transcriptional programs for
cardiovascular specification and differentiation are conserved between different
species and can therefore easily be studied in zebrafish.
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Figure 1. Vasculogenesis and angiogenesis during zebrafish development. a) Illustration shows a schematic
cross section during early zebrafish development. Lateral plate mesodermal (LPM) cells migrate towards
the midline and form angioblasts (ab). no: notochord, nt: neural tube, s: somites. b) Vasculogenesis in
zebrafish results in the formation of the primitive vasculature. CCV: common cardinal vein LDA: lateral
dorsal aorta, DA: dorsal aorta, CA: caudal artery, CV: caudal vein PCV: posterior cardinal vein h: heart. c)
Angiogenesis in zebrafish embryos results in sprouting of newly formed vessels in the head, trunk and tail.
Blood vessels were visualized by injecting a fluorescent dye into the blood stream (microangiography).
ISV: intersomitic blood vessels, DLAV: dorsal longitudinal anastomotic vessel CBAV: cerebellar arteries
and veins. (Images adapted and modified from Isogai et al., 2001; Roman and Weinstein, 2000).

Vascular development
The primitive vasculature of the developing zebrafish consists predominantly of a
network of connected endothelial cells that form tubular structures. Endothelial cells
arise from mesodermal precursor cells called angioblasts (Figure 1a) (Cleaver and
Krieg, 1998; Fouquet et al., 1997). Angioblasts migrate to sites where blood vessels
arise. Here they differentiate into endothelial cells, fuse with other endothelial cells
and establish the primitive vasculature in a process called, vasculogenesis (Figure 1b)
(Coffin and Poole, 1988; Couly et al., 1995; Noden, 1988; Noden, 1989; Pardanaud
et al., 1989). Once the major vessels, like the dorsal aorta and the posterior cardinal
vein are formed by vasculogenesis, the primitive vascular network is extensively
remodeled. Following this, the primitive vascular network is expanded by sprouting
of new blood vessels from preexisting ones, in a process called angiogenesis (Figure
1c) (Coffin and Poole, 1988; Pardanaud et al., 1987). During angiogenesis a dense
blood vessel network is established in different parts of the embryo, including blood
vessels in the head and intersomitic blood vessels in the trunk and tail (Figure 1c).
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The process of angiogenesis occurs not only during embryonic development but also
during revascularization after injury or during pathogenic conditions in vascularization
of tumors, permitting tumor expansion.
Vasculogenesis and angiogenesis is regulated by many factors and
signaling pathways of which the most well characterized is the vascular endothelial
growth factor (VEGF) receptor family of receptor tyrosine kinases (RTKs) (Dumont
et al., 1995). Disrupting components of the VEGF receptor signaling pathway
results in severe vascular network defects, such as arrest in angioblast migration
and endothelial cell proliferation and differentiation (Carmeliet et al., 1996; Ferrara
and Bunting, 1996; Fong et al., 1995; Shalaby et al., 1997; Shalaby et al., 1995).
It is believed that signals, like VEGF and sonic hedgehog, are secreted from the
midline and the ventro-lateral somites, creating a gradient that triggers angioblasts
to migrate towards their final position (Fouquet et al., 1997; Liang et al., 1998;
Schauerte et al., 1998). Thereafter, VEGF interacts with the glycoprotein neuropilin1 in order to induce angiogenic remodeling and guidance of newly formed blood
vessels (Kawasaki et al., 1999; Soker et al., 1998). In addition to the VEGF receptor
family, two other classes of RTKs are known to be important for proper formation
of the vasculature, namely ephrin-B and Tie RTKs. Ephrin-B1-4 are important for
endothelial tube assembly, capillary sprouting and remodeling of the blood vessels
(Adams et al., 1999; Daniel et al., 1996; Gerety et al., 1999; Wang et al., 1998). Tie-1
and tie-2 are thought to function late during embryonic development by maintaining
and stabilizing all vessels throughout adulthood (Dumont et al., 1995; Dumont et
al., 1994; Puri et al., 1995; Sato et al., 1995). Additionally, ephrins also play a role in
arterial/venous fate determination. Notch induced differential expression of ephrinB2 in arteries and ephrin-B4 in veins prompted the idea that arteries and veins
have distinct molecular identities prior to the formation of functional blood vessels
(Gerety et al., 1999; Smithers et al., 2000; Wang et al., 1998; Weinstein et al., 1995;
Zhong et al., 2000). This has led to a current model in which VEGF regulates notch
ligand expression in one cell, triggering notch receptor binding and activation in
the neighboring cell. Notch receptor activation induces expression of ephrin-B2 in
cells thereby inducing an arterial cell fate whereas in notch ligand expressing cells,
ephrin-B4 expression induces venous fate specification.
Once the development of the primitive vertebrate embryonic blood vessel
system is completed, maturation of the blood vessel system occurs. Endothelial cells
are covered by multiple layers of vascular smooth muscle cells (vSMC) in larger
blood vessels and by single pericytes (PC) in smaller vessels (Gittenberger-de Groot
et al., 1999). The development of vSMC and PC around blood vessels requires
platelet-derived growth factor-B/platelet-derived growth factor receptor-b (PDGFB/
PDGFRb) signaling for proper formation (Hellstrom et al., 1999). Pdgfb and Pdgfrb
knock-out mice die perinatally with extensive hemorrhaging due to a partial lack
10
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of blood vessels and a lack of vSMC around blood vessels (Leveen et al., 1994;
Soriano, 1994). It is believed that in perivascular mesenchymal cells, transforming
growth factor-b1 (Tgf-b1) induces PDGFR-b expression. Then, induction of PDGFB expression in endothelial cells stimulates recruitment, growth and differentiation
of these progenitor cells into vSMC and PC thereby establishing the maturation
of blood vessels (Hellstrom et al., 1999; Hirschi et al., 1998). Remarkably, the
existence of vSMC and PC in zebrafish has not yet been determined due to an
incomplete understanding on the timing of their recruitment as well as the lack of
appropriate markers for demarcating these structures. Thus, a better understanding
on the mechanisms that regulate blood vessel integrity and maturation should reveal
more information on vascular development as well as its implications in vascular
diseases.
Cardiac development in zebrafish
During cardiac development in zebrafish, cardiac progenitor cells differentiate into
endocardial and myocardial cells and form a two-chambered heart with a ventricle
and atrium (Figure 2). These myocardial and endocardial cells originate from
bilateral populations of mesodermal cells that fuse at the level of the mid-hindbrain
boundary (Figure 2a-d). After fusion, the myocardial progenitor cells form a cardiac
cone that undergoes complex morphological movements (Figure 2d). This cardiac
cone extends to the left and anterior sides of the embryo in a process called ‘cardiac
jogging’, creating the primitive cardiac tube (Figure 2e-g). This simple cardiac tube
then undergoes extensive morphological changes, resulting in the formation of a
looped two-chambered heart complete with valves that regulate blood flow.
Endocardial cells are endothelial cells that provide continuity with the
vascular endothelium. It is believed that differentiation of endocardial cells is mostly
regulated by the same factors as the endothelial cell lineage. In the cloche mutant,
for example, (the defective gene in this mutant is still unknown) differentiation of both
endothelial and endocardial cells is defective whereas myocardial cells are normally
formed (Liao et al., 1997; Stainier et al., 1995).
Several factors and pathways important in myocardial induction and
differentiation have also been determined by numerous studies in various model
systems. BMPs and FGFs induce myocardial progenitor cells while canonical Wnts
and retinoic acid (RA) repress myocardial progenitor cell induction (Keegan et al.,
2005; Kishimoto et al., 1997; Lickert et al., 2002; Reifers et al., 2000; Reiter et al.,
2001). Cardiac progenitor cells express the homeobox gene nkx2.5, which induces
the expression of genes that encode cardiac sarcomere proteins, such as cardiac
myosin light chain 1 and 2 (cmlc1 and cmlc2) (Yelon et al., 1999). The myocardial
precursors are divided into ventricular and atrial subpopulations by expression of
respectively, ventricular myosin heavy chain (vmhc) or atrial myosin heavy chain
11
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(amhc) (Berdougo et al., 2003; Yelon et al., 1999). The establishment of a functional
sarcomeric contraction system completes cardiomyocyte differentiation, resulting in
contracting cardiomyocytes at 30 hours after fertilization.

Figure 2. Zebrafish cardiac development. a) At 5 hours post fertilization (hpf), the heart progenitor cells
are located throughout the ventral and lateral regions of the embryo. b) These cells converge towards
the embryonic axis and reach their destination at the level of the future hindbrain by the five-somite stage
(~12 hpf). Three rows of cells are represented at this stage, the endocardial precursors (blue) lie most
medially and the myocardial precursors most laterally. c) By the 13-somite stage (15.5 hpf), the myocardial
precursors have segregated into preventricular (red) and preatrial (yellow) groups. d) Starting at 19 hpf,
the myocardial precursors merge. By 19.5 hpf, transformation into a cone occurs with the ventricular
cells (red) at its centre and apex, and the atrial cells (yellow) at its base. The endocardial cells (blue) line
the inside of the cone. e) Next, the cone telescopes out to form a tube. The ventricular end of the heart
tube assembles first, followed by the atrial end. f) By 24 hpf, the tube moves to the left of the midline in a
process called ‘jogging’. Subsequently, by 30 hpf, visibly distinct ventricular and atrial chambers form. g)
By 36 hpf, the heart undergoes looping morphogenesis and, by 48 hpf, functional valves are formed at
the atrioventricular boundary. (A: anterior; AP: animal pole; D: dorsal; P: posterior; V: ventral; VP: vegetal
pole; L: left; R: right). (Adapted and modified after Stainier, 2001).

The sarcomeric contraction system
In striated muscle, like cardiac and skeletal muscle cells, the sarcomere is the
functional unit of contraction. Its main components are actin (or thin filaments) and
myosin filaments (or thick filaments) and their associated proteins (Figure 3). The
assembly of actin and myosin filaments as well as their cross-linking into anchoring
Z-disks and M-bands is precisely regulated by several sarcomeric proteins like,
titin, a-actinin and myomesin (Figure 3) (Frank et al., 2006; Lange et al., 2006).

12
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Figure 3. The sarcomeric contraction machinery. An overview of most components that participate in the
formation of the sarcomeric contraction system in striated muscles. Z: Z-disk, M: M-line, MLP: muscle LIM
protein, FAK: Focal adhesion kinase. (Adapted and modified after Miller et al., 2004).

These structural proteins are crucial for cross-linking and properly polarizing actin
and myosin filaments thereby transmitting the force generated within sarcomeres.
For instance, lack of titin results in defective sarcomere assembly (Sanger and
Sanger, 2001; Tskhovrebova and Trinick, 2003; van der Ven et al., 2000). Peripheral
sarcomeric Z-disks connecting along the sarcolemma to specialized invaginations
in the membrane called T-tubules (Figure 3). T-tubules contain ion channels that
regulate the ion flux in muscle cells. At the intercalated discs cadherin/catenin
complexes link sarcomeres to neighboring muscle cells. The spectrin complex in
costameres forms submembraneous scaffolds directly interacting with integral
membrane proteins (Figure 3). Furthermore, in focal adhesion complexes, integrin
transmembrane receptors provide the force transmission between the muscle cell
and the ECM (Figure 3).
During the past decade there have been increasing reports that many
13
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newly discovered sarcomere components like, calcineurin and protein kinase C
epsilon (PKCe), participate in important signaling pathways (Gu and Bishop, 1994;
Molkentin et al., 1998; Robia et al., 2001; Takeishi et al., 1998; Zou et al., 2001).
This suggested that sarcomeres contain intrinsic stretch response receptors via
which they can sense their mechanical load and respond with changes in gene
expression. Evidence for the existence of a muscle stretch sense response was
provided in studies on the sarcomeric, muscle LIM protein (MLP). MLP knock-out
mice develop dilated cardiomyopathy (DCM) during the first month of life (Arber
et al., 1997). Interestingly, isolated neonatal cardiomyocytes from these MLP null
mice do not express the well-known stretch response markers, brain natriuretic
peptide (BNP) and atrial natriuretic factor (ANF) (Shalaby et al.). However, hormonal
induction of ANF in these cardiomyocytes still occurred, suggesting a stretch sensing
function for MLP rather then a signaling function (Knoll et al., 2002). In addition, one
of the direct interactors of MLP is the sarcomeric protein, calcineurin (Heineke et
al., 2005). Calcineurin is able to dephosphorylate transcription factors of the NFAT
family resulting in translocation of NFATs to the nucleus where they cooperate with
other transcription factors and activate the pro-hypertrophic gene program (Crabtree
and Olson, 2002). These studies provided evidence for a mechanism in which the
stretch sense response of MLP is translated into a change in gene expression via
calcineurin/NFAT signaling. Thereafter, other factors, such as melusin (Brancaccio
et al., 2003), have been shown to function as stretch response receptors.
Dilated cardiomyopathy (DCM) is defined as a disease of the heart,
which is characterized by dilation and impaired contraction of the left ventricle or
both ventricles (Richardson, 1996). Human mutations that cause DCM have been
identified in cardiac sarcomeric proteins, including myosin, actin, tropomyosin,
troponins, titin and MLP (Chang and Potter, 2005; Seidman and Seidman, 2001)
as well as in components of the laminin-integrin-ILK pathway (see Chapter 3). The
various mutations all lead to the same disease phenotype, characteristic of DCM.
Factors involved in muscular dystrophy
Muscular dystrophy is a heterogeneous group of genetic disorders characterized
by progressive loss of skeletal muscle strength and integrity. Duchenne muscular
dystrophy (DMD) is the most common form of muscular dystrophy. The gene
responsible for DMD was identified to be dystrophin, which encodes for a large
cytoskeletal protein located at the cytoplasmic surface of the muscle plasma
membrane (Figure 4) (Hoffman et al., 1987; Monaco et al., 1986). Dystrophin is lost
in skeletal muscle of DMD patients whereas it is reduced or truncated in Becker
muscular dystrophy, the milder variant of DMD. A large transmembrane protein
complex, the dystrophin glycoprotein complex (DGC) was identified as the link
between the cytoplasmic dystrophin and the muscle plasma membrane (Figure 4).
14
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Figure 4. Protein complexes involved in muscular dystrophy. Schematic representation of the organization
of molecules involved in skeletal muscle cell–matrix linkage. Genetic or functional disruption of this
link causes various forms of muscular dystrophy. ECM: extracellular matrix; SG: sarcoglycans; SSPN:
sarcospan; DG: dystroglycan. (Adapted and modified after Kanagawa and Toda, 2006).

(Campbell and Kahl, 1989; Yoshida and Ozawa, 1990). The components of the
DGC include, sarcoglycans, sarcospan and dystroglycan (Figure 4) (Michele and
Campbell, 2003). Human mutations in several of these components have been linked
to various forms of muscular dystrophy (Kanagawa and Toda, 2006). Dystroglycan is
the central molecule in the DGC and consists of two subunits a- and b-dystroglycan
(Figure 4). b-Dystroglycan is the transmembrane subunit and interacts intracellular
with dystrophin. a-Dystroglycan is the extracellular subunit and functions as a receptor
for the extracellular matrix (ECM) components, such as laminin (Figure 4). Human
deficiencies in ECM components like, collagenVI and laminin-a2 are responsible for
different forms of congenital muscular dystrophy (Jimenez-Mallebrera et al., 2005;
Kanagawa and Toda, 2006). All this reveals a function for the DGC in connecting
the ECM with the cytoskeleton, providing mechanical stability for the muscle plasma
membrane.
15
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Besides the DGC complex, the transmembrane receptor, integrin-a7b1 also
provides a link between laminin in the ECM and the cytoskeleton in skeletal muscle
cells (Figure 4). The integrin-a7 subunit serves as a receptor for laminin in the
ECM, whereas integrin-b1 indirectly connects to the actin cytoskeleton (Figure 4).
Deficiencies in integrin-a7 have been associated with congenital muscular dystrophy
(Hayashi et al., 1998). The elusive link for many years, however, has been which
factors connect integrins with the cytoskeleton and how this relates to muscular
dystrophy (Figure 4). In chapter 4 we show that integrin-linked kinase (ILK) provides
this link and suggests ILK as a new component involved in muscular dystrophy.
Integrin transmembrane receptor signaling
The cell membrane forms the barrier between the intra- and extracellular space of
a cell. Contact between the cell and the extracellular space is essential for proper
cell function in order to proliferate, differentiate, migrate, change cell morphology or
undergo apoptosis. Integrins comprise a large family of cell surface receptors with
more than 18 α- and 8 β-subunits identified. The α- and β-subunits form heterodimers
dependent on the specificity and tissue in which they are expressed. The α-subunit
is mostly involved in ligand binding of ECM components, like laminin, vitronectin and
fibronectin, thereby anchoring cells at a designated place in a process called cell
adhesion (Figure 5). The β-subunit is mainly involved in the intracellular binding and
complex formation of focal adhesion proteins, like talin, focal adhesion kinase (FAK),
integrin-linked kinase (ILK), vinculin, PINCH-1, paxillin, parvins, Src-family kinases,
p130Cas and Rho GTPases (Figure 5) (Hannigan et al., 1996; Rosales et al., 1995;
Schaller, 2001; Schaller and Parsons, 1994; Welsh and Assoian, 2000).
Focal adhesion proteins can function as adaptor proteins that mediate focal
adhesion protein-protein interaction and/or can bind cytoskeleton components, such
as a-actinin, thereby establishing the physical link between the cytoskeleton and
the ECM (Figure 5). Integrin activation triggers a large variety of signal transduction
events. These signaling transduction events are induced by kinases, such as
FAK and ILK, within the focal adhesion complex or by the activation of receptor
tyrosine kinases (RTKs) that are tightly linked to integrin focal adhesion complexes
(Figure 5). FAK is involved in mediating integrin signaling during cell adhesion and
motility. Autophosphorylation of FAK results in the binding of Src that can
phosphorylate FAK at other residues, thereby increasing the affinity for p130Cas,
paxillin and Crk. Crk binding to p130Cas mediates rac activation and results in the
formation of lamellipodia and subsequent migration of the cell (Calalb et al., 1995;
Chodniewicz and Klemke, 2004; Hanks et al., 2003; Lim et al., 2004; Mitra et al.,
2005; Sakai et al., 1994; Schaller and Schaefer, 2001; Schlaepfer et al., 1997;
Schlaepfer et al., 2004; Tachibana et al., 1995; Turner, 2000).
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Figure 5. The Integrin-linked kinase focal adhesion complex. Integrin-linked kinase (ILK) consists of three
domains, N-terminal ankyrin (ANK) repeats, a plekstrin homology (PH) domain and a C-terminal kinase
domain. ANK1 binds to the LIM1 domain of PINCH as well as to the ILK associated phosphatase (ILKAP).
The PH domain probably binds to phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3). The kinase
domain of ILK binds to parvins, paxillin, MIG2/kindlin-2, the cytoplasmic tails of β-integrins, the kinase
substrate AKT/PKB (protein kinase B) and the kinase phosphatidylinositol-3-kinase-dependent kinase1 (PDK1). PINCH isoforms, which contain five LIM domains, bind to receptor tyrosine kinases (RTKs)
through the adaptor NCK2, thereby coupling growth factor signaling to integrin signaling. α- and β-parvins
can bind to f-actin directly, as well as indirectly through binding to paxillin or α-actinin. α-Parvin also
binds to the Ser/Thr kinase testicular protein kinase-1 (TESK1), whereas β-parvin binds to the guanine
nucleotide-exchange factor α-PIX, which influences actin remodeling through the GTPases, Rac and
Cdc42. Interactions with integrins and the cytoskeleton also occur through a MIG2/kindlin-2–migfilin–
filamin complex. (Adapted from Legate et al., 2006).

ILK can bind to the intracellular domain of the integrin-b1 subunit (Figure
5) (Hannigan et al., 1996) and the function of ILK as a bona fide kinase has been
debated for years. Some in vitro loss and gain of function studies demonstrated that
ILK is involved in the phosphorylation of Akt/PKB and GSK-3b (Delcommenne et
al., 1998; Persad et al., 2000; Persad et al., 2001; Troussard et al., 1999). However,
several in vivo studies argue against this function of ILK as well as its function as a
bona fide kinase (Grashoff et al., 2003; Mackinnon et al., 2002; Sakai et al., 2003;
Zervas et al., 2001). The debate on the actual kinase activity of ILK will be discussed
in more detail in chapter 6. Furthermore, ILK is indirectly involved in RTK signaling,
by its interaction with PINCH-1 (Figure 5) (Fukuda et al., 2003). PINCH-1 is able to
bind the adaptor protein NCK2 that can directly bind to growth factor receptors of
the RTK family (PDGFR, for example), thereby coupling growth factor signaling to
integrin signaling (Figure 5) (Meisenhelder and Hunter, 1992; Tu et al., 1999).
17
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In tumor cells of diverse origin, like breast, colon or skin, the function and
regulation of integrin transmembrane receptor signaling is disturbed and might
contribute to tumor invasion and metastasis. ���������������������������������
(D’Ardenne et al., 1991; FeldingHabermann, 2003; Parise et al., 2000; Petersen et al., 1992; Wilhelmsen et al.,
2006). ��������������������������������������
For example, upregulation of integrin-a6b4 has been reported in skin, head
and neck tumors and might account for an increased adhesion of tumor cells in the
process of metastasis (Mercurio and Rabinovitz, 2001). In addition, reduced a2, a3
and a5 integrin expression was found in several carcinomas, presumably promoting
cell detachment from the primary tumor and invasive growth (Mizejewski, 1999;
Watt, 2002). Besides integrins themselves, integrin focal adhesion proteins have
also been linked to malignant phenotypes in various forms of cancer. Upregulation
of ILK has been demonstrated in colon cancer, breast cancer, prostate cancer,
malignant melanoma and non-small cell lung cancer (Dai et al., 2003; Graff et al.,
2001; Marotta et al., 2001; Takanami, 2005). FAK also seems critical for tumor
progression, since elevated FAK expression was found in human carcinomas and in
acute lymphoblastic leukemia’s (Bhattacharjee et al., 2001; Yeoh et al., 2002). FAK
overexpression has been suggested to contribute to an invasive phenotype due to
increased formation of invadopodia (Hauck et al., 2002; Hsia et al., 2003). In human
cancers, PINCH-1 is upregulated in stromal cells especially at the invasion front,
which suggests a role in tumor-stromal interactions supporting tumor progression
(Wang-Rodriguez et al., 2002).
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Abstract
We describe that galectin-1 is a receptor for the angiogenesis inhibitor anginex
and that the protein is crucial for tumor angiogenesis. Galectin-1 is overexpressed
in endothelial cells of different human tumors. Expression knockdown in cultured
endothelial cells inhibits cell proliferation and migration. The importance of galectin1 in angiogenesis is illustrated in the zebrafish model, where expression knockdown
results in impaired vascular guidance and growth of dysfunctional vessels. The
role of galectin-1 in tumor angiogenesis is demonstrated in galectin-1 null mice, in
which tumor growth is markedly impaired due to insufficient tumor angiogenesis.
Furthermore, tumor growth in galectin-1 null mice no longer responds to antiangiogenesis treatment by anginex. Thus, galectin-1 regulates tumor angiogenesis
and is a target for angiostatic cancer therapy.
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Introduction
An adequate vasculature is a prerequisite for tumors to grow, and the need
for neovessel formation (or angiogenesis) provides a target for treatment of cancer
(1). Endothelial cells (EC) that line the tumor vasculature are particularly suitable
target cells for therapeutic approaches since they are easily accessible to agents
delivered via the blood (2). However, to affect only tumor vasculature, specific
targets on angiogenically active EC are essential. To date, only a few targets of
tumor vasculature have been identified (3).
We recently developed the specific angiostatic peptide anginex that inhibits
tumor growth through specific inhibition of angiogenesis (4-6). Although a broad
profile of activities of anginex is known, such as prevention of EC adhesion and
induction of apoptosis, the molecular target on tumor EC was never identified. In a
receptor finding study using a yeast two-hybrid screening approach, we identified
galectin-1 as a target protein of anginex.
Galectin-1 belongs to a family of carbohydrate binding proteins that share
a conserved carbohydrate recognition domain (CRD) of approximately 130 amino
acids (7-9). Over a dozen mammalian galectins have been described (10, 11) and
members of this family are expressed in a wide range of species, suggesting an
important role for galectins in basic cellular mechanisms. Galectins can be secreted,
and depending on the cell type or state of differentiation, they have been found in
the nucleus, in the cytoplasm, or in the extracellular matrix. It has been proposed
that galectin-1 mediates cell adhesion and migration (12), and is involved in several
processes including proliferation (13), apoptosis (14), and even mRNA splicing (15).
The role of galectin-1 in EC function or in vascular biology has not been extensively
studied.
Here, we describe the function of galectin-1 in the angiogenesis. We provide direct
functional evidence that galectin-1 is required for tumor angiogenesis and for
outgrowth of tumors. Furthermore, we show that galectin-1 is the target for the
potent angiogenesis inhibitor anginex, thus establishing galectin-1 as an important
target for anti-cancer therapy.

Results
Galectin-1 binds the angiostatic peptide anginex.
The goal of the present study was to identify the receptor of anginex, an angiogenesis
inhibitor which has previously been shown to specifically target tumor endothelial
cells (EC) (5). Immunohistochemistry revealed vesicular uptake of anginex by
EC within 2 hours (Fig. 1A). Electron microscopy showed anginex located at the
membrane of intracellular vesicles, suggesting receptor-mediated uptake (Fig.
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Figure 1. Galectin-1 binds to anginex and galectin-1 expression is enhanced in activated EC and tumor
EC; role in EC function. (A) Immunohistochemical detection of anginex treated HUVEC using mouse
monoclonal 2D10 anti-anginex antibody (red staining) in a time-lapse experiment. Nuclei are counterstained
with DAPI (blue staining). Anginex appears in vesicular structures (arrowheads). In the control, the primary
antibody was omitted. Bar in the left panel represents 10 μm. (B) Electron microscopy of an immunogold
labeling of anginex demonstrating the accumulation of anginex in HUVEC. Inset: Detail showing the
membrane localization of anginex (arrowheads). Magnification: 80,500x. (C) Gal-1 is overexpressed in
EC of human colon carcinoma and Ewing sarcoma as compared to normal human colon. The top panels
show a double staining for the EC (CD31/34, blue) and the proliferation marker Ki67 (brown/black). The
lower panels show staining of a consecutive section for gal-1 (brown) with hematoxylin as counterstain
(blue). The arrows indicate blood vessels. Arrowheads point towards individual proliferating EC. The
insets show a detail of gal-1 staining in EC (arrow). (D) Gal-1 mRNA (qPCR; n=5) and protein (FACS;
n=4) expression are upregulated in activated HUVEC. Expression was determined in cells immediately
following isolation from the umbilical vein (native) and after culturing the cells for three additional days in
medium containing 20% human serum (active). *p<0.05. vs. native. (E) Knockdown of gal-1 expression
with ODN results in a concentration dependent inhibition of EC proliferation (n=4); *p<0.05 vs. control;
#p<0.05 vs. control ODN. (F) Treatment with 1 µM or 5 µM gal-1 ODN results in a significant inhibition of
EC migration (n=4); #p<0.005 vs. blank; *p<0.05 vs. blank. (G) Treatment with a gal-1 antibody results in
a significant inhibition of EC migration (n=3); #p<0.005 vs. PBS; *p<0.01 vs. PBS.
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1B). To identify this receptor, yeast two-hybrid (Y2H) analysis was performed. To
that end, the recently described artificial anginex gene (16) was cloned in frame
with the GAL-4 DNA binding domain of the Y2H bait vector pGBDT7, which was
confirmed by Western blotting (not shown). Multiple screens against cDNA libraries
of activated EC identified galectin-1 (gal-1) as the receptor for anginex (Suppl. Table
1/Suppl. Fig. 1), which was independently confirmed using three approaches. i)
Double staining of anginex treated EC showed co-localization of anginex and gal-1.
ii) Analysis of NMR spectra revealed chemical shift changes of certain resonances
from gal-1 upon addition of anginex, indicative of a specific molecular interaction.
iii) Plasmon resonance spectroscopy (BIAcore analysis) was used to further define
the kinetics and stoichiometry of the interaction. Analysis of the binding kinetics
revealed a 1:1 Langmuir association with a rate constant (ka) of ~6.5x103 Ms-1, while
the dissociation kinetics followed a biphasic pattern with dissociation rate constants
of 4.2x10-2 s-1 and 5.9x10-4 s-1, respectively. These data suggest that dimerized
anginex binds to gal-1 and that subsequently the two anginex molecules dissociate
as monomers with a Kd of 6.4 mM for dissociation of first anginex molecule and a Kd
of 90 nM for the second molecule. This result is supported by mass spectrometry
which displayed a major peak with a mass of 22.8 kD (gal-1 monomer (14.7 kD)
+ anginex dimer (8 kD) (not shown). The data above show that gal-1 and anginex
interact, suggestive of gal-1 serving as receptor for anginex.
Galectin-1 is overexpressed in tumor EC; a crucial role in EC proliferation and
migration.
To determine the role of gal-1 in tumor EC biology, we first analyzed gal-1 expression
in human tumor blood vessels by immunohistochemistry. While gal-1 is only weakly
expressed in EC of normal tissue (colon is shown: Figure 1C, left panels), a strong
expression was found in EC of human colon carcinoma (Figure 1C, middle panels)
and breast carcinoma (not shown), especially in EC that stained positive for the
proliferation marker Ki67. Similar results were observed for a sarcoma type of tumor
(Ewing sarcoma) in which the gal-1 staining was almost exclusively observed in
vessels (Figure 1C, right panels). These data demonstrate that the amount of gal-1
protein is upregulated in angiogenically active EC. Indeed, growth factor activation
of freshly isolated human umbilical vein EC resulted in a significant increase in gal-1
mRNA expression and a concomitant >10-fold induction of gal-1 protein expression
(Figure 1D). Furthermore, treatment of activated EC with a gal-1 specific antisense
oligodeoxynucleotide (ODN) resulted in inhibition of EC proliferation, while a random
ODN had no effect (Figure 1E). Next to EC proliferation, EC migration was also
inhibited by treatment with either the gal-1 specific ODN (Figure 1F) or the rabbit
polyclonal anti-gal-1 antibody (Figure 1G). These data strongly suggest a role for
gal-1 in EC biology.
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Galectin-1 is required for coordinated angiogenesis in vivo.
The role of gal-1 in angiogenesis in vivo was first studied in the chick chorioallantoic
membrane (CAM). Treatment of the CAM with a rabbit polyclonal anti-gal-1 antibody
induced a significant inhibition of microvessel density, similar as previously published
for anginex (4-5) albeit less pronounced. Interestingly, treatment caused tortuous
and irregular growth of the vessels, suggesting a defect in vascular guidance (Suppl.
Fig. 2). For further insight in the role of gal-1 during angiogenesis in vivo, we used
the Tg(fli1:egfp)y1 zebrafish model. In this model, EC are marked by expression of
green fluorescent protein (GFP) (17). Recently, 3 prototype galectins were described
in zebrafish (Lgals1-L1/L2/L3) of which Lgals1-L2 was found to preferentially bind
N-acetyllactosamine, similar to human gal-1 (18). Since Lgals1-L1 is not expressed
during embryogenesis (18) we only studied the role of the other two prototype
galectins in vascular development. Whole mount RNA in situ hybridization at 48
hours post-fertilization revealed specific expression of Lgals1-L2 in the eyes around
the lens and in the ventricular zone in the head (Figure 2A). Lgals1-L3 expression
was broader and largely overlapped with that of Lgals1-L2 (Figure 2B). Furthermore,
cross sections at the level of the midbrain showed co-localization of both Lgals1-L2/L3 and the EC specific marker VE-cadherin in the retinal vessels (Figures 2C-E) and
in the blood vessels in the brain (not shown). To determine the function of Lgals1-L2
and -L3 on vascular development, morpholino-modified antisense oligonucleotides
(MOs) were designed to specifically target either the translation start site (ATG-MO)
or the splice donor site (splice-MO). We verified that injection of each splice-MO
successfully interfered with the splicing of the respective transcripts (not shown).
Injection of either Lgals1-L2 or -L3 ATG-MO induced hemorrhages in the head and
Figure 2. Expression of zebrafish Lgals-1 L2 and
Lgals-1 L3. Whole mount in situ hybridization
on 48h zebrafish embryos. (A) Lgals-1 L2 is
strongly expressed in the eyes around the lens
(arrow) and in the ventricular zone in the head
(arrowheads). (B) Lgals-1 L3 expression is less
restricted but does overlap with L2 expression
around the lens (arrow) and in the ventricular
zone (arrowheads). (C-E) Cross sections at
the level of the midbrain of whole mount in
situ hybridizations of (C) Lgals-1 L2 (inset is
photographed from more anterior section), (D)
Lgals-1 L3, and (E) VE-cadherin. Expression
of both Lgals-1 L2 and L3 is observed in
blood vessels in the brain (arrowhead in C and
D) and in the retinal vessels (arrow in C and
D) and colocalizes with the expression of EC
marker VE-cadherin.
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in/behind the eyes of the embryos at 2.5 days post fertilization, as detected with
a sensitive o-Dianisidine blood staining. Co-injection of both Lgals1-L2 and -L3
MOs resulted in even more severe hemorrhages (Figures 3A-D). Similar results were
observed with the splice-MOs (not shown). Confocal scanning laser microscopy
in the ventricular zone of Tg(fli1:egfp)y1 zebrafish revealed vascular defects, at the
location of the hemorrhages, after co-injection of Lgals1-L2 and -L3 ATG MO.
Compared to untreated zebrafish (Figure 3F), abnormal sprouting and misguidance
of vessels clearly appeared in the mid-cerebral area of the Lgals1-L2 and -L3 ATG
MO treated animals (Figures 3E-H). Vascular network formation of the middle
cerebral-, dorsal longitudinal-, mesencephalic- and anterior cerebral veins was also
distorted by both MOs, and most severely in the double knockdown (Figure 3G).
The same defects were observed upon co-injection of both splice MOs, indicating
specificity of the knockdown defects (Figure 3H), while single injection of each
splice MO revealed weaker defects (not shown). Similar to those in the ventricular
zone, retinal vessels showed abnormal sprouting and growth in the regions where
hemorrhages occurred (not shown). Together with observations from the CAM,
results in zebrafish indicate that gal-1 is important in vivo for coordinated vessel
outgrowth and vascular network formation.

Figure 3. Loss of zebrafish galectin-1 L2 and L3 results in hemorrhages in the brain and defective vessel
formation. (A-D) o-Dianisidine staining for hemoglobin on 2.5 dpf embryos. (A) wild type control or
injected with (B) Lgals1 L2 ATG-MO, (C) Lgals-1 L3 ATG-MO, (D) both Lgals-1 L2 and L3 ATG-MOs. Coinjection of L2 and L3 ATG-MO results in severe hemorrhaging in the brain region (arrowheads). Arrow in
(A) shows blood accumulating on the yolk and in the heart of a control embryo. (E) Schematic drawing
of blood vessels in the dorsal brain at 2.5 dpf (modified from (46)). (F-H) Projection of Z-stacks made by
confocal microscopy from Tg(fli1:egfp)y1 transgenic embryos at the level of the dorsal brain vessels at
2.5 dpf. (F) wild type control embryo. (G) Embryos co-injected with Lgals-1 L2 and -L3 ATG-MO display
aberrant sprouting and misguidance of the middle cerebral vein (MCeV) into the dorsal longitudinal vein
(DLV) (arrowheads). Defective angiogenic sprouting is also observed in the mesencephalic vein (arrow).
(H) Co-injection of the Lgals-1 L2 and L3 splice-MO shows similar defects in angiogenic sprouting of the
brain vessels. DLV, dorsal longitudinal vein; MCeV, middle cerebral vein; MsV mesencephalic vein; MtA,
metencephalic artery; PCeV, posterior cerebral vein.
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Galectin-1 facilitates tumor progression through angiogenesis.
The presented results urged us to study the role of gal-1 by analyzing tumor
angiogenesis in the gal-1 null mice (19). To compare tumor growth in the presence
or absence of gal-1, wild type (gal-1+/+) and null (gal-1-/-) mutant 129P3/J mice were
subcutaneously injected with syngeneic murine F9 teratocarcinoma cells. Three
days after injection, a small palpable tumor developed in all mice, suggesting that
tumor initiation and initial growth is not dependent on gal-1. However, subsequent
tumor growth was significantly abrogated in the gal-1-/- mice compared to the wildtype animals. Fifteen days after injection, the tumor volumes in the gal-1-/- mice
were approximately 4-fold smaller compared to those in the gal-1+/+ mice (Figure
4A). As expected, immunohistochemical analysis showed high expression of gal1 in the EC of tumor vessels in the wild-type animals and no expression in the
null mice (Figure 4B). Quantification of microvessel density revealed a significant
lower amount of blood vessels in null mice compared to wild-type mice (Figure 4C).

Figure 4. Hampered tumor growth and lack of responsiveness to anginex in galectin-1 deficient mice. (A)
F9 teratocarcinoma tumor growth in gal-1+/+ (solid squares) and gal-1-/- (solid triangles) mice. #p<0.001.
(B) Immunohistochemical evaluation of vasculature and gal-1 expression in tumors from gal-1+/+ (upper
panels) and gal-1-/- (lower panels) mice. The left panels show vessel staining with EC marker 9F1 (brown).
In the right panel, gal-1 staining (brown) is shown in consecutive sections. Bars represents 20 µm.
(C) Quantification of microvessel density (MVD) in tumors from gal-1+/+ (black bars) and gal-1-/- (white
bars) mice. *p<0.001 vs. wild type mice. (D) F9 teratocarcinoma tumor growth in gal-1+/+ mice during
treatment with PBS (solid squares) or anginex (open squares). #p<0.001 vs. control. (E) Quantification of
microvessel density (MVD) in gal-1+/+ mice after treatment with PBS or anginex. *p<0.05 vs. untreated. (F)
F9 teratocarcinoma tumor growth in gal-1-/- during treatment with PBS (filled triangles) or anginex (open
triangles). ns=non significant.
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In addition, parameters of vessel architecture were decreased (Suppl. Table 2).
Since gal-1 has been shown to mediate apoptosis in activated T cells, which
could contribute positively to tumor growth (20), we also quantified the amount
of peripheral blood leukocytes, and the presence of CD45+ and CD8+ cells in the
tumors. There was no significant difference in these parameters between gal-1+/+
and gal-1-/- animals (Suppl. Fig. 3), which strongly suggests that, in this particular
model, impaired tumor progression in gal-1 null mice largely results from decreased
angiogenesis.
Galectin-1 is a target protein for angiostatic therapy.
Because gal-1 was initially identified as a receptor for the angiostatic peptide anginex,
we also analyzed the effect of anginex treatment in wild type and gal-1 null mice.
In wild-type animals, anginex significantly inhibited tumor growth by approximately
70% (Figure 4D) and vessel density by approximately 55% (Figure 4E), which is
comparable with previous observations for anginex in other tumor models (5, 21).
In gal-1-/- mice, treatment with anginex had no effect on tumor growth (Figure 4F).
In addition, anginex treatment did not significantly affect the number of infiltrating
CD45+ or CD8+ cells in the tumors of both the wild type and null mice (Suppl. Fig. 4).
These data demonstrate that gal-1 mediates the angiostatic activity of anginex and
that gal-1 can serve as a target for angiostatic therapy.

Discussion
The current study is the first to demonstrate that gal-1 is important in tumor
angiogenesis and that targeting of gal-1 can be an efficient angiostatic therapeutic
strategy. Previous studies have shown that gal-1 is key in two mainstays of cancer.
Firstly, gal-1 supports metastasis formation, because it facilitates interactions
between tumor cells and endothelial cells (EC) (22, 23). Secondly, it protects the
tumor against immunity since it can induce apoptosis in tumor infiltrating cytotoxic
leukocytes (14, 20). This study now reports a critical role in angiogenesis, a third
important pillar in tumor growth. Our results reveal a direct role of gal-1 in EC
biology. We found a direct involvement of gal-1 in EC proliferation and migration in
vitro and in tumor angiogenesis in vivo. While the angiogenesis-independent onset
of F9 tumor growth was similar in gal-1 null and wild type mice, the angiogenesis
dependent outgrowth of tumors was severely hampered in the null mice. The low
microvessel density in the null mice led us to conclude that the abrogated tumor
growth is caused by inefficient angiogenesis. It has been shown that gal-1 null
mice have subtle neuronal abnormalities that become apparent upon challenge
(24, 25). In line with this, the effect on angiogenesis also becomes apparent by
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challenging the mice with a growing tumor. This corroborates with our observations
in the CAM and the zebrafish, in which acute interference with gal-1 function also
results in aberrant angiogenesis. Obviously, the presence of gal-1 is required for a
proper response to an acute stress or pressure on EC biology and angiogenesis. It
remains to be investigated whether vascular development in the null mice is indeed
normal, or that subtle vascular defects do exist. We also observed that intervening
with gal-1 function results in irregular patterning of the vasculature. The abnormal
vessel architecture in the CAM, the zebrafish model, and in knockout mice tumors,
suggest that gal-1 is involved in vascular network formation. Recent studies have
shown that the development of both vascular and neuronal networks is regulated
by the same receptor/ligand pairs, i.e. Robos/Slits, Ephrins/Eph receptors,
Neuropilins/Semaphorins, and Netrins/Unc5B (26, 27). Interestingly, for gal-1 a role
in neuronal pathfinding has already been identified (28). Furthermore, gal-1 null
mice show neuronal abnormalities in adulthood (25). Together with the role of gal-1
in angiogenesis described here, these data strongly suggest that gal-1, as well as
other members of the galectin family (galectin-3 (29, 30)) are also involved in both
neuronal and vascular development. It has been proposed that galectins can serve
as molecular targets for cancer therapy (20, 31-33). Interestingly, we identified gal-1
as a receptor for the angiostatic peptide anginex. Anginex has been shown to inhibit
tumor growth by inhibition of tumor angiogenesis (4-6). A previous study reported
that transport to the tumor vasculature is facilitated by fibronectin (34). Our results
now show that for the angiostatic activity on EC, galectin-1 is required. Anginex
treatment in gal-1 null mice did not result in further inhibition of the already hampered
tumor growth, while wild type mice responded as reported previously (5, 6). This
indicates that gal-1 is essential for the activity of anginex and that gal-1 can indeed
serve as a target for angiostatic cancer therapy. We also observed high expression
of gal-1 in EC in mouse tumors as well as in human colon and breast carcinomas.
There are other reports on the expression of gal-1 in tumor stroma, mainly in studies
comparing the expression between normal and cancerous tissues (reviewed by (33)).
Elevated stromal expression of gal-1 has been reported in several cancers including
cancer of the ovaries (35), breast (36), prostate (37), and colon (38). These results
suggest that the increased expression in tumors makes the protein an excellent
target for diagnostic or therapeutic purposes. It is attractive to speculate that, since
gal-1 is crucial in several prerequisites for unlimited tumor growth, gal-1 targeting
compounds may have multimodal activities. Interfering with gal-1 function could (i)
prevent metastasis formation through inhibition of gal-1 facilitated tumor cell-EC
interactions (22, 23), (ii) abrogate tumor escape from immunity through blockade
of gal-1 induced apoptosis in activated T lymphocytes (14, 20), and (iii) prevent the
execution of tumor angiogenesis (this study). This makes gal-1 an excellent target
for cancer therapy.
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Materials and Methods
Cell cultures
Human umbilical vein EC (HUVEC) and the human microvascular EC line HMEC
were cultured as described elsewhere (5). F9 teratocarcinoma cells (kind gift from
Dr. H. Weich) were cultured in RPMI-1640 supplemented with 10% fetal bovine
serum, 1% glutamin, 50 U/ml penicillin, and 50 ng/ml streptomycin.
Mouse tumor model
A total of 14 adult 129P3/J gal-1-/- mutant mice (19) and 17 matched 129P3/J gal1+/+ (wild type) mice were used in this study. On day 1, animals were injected s.c.
with 3x106 syngeneic F9 teratocarcinoma cells. On day 7, anginex treatment (10
mg/kg/day) was started in 7 wild type and 9 mutant mice by daily i.p. injections.
Tumor volume and mouse weight were measured daily throughout the experiment.
Animals were given water and standard chow ad libitum, and they were kept on a
12-hour light/dark cycle. All experiments were approved by the local ethical review
committee.
Knockdown of galectin-1 expression in vitro
Knockdown of gal-1 expression in vitro was obtained using a gal-1 specific
antisense oligodeoxynucleotide (hgal1 ODN: GTCACCGTCAGCTGCCATGT).
As control, a random nonspecific antisense oligodeoxynucleotide (control ODN:
TCCCTAGTGACTCTTCCC) was used. ODNs were renewed every other day.
FACS analysis
FACS analysis of gal-1 protein expression was performed on ethanol fixed HUVEC.
Cells were washed in 0.1% BSA/0.01% sodium azide/PBS, incubated on ice with
polyclonal rabbit anti-galectin antibody (39), and washed with PBS. Next, the cells
were incubated with FITC-labeled polyclonal goat anti-rabbit Ig antibody (Dako)
and washed with PBS. Five thousand events were acquired for each sample on a
FACSCalibur flow cytometer (Beckton Dickinson). All experiments were performed
in triplicate.
Migration, proliferation, and CAM assay
Migration, proliferation, and CAM assays were performed as described elsewhere
(16). Within each proliferation experiment, treatments were done in triplicate and all
proliferation and migration experiments were performed at least three times. For
the CAM, two independent experiments were performed (overall n = 13 / treatment
group).
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Real-time PCR
Total RNA isolation, subsequent cDNA synthesis, and real-time PCR were performed
as described previously (40) with primers targeted against human gal-1 (Forward:
TGCAACAGCAAGGACGGC; Reverse: CACCTCTGCAACACTTCCA). Primers were
purchased from Eurogentec and experiments were performed in triplicate.
Immunohistochemistry
Immunohistochemical staining of anginex uptake was performed on HUVEC
cytospins. Cells were acetone fixed and air dried. Following incubation in 1%
paraformaldehyde cells were incubated in fetal calf serum after which mouse 2D10
monoclonal anti-anginex antibody (5) was applied in 0.05% Triton X100/PBS.
Following incubation with Texas Red labeled goat-anti-mouse Ig antibody, the cells
were washed with PBS and mounted in Immumount (Shandon Inc.) supplemented
with 1 µg/ml 4’,6-diamidino-2-phenylindole (DAPI; Molecular Probes). In the negative
control, incubation with the first antibody was omitted. Doublestaining for Ki67
and CD31/34 on paraffin-embedded tissue sections was performed as previously
described (41). Tissues from normal colon, colon carcinoma, and Ewing sarcoma
were obtained from the stocks of the Department of Pathology, University Hospital
Maastricht. For gal-1 staining, paraffin-embedded tissue sections were dewaxed
and endogenous peroxidase activity was blocked with 0.3% H2O2 in methanol. Next,
the slides were microwave pretreated in citric acid. After blocking with 1% BSA/PBS
primary antibody was applied in 0.5%BSA/PBS. Next, biotin-labeled secondary
antibody was applied and staining was performed with the StreptABComplex/HRP
kit (Dako) according the suppliers protocol. The tissue sections were counterstained
with haematoxilin (Merck), dehydrated and mounted in Entellan (Merck). The same
protocol was used for EC staining with the EC specific antibody 9F1 (42). Staining
for CD45+ and CD8+ cells was performed on frozen tissue sections which were fixed
in acetone and air-dried. Endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxidase/PBS and aspecific binding was blocked with 20% FCS/0.1%
Tween20/PBS. Next, the primary antibody (MP33 rat anti-mouse CD45 or 53.6.27 rat
anti-mouse CD8) was applied, followed by incubation with biotin labeled secondary
antibody. Staining was visualized using the Vectastain ABC kit (Vector Laboratories)
and subsequently, sections were counterstained with haematoxylin, dehydrated,
and mounted with Entellan. Within each section, the number of positive cells was
scored at 4 different locations in a blinded fashion by two different observers.
Fluorescent staining of CD31 in murine tumors and subsequent scoring of vessel
characteristics was performed as described before (6).
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Zebrafish experiments
For in vivo experiments, the previously described Tg(fli1:egfp)y1 zebrafish was
used (17). Knock-down of Lgals1-L2 and -L3 expression was achieved by
injection of specific morpholino-modified antisense oligonucleotides (MOs;
Genetools) into 1-cell stage embryos (43). The following MOs were used:
Lgals1-L2
ATG-MO,
5’-GTATAAGCACACCGGCCATTTTGAC-3’;
Lgals1L3 ATG-MO, 5’-AAGATCCCAGGCTAAGGACGTCATT-3’; Lgals1 L2 spliceMO, 5’-TTGTAATATACTCACGGCCATTTTG-3’; Lgals1 L3 splice-MO, 5’ATGTCTGTACTCACGCATCACAGCC-3’. Before 24 hours post-fertilization (hpf),
1-Phenyl-2-thiourea (PTU, 0.002%) was added to prevent pigment development.
For imaging, dechorionated embryos were anesthetized with 0.003% tricaine
methanesulfonate and mounted in 2% low melting agarose. Confocal scanning
microscopy was performed using a Leica TCS NT. For whole mount blood staining,
dechorionated and PTU treated embryos were incubated in 40% EtOH, 0.01M NaAc
pH5.2, 2.0% H2O2, in the presence of 0.8 mg/ml o-dianisidine. Following rehydration
in a graded series of EtOH/PBST the embryos were stored in 50% glycerol at 4°C.
Whole mount in situ hybridization on zebrafish embryos was carried out as previously
described (44). For VE-cadherin riboprobe synthesis we used the previously
published plasmid (45). For Lgals1-L2 antisense probe synthesis RZPD clone
IMAGp998D0710947Q3 (in pSPORT1) was linearized with BamHI and transcribed
with T7 RNA polymerase. Zebrafish Lgals1-L3 was cloned from RZPD clone
IMAGp998J1712051Q3 into pBluescript KS giving rise to lgal1-L3/pBs. For lgal1L3 antisense probe synthesis, plasmid lgal1-L3/pBs was linearized with Acc65I and
transcribed with T7 RNA polymerase. For sectioning, the embryos were embedded
in Technovit 8100 (Heraeus Kulzer, Wehrheim Germany). Seven µM thick sections
were cut and counterstained with neutral red dye.
Statistics
All data are shown as mean with standard error except where indicated otherwise.
Data from in vitro proliferation, real-time PCR, CAM assay, FACS analysis, and
CD45/CD8 scores were analyzed using the Mann-Whitney U test. Tumor growth
curves and migration assay data were analyzed using 2-way ANOVA. The Student’s
t-test was used to analyze the vascular parameters. All values are two-sided and
P-values<0.05 were considered statistically significant. Two-way ANOVA was
performed in Graphpad Prism 3.0 (Graphpad Software Inc.). All other statistical
computations were performed in SPSS 10.0.5. (SPSS Inc.).
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Supplementary data
Results
Multiple screens against cDNA libraries of activated EC identified galectin1 (gal-1) as the receptor for anginex (Suppl. Table 1). Galectin-1 was found most
frequently (15%) while no other members of the galectin family were identified. The
identification of fibronectin, of which a previous study reported that it facilitates
transport of anginex to the tumor vasculature (1), confirmed the validity of the
approach.
Supplementary Table 1. Results of yeast two-hybrid screening
with anginex as bait.
Clone name
number of clones
Galectin-1
9
Methallothionein 2A
3
Fibronectin (partial)
3
Pecanex-like3
3
Keratin
2
Filamin A
1
GCN1
1
Methyltransferase
1
False positivesa
23
Undeterminedb
14
Total
60
Failed to show interaction following repeated plating or high selection plates or in targeted yeast
transformation (see Materials & Methods). b Clones of which the interaction has not been confirmed or
that have not been identified by sequencing.
a

The interaction was confirmed using three approaches i) Double staining of
anginex treated EC showed co-localization of anginex and gal-1 (Suppl. Fig. 1A).
ii) Analysis of NMR spectra revealed chemical shift changes of certain resonances
from gal-1 upon addition of anginex, indicative of a specific molecular interaction
(Suppl. Fig. 1B). iii) Plasmon resonance spectroscopy (BIAcore analysis) was used to
further define the kinetics and stoichiometry of the interaction. To that end, gal-1 was
immobilized on a BIAcore sensor chip, which was verified with a rabbit polyclonal
anti-gal-1 antibody (Suppl. Fig. 1C). Addition of anginex resulted in a concentration
dependent change in resonance response units (Suppl. Fig. 1D). Analysis of the
binding kinetics revealed a 1:1 Langmuir association with a rate constant (ka) of
~6.5x103 Ms-1, while the dissociation kinetics followed a biphasic pattern with
dissociation rate constants of 4.2x10-2 s-1 and 5.9x10-4 s-1, respectively (Suppl Fig.
1E).
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Supplementary Figure 1. Confirmation and characterization of the interaction between galectin-1 and
anginex. (A) Fluorescence double staining of anginex (red) and galectin-1 (green) in anginex treated EC.
Co-localization (yellow) is indicated with arrowheads. Nuclei are counterstained with DAPI. Bar in the left
panel represents 10 µm (B) NMR analysis of the galectin-1/anginex interaction. The Hα - NH fingerprint
region is shown from 2D TOCSY spectra of pure galectin-1 (red) and of galectin-1 to which anginex was
added (blue) at a molar ratio of 1:2 (anginex:galectin-1). Single color signals and incomplete overlapping
color signals indicate a shift in resonances upon addition of anginex and are indicative of galectin-1/
anginex interactions. (C) Validation of galectin-1 immobilization on a BIAcore sensor chip and of protein
preservation with galectin-1 antibody (n=2). Following immobilization of galectin-1, increasing amounts
of rabbit polyclonal anti-galectin-1 antibody were run over the chip. As negative control, rabbit polyclonal
anti-anginex antibody was used. (D) Surface plasmon resonance analysis of interaction between anginex
and galectin-1 (n=3). Increasing amounts of anginex were run over the chip with immobilized galectin-1,
resulting in an increase in response units (RU). (E) Analysis of binding kinetics of interaction between
anginex and immobilized galectin-1. The upper panel shows a representative dose response sensogram
for anginex. The areas used for model fitting are shown in bold while the residual plot in the middle
panel shows minimal discrepancies between the experimental data and the fit. In the lower panel the
observed association rates (kobs) are plotted as a function of analyte concentration with a slope equal to
the association rate constant (ka).
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The in vivo role of gal-1 in angiogenesis was studied in the chick
chorioallantoic membrane (CAM). Treatment of the CAM with a rabbit polyclonal
anti-gal-1 antibody induced a significant inhibition of microvessel density, similar as
previously published for anginex albeit less pronounced (Suppl. Fig. 2A). Interestingly,
treatment caused tortuous and irregular growth of the vessels, suggesting a defect
in vascular guidance (Suppl. Fig. 2B).
Supplementary Figure 2. Altered
vessel numbers and morphology
in chorioallantoic membranes after
treatment with galectin-1 protein
and antibody. (A) Quantification
of microvessel density in the
CAMs after treatment with
different dilutions of anti-galectin1 antibody. *p<0.05 vs. control.
(B) Representative images of CAMs after treatment with PBS (control) and anti-galectin-1 antibody. Note
the tortuous and irregular growth of the vessels in the latter.

In the tumors of gal-1 null mice, several parameters of vessel architecture
were decreased, indicative of a less complex and less developed vasculature (Suppl.
Table 2).
Supplementary Table 2. Vascular parameters in F9 tumors of wild type and mutant mice.
Vessel
End
Branch
Vessel
Mice
Densitya
Pointsb
Pointsc
Lengthd
+/+
gal-1
8642 ± 666
147 ± 11
10 ± 1.1
11.6 ± 1.0
gal-1-/-

2009 ± 269#

48.8 ± 3.4#

2.0 ± 0.6#

2.8 ± 0.3#

On the last day of the experiment, tumors were excised. Tumors without apparent widespread necrosis
were embedded in tissue freezing medium (Miles Inc.) and snap frozen in liquid nitrogen. Preparation
and procedures were done as described earlier (8). a After binarization of the images from CD31-staining,
microvessel density was estimated by scoring the total number of white pixels per field. b Mean number
of vessel end points as determined after skeletonization of the images (8). c Mean number of vessel
branch points/nodes per image. dMean total vessel length per image. ����������������������������������
All results are expressed as mean
pixel counts per image ± standard error from 20 images. # p<0.05 vs. wild-type.

Galectin-1 has been shown to mediate apoptosis in activated T cells, which could
also contribute positively to tumor growth (2). To determine whether this also occurred
in our tumor model we quantified the amount of peripheral blood leukocytes and
the presence of CD45+ and CD8+ cells in the tumors. In our teratocarcinoma model
there was no significant difference in these parameters between gal-1+/+ and gal1-/- animals (Suppl. Fig. 3), which strongly suggests that, in this model, impaired
tumor progression in gal-1 null mice largely results from decreased angiogenesis.
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Supplementary Figure 3. The
number of circulating leukocytes
and tumor infiltrating leukocytes
is unaltered in galectin-1 mutant
mice. (A) Immunohistochemical
evaluation of tumor infiltrating
leukocytes
in
galectin-1+/+
(upper panels) and galectin1-/- (lower panels) mice. The
left panels show CD45+ cells
+
(brown staining). In the right panel, CD8 cells are shown. (B) Quantification of CD45+ and CD8+ cells
in tumors from galectin-1+/+ (black bars) and galectin-1-/- (white bars) mice. (C) Quantification of total
number of leukocytes in galectin-1+/+ (black bars) and galectin-1-/- (white bars) mice.

In addition, anginex treatment did not significantly affect the number of infiltrating
CD45+ or CD8+ cells in the tumors of both the wild type and null mice (Suppl. Fig.
4).

Supplementary Figure 4. Anginex treatment does not affect
leukocyte infiltration in galectin-1 wild type and mutant mice. (A)
Immunohistochemical evaluation of infiltrate in untreated tumors
from galectin-1+/+ (left panels) and in anginex treated tumors from
galectin-1+/+ (middle panels) and galectin-1-/- (right panels) mice.
The upper panels show CD8+ cells (brown staining). In the lower
panels, CD45+ cells are shown. (B) Quantification of CD45+ and
CD8+ cells in untreated tumors from galectin-1+/+ (black bars)
and galectin-1-/- (white bars) as well as in anginex treated tumors
from galectin-1+/+ (downward diagonal) and galectin-1-/- (upward
diagonal) mice.

Materials and Methods
Yeast two-hybrid screening
Yeast two-hybrid screening was performed using the MATCHMAKER GAL4 TwoHybrid System 3 (Clontech) according to the manufacturers instructions. In short,
the artificial anginex gene (3) was PCR amplified and cloned into bait vector pGBKT7
in frame with the GAL4 DNA binding domain (pBD-Ax). The construct was tested
for absence of transcriptional activation and toxicity. Subsequently, yeast AH109
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cells were co-transformed with pBD-Ax, SmaI-linearized prey vector (pGADT7),
and a cDNA library which was generated from activated HUVEC mRNA. Following
growth on media plates selective for reporter gene activation, prey plasmids
from positive yeast colonies were isolated using CHROMA SPIN-1000 columns
(Clontech), shuttled into E.Coli, and sequenced using an automatic DNA-sequencer
(AbiPrism377, Applied Biosystems). Confirmation of interaction was performed
by targeted transformation of the specific constructs using the small-scale yeast
transformation protocol as described in the yeast protocol handbook (Clontech).
Surface Plasmon Resonance
Real-time monitoring of molecular interactions was performed at 25°C using
the BIAcore 1000 biosensor system (BiaCore) according to the manufacturer’s
instructions. In short, recombinant human galectin-1 (4) was immobilized to a
CM5 sensor chip (BiaCore) via primary amine groups using the Amine Coupling
Kit (BiaCore). For interaction analysis, 20 µl sample was diluted to various
concentrations in HBS-EP (Biacore) and was injected using the KINJECT command
at a flow rate of 30 µl/minute after which the flow cells were regenerated by injection
of 20 µl regeneration buffer (10 mM glycine-HCl, pH 2.0). Association-rate (ka) and
dissociation-rate (kd) constants were obtained by analysis of the sensograms using
the Biaevaluation software, version 3.2. All measurements were performed at least
in duplicate at all concentrations and the experiment was performed in duplo.
NMR Spectroscopy
For NMR measurements, 5 mg of recombinant human galectin-1 (4) was dissolved
in 600 µl of 10mM potassium phosphate buffer made with 95%/5% H2O/D2O at pH
5.2. Freeze-dried anginex was dissolved in 10 µl of the same buffer and added to
the galectin sample at the molar ratio of 1:2 (anginex:galectin). 2D-homonuclear
TOCSY spectra (5) with WATERGATE for water suppression, were acquired on a
Varian UNITY Plus-600 NMR spectrometer at 30°C. 2048 complex data points along
t2 and 256 increments along t1 dimensions over a spectral width of 9000 Hz, were
collected. A mixing time of 50 ms was used. Data were processed using a Gaussian
window function and the program NMRPipe (6).
Electron Microscopy
For electron microscopy, HUVEC were grown on gelatin coated and glutaraldehyde
fixed thermanox cover slips in normal HUVEC culture medium supplemented with
75 µM anginex. Subsequently, cells were fixed with 1% paraformaldehyde, and
localization of anginex by jet freezing and freeze substitution was performed as
described previously (7), using polyclonal rabbit anti-anginex antibody in combination
with immunogold labeled goat anti-rabbit antibody (Aurion).
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Abstract
Extracellular matrix proteins, such as laminins, and endothelial cells are
known to influence cardiomyocyte performance; however, the underlying molecular
mechanisms remain poorly understood. We used a forward genetic screen in
zebrafish to identify novel genes required for myocardial function and were able to
identify the lost-contact (loc) mutant, encoding a nonsense mutation in the integrinlinked kinase (ilk) gene. This loc/ilk mutant is associated with a severe defect in
cardiomyocytes and endothelial cells that leads to severe myocardial dysfunction.
Additional experiments revealed the epistatic regulation between laminin-a4 (Lama
4), integrin and Ilk, which lead us to screen for mutations in the human ILK and LAMA4
genes in patients with severe dilated cardiomyopathy. We identified 2 novel amino
acid residue-altering mutations (2828C>T [Pro943Leu], 3217C>T [Arg1073X]) in the
integrin-interacting domain of the LAMA4 gene and 1 mutation (785C>T [Ala262Val])
in the ILK gene. BIAcore quantitative protein/protein interaction data, which have
been used to determine the equilibrium dissociation constants, point to the loss of
integrin-binding capacity in case of the Pro943Leu (KD = 5 +/- 3 mM) and Arg1073X
LAMA4 (KD = 1 +/- 0.2 mM) mutants in comparison to the wild-type LAMA4 protein
(KD = 440 +/- 20 nM). Additional functional data point to the loss of endothelial cells
in affected patients as a direct consequence of the mutant genes, which ultimately
leads to heart failure. This is the first report on mutations in the laminin, integrin
and ILK system in human cardiomyopathy, which has consequences for endothelial
cells as well as for cardiomyocytes, thus providing a new genetic basis for dilated
cardiomyopathy in humans.
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Introduction
Dilated cardiomyopathy (DCM) is a syndrome characterized by enlargement
of 1 or both ventricles of the heart, accompanied by diminished myocardial
contractility.1 It is estimated that this complex disease has a genetic contribution in
at least 30% of all cases (for a review, see Chien2). Although ~25 different genes
or loci have been identified, most of the genes involved encode cardiomyocyte- or
myocyte-specific genes, such as sarcomeric, structural, and nuclear membrane
proteins or components of the calcium metabolism.3 Therefore, all known disease
mechanisms deal with this cell type, and other systems, such as cardiac endothelial
cells, have not been considered.
Interactions between cells and their surrounding extracellular matrix (ECM)
are essential for proper execution and regulation of survival, proliferation, cytoskeletal
organization and migration.4 Furthermore, cell-extracellular matrix contact regulates
physiological and pathological processes such as development, differentiation and
metastasis. Laminins are cross-shaped, heterotrimeric, extracellular proteins consist
of 1 a−, 1 b- and 1 g-laminin chain. Laminin-a4 (Lama4) is part of laminin 8 and 9,
major constituents of basement membranes in the heart and blood vessels. Mice
that are deficient for Lama 4 display endothelial defects, hemorrhages and dilated
vessels, followed by cardiac hypertrophy and heart failure, similar to the lost contact
(loc)/integrin-linked kinase (ILK) phenotype (loc/ilk).5, 6 A pivotal role in the contact
between the cell and laminins is mediated by the integrin transmembrane receptors
a3b1, a6b1, a6b4 and a7b1. These classic laminin-binding integrins bind to the
laminin globular 1 (LG1) to LG3 modules of the laminin-a chain (reviewed in Sasaki et
al.7). On the adhesion response of cells to the extracellular matrix, integrin clustering
triggers binding of a number of cytoplasmic proteins to their cytoplasmic domain.
These multimolecular complexes, termed focal adhesions, allow intensive cross-talk
between the integrin receptors and downstream signal transduction pathways.8, 9
ILK is a highly conserved serine/threonine protein kinase capable of interacting with
the cytoplasmic region of the integrin β1- and β3-subunit and is widely expressed,
including in endothelial cells, skeletal muscle and cardiomyocytes.10 Recently, several
binding partners of ILK have been identified, such as PINCH, paxillin and α-, β-parvin
(also known as affixin, reviewed in Legate et al.11). Paxillin and α-, β-parvin can bind
to the C-terminus of ILK, which is important for the connection and reorganization of
the actin cytoskeleton, lamellipodia formation, and cell spreading.12-14 Binding to ILK
and complex formation of all these factors are necessary for proper localization of
ILK to focal adhesions and suggest convergence of many regulatory mechanisms
at the level of ILK in integrin-mediated signal transduction.15 ILK deficient mice die
early during embryonic development owing to defects in epiblast polarization with
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an abnormal distribution of f-actin.16 Furthermore, in vitro studies suggest that the
kinase domain of human ILK is involved in downstream phosphorylation of Akt/PKB
on ser473 and GSK-3β on ser9, revealing a function of ILK in suppressing apoptosis
and promoting cell survival17.

Results
Zebrafish screen and analysis of the loc mutant
A screen for novel genes required for myocardial function resulted in the isolation
of several zebrafish mutants (R. Postel and J. Bakkers, unpublished data). One
mutant isolated from this screen is the “lost-contact” (loc) mutant, its name referring
to pronounced cell detachments best observed by blistering of the skin. With 660
loc mutant embryos, the loc mutation was mapped to chromosome 10 with simple
sequence length polymorphisms and within 50 kb of the z10910 marker (Figure 1).
Figure 1.
premature stop codon
identified in the ilk gene of loc
mutant embryos. A ,B) Morphological
comparison between WT sibling
embryos (A) and loc mutant embryos (B)
at 3 days post fertilization. C) Mapping of
660 mutants placed the loc mutation on
contig Al928852.7 of chromosome (Chr.)
10, between marker z10910 and z6195
(marker not shown). Black arrowheads
indicate position of markers used (snp
1, snp2, z10910) and number above it
indicates the amount of recombinants
(out of 660 mutants) for that marker.
Open reading frames located on this
contig are represented by lines. D) In situ
hybridization with digoxigenin-labeled
antisense ilk mRNA shows strong ilk
mRNA expression in homozygous WT
(loc+/+) embryos, weak expression in
heterozygous (loc+/-) embryos, and
no expression in loc mutant (loc-/-)
embryos at 15-somite stage, suggesting destruction of the ilk mutant mRNA by the process
of non-sense mediated decay. E) Sequence of exon 10 indicating the T to A mutation found in
loc mutant embryos, resulting in conversion of a tyrosine (Y), located in the conserved kinase
domain at position 319, to a premature stop codon (ILK Y319X). F) Western blot detection
of ILK protein in WT sibling embryos and loc mutant embryos after 3 days post fertilization.
As a control for the amount of protein in each sample, anti-GAPDH antibody was used.
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Sequencing of the coding regions of genes located in proximity of this region revealed
a premature stop codon in the ilk gene (ILK Y319X; Figure 1). In the loc mutants, no
zygotic ilk mRNA was detected as assessed by in situ hybridization, which suggests
that this mutation destabilizes the transcript leading to non-sense mediated decay
(Figure 1D).23 The mutant phenotype could be rescued efficiently by injection of 60
pg synthetic WT ilk mRNA (72% rescue, n=215).
The loc/ilk mutant embryos display a variety of severe defects including blood vessel
dilation and ruptures due to thinning of the endothelial wall (Suppl. Figure 1) and
a failure of the ventricle to form a proper chamber. To analyze the role of Ilk in
cardiomyocyte function, we transplanted loc/ilk mutant cells into the cardiac-forming
region of WT embryos (Figure 2). This procedure had no effect on cardiomyocyte
function when WT cells were transplanted to wt embryos; however, loc/ilk mutant
cardiomyocytes did not incorporate normally into a WT ventricle wall and displayed
flattened and elongated cell shapes reminiscent of dilated cardiomyocytes. WT
cardiomyocytes transplanted in a loc/ilk mutant heart efficiently rescued the aberrant
morphology of the ventricular wall (Figure 2C and 2D)
Figure 2. Cell-autonomous effect of ILK on
cardiomyocyte cell shape. Mosaic embryos are
generated by blastomere transplantation and
analyzed at 3 days post fertilization. Transplanted
cells are stained brown (biotin labeled) and are
indicated by arrows. A) WT cardiomyocytes
transplanted into the ventricle of WT embryos
have a normal short, thick cardiomyocyte
cell shape. B) ILK-deficient cardiomyocytes
transplanted into WT hearts display an aberrant
flattened and strongly elongated cell shape.
Arrowheads point to long, thin cellular protrusions
from the 2 transplanted cardiomyocytes. C,D)
Two sequential sections of the same embryo.
Multiple WT cardiomyocytes transplanted into an ILK-deficient heart form a relatively normal ventricular
wall compared with the ventricular wall that is mainly composed of ILK-deficient cardiomyocytes.

Genetic interaction between ILK and LAMA4
Because LAMA4 interacts with integrin molecules, especially those presented by
endothelial cells, it has important implications for endothelial cell survival, 24 and
Lama4-deficient mice have recently been shown to develop a defect in endothelial
cell viability, followed by cardiac hypertrophy and heart failure. 5, 6 Morpholino (MO)
knock down of Lama4 in zebrafish resulted in cardiac dysfunction and hemorrhages
in 35% of the injected embryos (n=74, 6 ng of lama4 MO), phenotypes that we also
observed in loc/ilk mutant embryos. Injection of a low dose (3 ng) of the lama4
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MO in loc/ilk heterozygous embryos resulted in severe cardiac dysfunction and
hemorrhages (31%, n=59) normally only observed in loc/ilk homozygous mutants,
supporting a strong genetic interaction between Lama4 and Ilk (fig. 3).
Figure 3. Genetic interaction between Ilk and Lama4. Odianisidine hemoglobin blood staining (2.5 days post fertilization;
A, C, E) and live photograph (3.5 days post fertilization; B, D, F)
of: A, B) WT embryos injected with 3 ng lama4 MO showing
normal heart morphology and blood within the heart region (52
out of 52 embryos); C, D) loc/ilk heterozygous embryos showing
normal heart morphology and blood within the heart region (49
out of 49 embryos). E, F) 31% of loc/ilk heterozygous embryos
injected with 3 ng lama4 MO displaying hemorrhages in the brain
(arrowheads) and cardiac edema (arrow; 18 out of 59 embryos,
from 3 independent experiments).

Human ILK and LAMA4 mutation scanning
In order to determine whether mutations at ILK and the integrin interacting domains
of the lama-4 gene (LAMA4) are associated with cardiac dysfunction in humans, we
sequenced LAMA4 in 180 white subjects and ILK in 192 white subjects with DCM
and compared sequencing results with those of a well-characterized white control
sample comprising 362 individuals. The control population has also been described
in 1 of our previous reports; 25 for ILK, we screened 350 control individuals in addition
to these 362 individuals an additional 350 control individuals (Tables 1 and 2). The
size of the present control population (724 chromosomes) enables us to identify
genetic variants that are at a frequency of at least 0.1 % in the population. 26, 27 In
the ILK gene, we observed 1 non-synonymous mutation (785C>T [Ala262Val]) in
a DCM subject but none in the control group. In LAMA4, we identified 10 variants
in the 180 DCM subjects (Tables 1 and 3). Of these10 variants 6 are unreported in
the public databases, such as National Center for Bioinformatics SNP Database;
4 are nonsynonymous (2828C>T [Pro943Leu], 3218G>A [Arg1073Gln], 3328A>G
[Ser1110Gly], 3335G>C [Arg1112Pro]); 5 are synonymous; and 1 leads to a premature
stop codon (3217C>T [Arg1073X]). We genotyped the control population for these
variants and observed the 3218G>A (Arg1073Gln), 3328A>G (Ser1110Gly) and the
3335G>C (Arg1112Pro) LAMA4 single-nucleotide polymorphisms (SNPs), as well as
the 5 synonymous SNPs, in equal frequency in the control population. However, the
2828C>T (Pro943Leu) and the 3217C>T (Arg1073X) LAMA4 mutations, identified in
white individuals with severe DCM, were not observed in the control population, which
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indicates that these SNPs may be “private” mutations associated with DCM in the
present study subjects. The 785C>T (Ala262Val) ILK and the 2828C>T (Pro943Leu)
and 3217C>T (Arg1073X) LAMA4 mutations have been genotyped in an additional
374 DCM patients. Only the 2828C>T (Pro943Leu) LAMA4 SNP could be found in an
additional DCM individual; the 785C>T (Ala262Val) ILK and the 3217C>T (Arg1073X)
LAMA4 mutations were not found. Because genetic variation may differ between
populations we also examined a cohort of 200 Japanese individuals for variation
at ILK and LAMA4 using SSCP to screen for genetic variants, but no variation was
observed (Tables 1 through 3).
Table 1. Summary of the genetic variants found in the LAMA4 gene
Mutations
No mutation
Total

White Control individuals
0
362
362

White DCM individuals
3*
551
554

* Among whites, we found 1 individual carrying the 3217C>T (Arg1073X) mutation and 2 individuals
carrying the 2828C>T (Pro943Leu) LAMA4 mutations. No mutation was found in an additional 200
Japanese DCM individuals (not included in the table).

Table 2. Summary of the genetic variants found in the human ILK gene
Mutations

No mutation
Total

White Control individuals
0

White DCM individuals
1*

712
712

567
568

* Among whites, we found 1 individual carrying the 785 C > T (Ala262Val) ILK mutation.

Table 3. Summary of the characteristics of patients affected by different LAMA4 and ILK
mutations.
No. of
Patient

Age at
diagnosis

Sex

EF,%

1

53

m

29

1

68

m

31

3217C>T (R1073X)
LAMA4

1

29

f

20

785 C > T (A262V) ILK

1

54

m

25

Mutation
2828C>T (P943L)
LAMA4
2828C>T (P943L)
LAMA4

Comments

Patient prepared
for heart
transplantation

EF indicates ejection fraction. Please note the severe phenotype of the individual affected by the R1073X
mutation.
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Functional analysis of human ILK and LAMA4 mutations
The 785C>T (Ala262Val) ILK mutation was found in a proline rich region of the ILK
kinase domain (Figure 4B and 4D). To address the effect of this mutation on ILK
activity we performed in vitro binding and kinase assays. Using GST pull down
assays with recombinant β-parvin and a yeast 2-hybrid system, we observed no
differences between WT ILK and ILK A262V in binding to β-parvin. We used an in
vitro kinase assay to measure ILK kinase activity and compared the result with the
previously reported kinase deficient ILK K220M12 and with the ILK A262V variant.

Figure 4. Identification of missense and nonsense mutations in human ILK and LAMA4 genes. A)
Sequence chromatograms of the 3217C>T (Arg1073X) mutation (CGA turns into TGA), the 2828C>T
(Pro943Leu) mutation (CCG turns into CTG) and the 785C>T (Ala262Val) ILK (GCT turns into GTT)
mutation. B) Sequence comparison of different LAMA proteins in the areas of the P943 and the R1073
regions as well as of the A262 ILK region. All 3 amino acids are highly conserved among different species.
C) Pedigree of the family of the individual carrying the 3217C>T (Arg1073X) mutation (arrow). Her son
does not carry the mutation and is unaffected by the disease, whereas her father is known to have
been affected by heart failure. D) Schematic of the ILK and LAMA4 molecules. Arrows indicate human
mutations. ILK contains at its amino terminus 4 ankyrin repeat domains and a pleckstrin domain, and
at its carboxyterminus the kinase domain. LAMA4 consists of 5 EGF (epidermal growth factor) repeats,
Lam CC (laminin coiled coil) as well as 5 LamG (laminin-a chain carboxyterminal globular) domains. E)
Overlay of the laminin-a2 LG5 domain (black) and the model of LAMA4 LG1 domain (gray) as ribbons.
Lysine residues K3088, K3091 and K3095 of laminin-a2 LG5 are involved in molecular interaction. These
3 amino acids are located on the same side of the LG domains’ b-sandwich as the loop of LAMA4 LG1,
where P943 is located. Amino- and carboxy-termini are labeled as N and C, respectively. F) The predicted
loop structures of LAMA4 LG1 WT (gray) and LAMA4 LG1 Pro943Leu (dark gray) are shown as ribbons.
The mutation Pro943Leu results in a flip of the peptide backbone. Therefore, the positions L943 and P943
are located on opposite parts of the loop with respect to the b-sandwich of the LG domain.
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We observed a 63% reduction in kinase activity for the ILK A262V mutant protein
and 80% loss of activity for the ILK K220M variant compared with WT ILK in this
assay (Figure 5A). The 785C>T (Ala262Val) ILK mutation has also been analyzed
in vivo by injection of synthetic mRNA into loc/ilk mutant embryos, which results in
high ILK A262V protein levels (Figure 5B). Injection of 80 pg of zebrafish ilk A262V
mRNA did not cause rescue of the hemorrhages or cardiac dysfunction (0% rescue,
n=77) whereas injection of 80 pg WT ilk mRNA did so very efficiently (96% rescue,
n=52). Injection of an equal mixture of 20 pg WT ilk mRNA with 20 pg of ilk A262V
mRNA in loc/ilk-deficient embryos also resulted in a poor rescue of the cardiac
dysfunction (35% rescue, n=80 compared to 80% rescue for 20 pg or 40 pg wt ilk
mRNA, n=160).

Figure 5. Functional analysis of LAMA4 and ILK variants. A) Kinase activity of WT, A262V and K220M
ILK proteins. ILK was immunoprecipitated from COS1 cells transfected with empty vector (-), Flag-tagged
ILK (WT) or mutants (A262V, K220M). Half of the immunoprecipitates was subjected to an in vitro kinase
assay, using [γ-32P]ATP and myelin basic protein (MBP) as an exogenous substrate. The other half was
used for immunoblotting with anti-Flag monoclonal antibody. An autoradiograph (top) and corresponding
immunoblot (bottom panel) are shown. Note the reduction in kinase activity of ILK A262V and for ILK
K220M was observed compared to WT ILK kinase activity. B) Expression of WT and A262V ILK after
injection of synthetic mRNA in zebrafish embryos. Lane −, no RNA injected showing endogenous ILK
protein. Lane WT, injection of WT ilk mRNA. Lane A262V, injection of ILK A262V mRNA. Note that only
WT ilk mRNA injection led to a rescue of the phenotype. C) WT, R1073X and P943L LAMA4 proteins
have been expressed and analyzed by Western blotting after in vitro expression. D) Human umbilical vein
endothelial cells were allowed to attach to 96-well plates precoated with WT or mutant (P943L, R1073X,
R1073Q) LAMA4 proteins, as described in the Methods. The number of adherent cells was examined by
measuring the optical density of the extracted dye at 540 nm and expressed as percent of control (WT
LAMA4). Results (mean ± SEM) derived from 1 representative experiment are shown.
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Analysis of the Pro943Leu LAMA4 variant by in silico modeling revealed
that this mutation leads to a conformational change of the molecule (Figure 4).
The 3217C>T (Arg1073X) mutation deletes 4 of the 5 LG domains at the carboxy
terminus of the LAMA4 protein and hence is predicted to impair interaction with
integrin molecules. Molecular modeling with the structure of laminin-a2 LG5 used
as a template28 placed Pro943 in a loop of ~9 amino acids (#942 to #950). To the
best of our knowledge, no function has been assigned to any point mutation in this
region of LAMA4 LG 1 until now. For laminin-a2 LG5, amino acids K3088, K3091,
and K3095 were shown to be involved in molecular interaction. In a solid phase
assay, mutations of these residues caused reduced binding to heparin-conjugated
albumin and sulfatides or a-dystroglycan28. Lys3091 and Lys3095 are located in a
turn between 2 b-strands that points to the same direction relative to the b-sandwich
of laminin-a2 LG5 as the Pro943 containing loop in LAMA4 LG 1 does (Figures 4E
and 4F). We therefore assume that this loop region containing amino acids Val942
to Glu950 of LAMA4 LG 1 could potentially be involved in molecular interactions.
The substitution of Proline 943 to Leucine caused a dramatic change
in loop conformation predicted by our modeling program. Caused by a flip in
the peptide backbone of Pro943Leu, the loop is rotated by roughly 180° (Figure
4F). Proteins encoding the LAMA4 Pro943Leu and Arg1073X mutations, the
Figure 6. Interaction of LAMA4 variants
with immobilized a3b1 integrin. After
immobilization of 450 to 1600 relative
units (RU) of α3b1 integrin on different
flow cells of a BIAcore C1-sensor chip,
6 µmol/L WT LAMA4, P943L LAMA4,
and R1073X LAMA4 were injected on
the flow cells. WT LAMA4 (line 1) was
injected into a flow cell with 450 RU
of immobilized α3b1 integrin, P943L
LAMA4 (line 2), and R1073X LAMA4
(line 3) to a surface coated with 1300 RU
and 1600 RU, respectively. The resulting
increase of mass over time as monitored
with surface plasmon resonance was
evaluated with BIAeval. Binding curves
derived from WT LAMA4 injection show
the highest affinity for α3b1 integrin,
whereas P943L LAMA4 and R1073X
LAMA4 injections resulted in a distinctly
reduced mass increase, which indicates
a relative loss of affinity.
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WT protein, and the R1073Q variant (which has been found in unaffected
control individuals as well) have been cloned, expressed in vitro and purified.
Adherence of endothelial cells to these different LAMA4 proteins was tested
in a cell-attachment assay. Interestingly, LAMA4 Pro943Leu and Arg1073X, but
not the R1073Q variant, led to a significant decrease of endothelial cell adherence
compared to WT LAMA4-coated wells (figures 5C and 5D). In addition, the mutant
proteins were expressed, purified, and analyzed with a BIAcore system, which resulted
in the demonstration of significantly higher equilibrium dissociation constants for
Arg1073X (Kd = 1±0.2 mmol/L Pro943Leu lama 4 (Kd = 5±3 mmol/L) to immobilized
α3b1 integrin (BIAcore) than in the WT LAMA4 protein (Kd = 440±20 nmol/L). The
differences in binding behaviour depicted in Figure 6, in which the WT protein clearly
shows a higher affinity than either mutants at the same concentrations. This might
be a possible explanation for the defect seen in the cell-attachment assay (Figure
5). Furthermore, histological analysis of myocardial biopsy samples points to the
loss of endothelial cells in affected patients as the primary cause of cardiomyopathy
(Figures 7A and 7B). A detailed
quantitative
analysis
revealed
significantly decreased numbers of
endothelial cells in patients carrying
the 2828C>T (Pro943Leu) LAMA4
mutation (P<0.05; 35.58±1.58%; n=4)
the 3217C>T (Arg1073X) mutation
(P<0.002; 8.25±4.8%; n=4) or the
A262V ILK mutations (P<0.0005;
14.44±1.11%; n=5) versus non failing
control hearts (53.73±7.2%; n=4).
Figure 7. A) Immunohistochemistry on myocardial
biopsy samples with anti-human von Willebrand
Factor (vWF) antibodies revealed a significant
loss of endothelial cells in individuals carrying
the LAMA4 R1073X or ILK A262V mutation,
whereas only moderate (but significant) loss of
endothelial cells was detected in patients carrying
the P943L mutation. NC indicates negative
control (first antibody omitted). Biopsy samples
from non-failing myocardium (NF) and patients
with DCM are also shown. Red indicates vWFpositive endothelial cells; blue: DAPI-positive cell
nuclei. Magnification X 400. The results of the
quantitative analysis are also shown in panel B.

57

Identification and Characterization of Novel Genes by Reverse and Forward Genetics in Zebrafish

Discussion
Here we report on a novel function for ILK, which is to maintain
cardiomyocyte cell shape and morphology of the ventricle during embryonic
development, which depends on the presence of the extracellular matrix molecule
LAMA4. 29, 30 Mice deficient for ILK in cardiomyocytes have no embryonic phenotype,
likely owing to the late expression of the Cre recombinase under control of the muscle
creatine kinase (Mck) promoter. 30 The previously reported zebrafish main-squeeze
(msq/ilk) mutant, due to a missense mutation in the ilk gene (ILK L308P), affects
only cardiac contractility but does not led to development of DCM or any endothelial
phenotype. 29, 31 The loc/ilk mutant described here develops with a combination
of a dysmorphic ventricle with very little ejection during systole and with severe
hemorrhages due to the thinning and rupture of the endothelial wall. In addition, we
show that cardiomyocytes derived from loc/ilk mutants and transplanted into a WT
heart fail to maintain their compact cell shape and develop thin and stretched cells,
resembling human DCM. The apparent differences observed between the previously
reported msq mutant and the loc mutant reported here could be explained by the
difference in the type of mutations identified in the ilk gene. Although the msq mutant
harbors a missense mutation (ILK L308P), leaving the rest of the Ilk protein intact,
the mutation identified in the loc mutant is a nonsense mutation within the kinase
domain (ILK Y319X). Importantly, the nonsense mutation results in a loss of the
mRNA, which prevents any ILK protein from being produced in the loc mutants,
resulting in a combination of cardiomyocyte and endothelial defects. The endothelial
defects (endothelial wall thinning and ruptures) observed in loc/ilk mutant embryos
strongly resemble the endothelial defects observed in LAMA4 knock out mice and
are likely due to a loss of interaction between the basement membrane and the
actin cytoskeleton, which ultimately results in anoikis (apoptosis initiated upon loss
of contact with extracellular matrix). Indeed, our genetic experiments in zebrafish
demonstrate a linear pathway of LAMA4 with ILK in the developing blood vessel
and heart (Figure 8). In myocardial biopsy samples from DCM patients who harbor
either the LAMA4 3217C>T (Arg1073X) and 2828C>T (Pro943Leu) mutations or the
ILK 785C>T (Ala262Val) mutation, a very similar combination of a strong reduction
in endothelial cells with a cardiomyopathy was observed. This loss of endothelial
cells is most likely due to molecular changes in LAMA4 protein structures; either a
complete loss of LAMA4 LG2 to LG5 domains in case of the 3217C>T (Arg1073X)
LAMA4, or changes in the loop structure, in case of the 2828C>T (Pro943Leu),
which is likely to be involved in molecular interactions and is predicted to change
the conformation, may contribute in vitro to the decreased affinity to α3b1 integrins
(Figure 6) and in vivo to the defect in endothelial cell attachment (Figure 5).
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Figure 8. LAMA4 interaction with integrin
molecules (especially a3b1 integrins) and
its connection with ILK. By controlling
AKT kinase activity, as well as by its
connection to the cytoskeleton via parvin,
the LAMA4−integrin−ILK pathway is
central in converting extracellular signals
into intracellular survival pathways.
Mutations in this system affect endothelial
cell and cardiomyocyte survival and lead
to cardiomyopathy. RTK, receptor tyrosine
kinase; Tb4, thymosine-b4.

The 785C>T (Ala262Val) ILK mutation, found in an individual with DCM,
was unable to rescue the loc/ilk phenotype and shows a 63% reduction in the
in vitro kinase activity assay, thus pointing to a loss-of-function mutation. This is
in accordance with a recently published report in which ILK overexpression was
associated with adaptive effects 32 and another report in which ILK deficiency led
to heart failure. 30 In addition, it has also been reported recently that ILK improves
neovascularization by the recruitment of endothelial progenitor cells during hypoxia.33
Therefore, the loss of ILK function is also able to explain the loss of endothelial cells
in the individual carrying the 785C>T (Ala262Val) ILK mutation. The present data
on endothelial cells are also in line with the severe, embryonic lethal defect seen in
endothelial cell-specific ILK knock out animals.34 Moreover, ILK has been implicated
in cardiac mechanosensation,29, 35 which previously has been shown to be able to
affect cardiac function.20 Therefore, the 785C>T (Ala262Val) ILK mutation might also
be able to cause heart failure by negatively affecting cardiac mechanosensation,
which might be linked to forms of maladaptive hypertrophy.
Interestingly, heterozygous ILK or LAMA4 knock out mice do not develop any
known phenotype, which indicates that ILK or LAMA4 haploinsufficiency might not
be a disease causing mechanism in these models 5, 6, 10. However, due to their longer
life span and thus higher biomechanical stress, humans are at risk to develop heart
failure due to more subtle genetic constellations. In addition, the ILK and LAMA4
knock out mice harbor a null allele, whereas our patients harbor either a nonsense
(3217C>T (Arg1073X) LAMA4) or a missense mutation (2828C>T (Pro943Leu)
LAMA4 or 785C>T (Ala262Val) ILK) which might act in a dominant negative fashion.
Moreover, the heterozygous ILK or LAMA4 deficient mice have not been challenged
by any additional stressors, such as pressure or volume overload, which might be
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able to unmask a potential phenotype.
In summary, several lines of evidence point to a disease-causing role of
mutations within the laminin, integrin and ILK system (2828C>T [Pro943Leu] LAMA4,
3217C>T [Arg1073X] LAMA4 and 785C>T [Ala262Val] ILK). First, all mutations
were located within highly conserved areas of the molecule (Figure 4). Second,
all mutations were found in patients affected with severe cardiomyopathy and not
in any unaffected individual. Third, the 2828C>T (Pro943Leu) LAMA4 mutation
is predicted to change the conformation of the molecule. Fourth, the 3217C>T
(Arg1073X) LAMA4 mutation abolishes many of the LG domains of the protein and
hence interrupts interaction with integrins. Fifth, LAMA4 is known to act as a survival
factor for endothelial cells,24 which are found to be severely affected in all carriers of
the mutation (Figure 7). Sixth, a recently published LAMA4-/- mouse model develops
a severe form of cardiomyopathy. Seventh, lama4 “knock-down” in zebrafish and in
zebrafish loc/ilk heterozygous embryos results in a severe endothelial cell and heart
phenotype. Eighth, with the mutant LAMA4 proteins, a significant loss of endothelial
cell attachment was observed in present experiments (Figure 7). Ninth a mutation in
the ILK gene (785C>T (Ala262Val)) was also associated with a defect in endothelial
cells and heart failure. Injection of synthetic mRNA encoding zebrafish Ilk (Ala262Val)
into loc/ilk mutant embryos cannot rescue the hemorrhages or cardiac dysfunction,
whereas injection of WT ilk mRNA does so very efficiently. Moreover, this mutation
is associated with a significant loss of kinase activity. Finally, the flexchip BIAcore
system protein interaction analysis points to significant defects in the interaction
between mutant LAMA4 and integrin molecules.
By disturbing the interaction of endothelial cells and cardiomyocytes with the
extracellular matrix, we conclude that mutations located within the laminin-integrinILK system may cause cardiomyopathy and heart failure.
Implications
To the best of our knowledge, this is the first systematic screen for mutations in
the laminin-integrin-ILK system in cardiomyopathy and we provide a new genetic
basis for this disease in human (see Figure 8 for a model of the laminin-integrin-ILK
system). In addition, endothelial cells may provide a new target for the development
of novel cures for DCM. DCM, in contrast to hypertrophic cardiomyopathy (which
arises primarily by mutations in sarcomeric genes) might be caused by parallel
defects in several cell systems.
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Materials and Methods
Subjects, Polymerase Chain Reaction, and Sequencing
Written informed consent for the study was obtained from all participants and local
ethical committees approved experimental plan. Polymerase chain reactions were
performed in MJ Research Dyad thermal cyclers (Waltham, MA). Primers were
designed to amplify 10 integrin interacting LAMA4 exons (Genbank: NT_025741)
as well as the complete coding ILK DNA (Genbank: AJ404847 and NM_002290)
for sequencing. The human mutations have been annotated with the Human
Genome Variation Society (HGVS) nomenclature (please see for more details the
supplementary Table 1).
Molecular Modeling
The structures of LAMA4 LG 1 wild-type (WT) and LAMA4 LG 1 Pro943Leu were
created by homologous modeling using the program MODELLER version 6v2.18
The structure of laminin-a2 LG5 domain with pdb-ID 1qu0 was used as template.
Images were created using the program PYMOL v 0.98 (DeLano, W.L. The PyMOL
Molecular Graphics System, DeLano Scientific, San Carlos, Calif).
Interaction Analysis
The lama 4 variants were cloned into the vector pGEX2T (GE Healthcare,Munich,
Germany) and expressed as fusion proteins with glutathione S-transferase in
Escherichia coli DH5a. The variants were extracted from cell lysate using glutathioneagarose beads (Sigma-Aldrich, Munich, Germany). The glutathione S-transferaseLAMA4 fusion proteins were eluted in PBS buffer containing 100 mM reduced LGlutathione (Sigma-Aldrich) and dialyzed overnight at 4°C against PBS buffer.
Surface plasmon resonance (SPR) was performed to analyze the interaction of
a3b1 integrin and LAMA4 variants with a BIAcore 2000 system (BIAcore, Uppsala,
Sweden). 525 pg of α3b1 Integrin (Chemicon, Temecula, Calif) was immobilized
on a C1 sensor chip (BIAcore) by amine coupling according to the manufacturer’s
instructions. Equimolar amounts of purified recombinant LAMA4 (WT, Arg1073X
and Pro943Leu) were injected to measure the increase of mass by the change of
the refractive index on the sensor chip upon interaction of LAMA4 with the chip’s
surface. The resulting curves were evaluated with BIAeval (BIAcore) to analyze
the differences in binding of the LAMA4 variants. Regeneration was achieved by
injections of 0,003 % TWEEN (Sigma) and dissociation in running buffer, which was
the same buffer used for LAMA4 dialysis.
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Morpholino Injections
Antisense morpholino oligonucleotides (MOs) where obtained from GeneTools
(Philomath, Ore). The lama4 MO has been described previously.19 One nanoliter
of morpholino solution was injected in the zebrafish embryo at the 1-cell stage, and
embryos were incubated at 28oC until the proper stage for analysis.
Blastomere Transplantation
We injected donors at the 1-cell stage with 2% biotin-dextran and 1% rhodaminedextran (Molecular Probes, Carlsbad, Calif). At the blastomere stage we performed
reciprocal transplants (WT to ILK, n=4; ILK to WT, n=2) with unidentified progeny of
loc+/- x loc+/- crosses. We identified mutant embryos among donors and recipients
only later, when phenotypes became evident. We processed transplanted specimens
for whole-mount staining of co-injected biotin-dextran.
Immunohistochemistry and Quantification of Endothelial Cells
Immunohistochemistry was performed as described previously.20 Anti-LAMA4
antibodies were provided by Drs. Erhard Hohenester and Tatako Sasaki. The rabbit
anti-human von Willebrand factor antibody was provided by Dako Cytomation
(Hamburg, Germany). Endothelial cells were detected with von Willebrand factor
immunostaining, counted on 4-5 high-power-field magnifications per genotype (i.e.,
control heart tissue [donor heart biopsy] and in the biopsy samples available from
the individuals carrying the mutations) and expressed as percentage of total cells
(identified by nuclear staining with DAPI).
Cell Attachment Assay
Mutant LAMA4 proteins have been cloned, expressed and purified, according to
published procedures,21 except that we used a Strep tag (IBA, Göttingen, Germany)
instead of a His tag.
The cell-attachment assay was performed essentially as described previously.22
Briefly, 96 well plates were coated with 30 µl of WT or mutant LAMA4 protein (0.5
µM) overnight at 4° C. The next day, plates were washed with PBS and blocked
with 7.5% bovine serum albumin (in endothelial cell basal medium, PromoCell,
Heidelberg, Germany) for 1 hour at 37°C. Human umbilical vein endothelial cells
(HUVEC; density 1x105 cells/ml) were then seeded onto 96-well plates (100 µL per
well) and allowed to adhere for 3 hours at 37°C. Plates were washed twice with
PBS, fixed and stained with 0.5% crystal violet in methanol for 2 min. After extensive
washing, the insoluble dye taken up by the adherent cells was extracted in 0.1 M
sodium citrate / 100% ethanol (1:1), and the absorbance of the solution was read at
540 nm. Results are expressed as percent of control (WT LAMA4).
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In Vitro Kinase Assay
COS1 cells transfected with expression vectors encoding human Flag-tagged
ILK or mutants were lysed in cell lysis buffer containing 50 mM HEPES pH 7.5,
150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl2, 1% Triton X-100, and 10% glycerol,
2 mM NaF, 1 mM Na3VO4, 1 µg/ml leupeptin and 1 µg/ml aprotinin. The lysates
were incubated with anti-Flag monoclonal antibody M2 (Sigma) for 1h at 4°C, and
immune complexes were bound to Protein A Sepharose (Amersham Biosciences)
for an additional 1h with mixing. The immunoprecipitates were extensively washed
with HNTG buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100 and 10%
glycerol). Each immunoprecipitate was divided into 2 equal fractions, 1 of which was
immunoblotted using anti-Flag antibody and the other was subjected to kinase assay.
ILK kinase assays were performed in 40 μl kinase reaction buffer (50 mM HEPES pH
7.0, 10mM MnCl2, 10 mM MgCl2 , 2 mM NaF, 1 mM Na3VO4), containing 10 µCi of
[γ-32P]ATP and 5 µg myelin basic protein. Reactions were incubated at 30°C for 25
min, stopped by the addition of 2X SDS-PAGE sample buffer and resolved by 12,5%
SDS-PAGE. Results were visualized by autoradiography.
Statistical Methods
Differences in cell adhesion between the control (adhesion on WT LAMA4) and
test (adhesion on P943L, R1073X, or R1073Q LAMA4) group, respectively, were
determined by Student t-test for unpaired means. Differences in the percentage
of von Willebrand factor–positive cells in biopsy samples from patients (n=4 to 5
sections per group) were also determined with Student t test for unpaired means.
Values are expressed as mean SEM unless otherwise stated. Probability values
<0.05 were considered statistically significant.
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Supplementary Data
Supplementary Figure 1. Zebrafish ILK is
required for endothelial cell survival. A,B) semithin sections of comparable regions in the
brain of 2 dpf embryos. Arrowheads indicate
ilk expression (A) and VE-cadherin expression
(B) in endothelial cells analysed by in situ
hybridization. C,D) At 2.5 dpf, O-dianisidine
haemoglobin blood staining of wt sibling embryo
shows normal blood circulation from the cardinal
vein, across the yolk and back to the heart
(C). In loc/ilk mutant embryos haemorrhages
(arrowhead) in different parts of the head are
observed (D). E-H) Semi thin sections after
endothelial AP staining of wt sibling (E,G)
and loc/ilk mutant embryos (F,H). Arrows in E
and F indicate brain blood vessels at similar
position within the embryo, showing vessel dilation and a decrease in vessel wall thickness observed in
loc/ilk mutant embryos. The arrow in H points to local rupture of a blood vessel in the mutant embryo. I,J)
Ultra-thin electron microscopy sections of the primordial brain channel in the wt sibling embryo (A) and
loc/ilk mutant embryo (B) show aberrant endothelial cell morphology in loc/ilk mutant embryos compared
to wt sibling embryos. Scale bar = 0.5 µm, EC; endothelial cell, L; blood vessel lumen.

Supplementary table 1. Single nucleotide polymorphisms identified in LAMA41
SNP

Amino
Acid change

2

N/A

3

N/A

5

Arg1073Gln

6

N/A

rs2032568

Exon29

Ser1110Gly

rs2032567

Exon29

Arg1112Pro

rs1050349

Exon29

7
8
9

N/A

10

N/A

Reference
SNP
(refSNP) ID
rs2072019

Gene
Exon27
Exon28
Exon28

Exon30
Exon30

Flanking Sequence

SNP Name*

TGATGTCTGAG/
ATAAAATATGA
ACTTGAAAAGC/
TATAACAGAAA

IVS26[-48]G>A

ATA GA A GTTC G/
AAACACCAGCT
T C T TA C A AT T T /
CCTTTCTCTCC
TGGATTCAGCA/
GGTGGCCCTGT
AGCGGTGGCCC/
GTGTGCATCTT
AGTCATCAAAG/
AAACTGAATAT
GCTGGCAACT/
ATCCAGGAGAG

IVS27[-48]C>T
3218G>A
3225C>T
3328A>G
3335G>C
IVS29[-42]G>A
IVS30[+56]T>A

Distribution of different
alleles in controls
CC
358
CC
197

CT
1
CT
128

TT
0
TT
36

GG
343
CC
33
CC
34
CC
199
GG
356
TT
357

GA
16
CT
150
CT
150
CG
128
GA
5
TA
2

AA
0
TT
178
TT
178
GG
35
AA
0
AA
0

*�����������������������������������������������������������������������������������������������������
Notation: Exon and 5’-UTR variants are numbered by position from the start codon (ATG) in the mRNA;
for intron variants, INx[+n] indicates the number of nucleotides (n) from the start of intron x (INx) and INx[–
n] indicates the number of nucleotides (n) from the end of intron x (INx); 3’-UTR variants are numbered
+n indicating the number of nucleotides (“n”) from the third position of the stop codon in the mRNA.
Distribution of different alleles was significantly different between the control and DCM population. SNP 1
= 2828C>T���������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������
(Pro943Leu) and SNP 4 = 3217C>T�������������������������������������������������������
��������������������������������������������������������������
(Arg1073X) are depicted in table 1 in the manuscript.
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Materials and Methods
Subjects, PCR and sequencing
Written informed consent for the study was obtained from all participants. PCR
reactions were performed in MJ Research Dyad® thermal cyclers (Waltham, MA).
11 pairs of oligonucleotide primers were designed to amplify 10 LAMA4 exons and
generate overlapping fragments (435 base pairs) of LAMA4 (Genbank: NT_025741)
for sequencing. Twenty-five microliter PCR reactions were performed using 25
ng of DNA (or H2O for negative controls), 25 mM of MgCl2, 10 mM of dNTPs, 20
µM of primer, and 0.5 U/reaction of Amplitaq Gold® Taq DNA Polymerase (Applied
Biosystems, Foster City, CA, www.appliedbiosystems.com). Taq polymerase was
heat activated by incubation at 95°C for 15 min. The reaction was cycled 40 times
with a denature step of 95°C for 30 seconds, an annealing step of 65.8°C for 1 min,
an elongation step of 72°C for 1 min, and a final elongation step of 72°C for 8 min.
Ten microliters of PCR product was used to verify amplification (or the absence of
amplified product in negative controls) on a 1% agarose gel using electrophoresis.
Fifteen microliters of PCR products were purified with Exonuclease I (3 U/reaction)
and Shrimp Alkaline Phosphatase (0.8 U/reaction) by incubation at 37°C for 30 min,
and then at 85°C for 15 min.
Sequencing reaction was performed according to Applied Biosystem’s
BigDye® Terminator v3.1 Cycle Sequencing Kit Protocol (2002). Sequencing reaction
was purified using Sephadex® G-50 DNA Grade beads (Sigma Scientific, St. Louis,
MO, www.sigmaaldrich.com). Ten microliters of Hi-Di Formamide was added to the
purified sequencing reaction. Sequencing was performed on an ABI Prism® 3100
Genetic Sequencer (Applied Biosystems, Foster City, CA,. The Phred, Phrap,
Consed suite of sequence analysis software was used to automate base calling,
assemble sequence fragments, and visualize sequence data. PolyPhred was used
to detect heterozygous sites; SNPs were re-verified via Consed graphical interface
and manually on the ABI chromatogram.
Constructs and primers
The full-length Ilk sequence was derived from the zebrafish EST RZPD clone
LLKMp964C135Q2 (sequence identical to GenBank Acc# BC056593) and subcloned
into a pCS2+ vector using EcoR1/SnaB1 restriction sites. Primer sequences of SNP
markers used for fine mapping the loc mutation were: SNP1: ttgtaaatgtgcgtctcaac;
aatgcccataagtgaagagg SNP2: cgcgatcacatgtttcc; agtgacagaaatgaccatgc.
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Chapter 4
Zebrafish integrin-linked kinase is required
in skeletal muscles for strengthening the
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Abstract
Mechanical instability of skeletal muscle cells is the major cause of congenital
muscular dystrophy. Here we show that the zebrafish lost-contact mutant, that lacks
a functional integrin-linked kinase (ilk) gene, suffers from mechanical instability of
skeletal muscle fibres. With genetic and morpholino knock-down experiments we
demonstrate that; 1) laminin, itgα7, Ilk and b-parvin are all critical for mechanical
stability in skeletal muscles. 2) Ilk acts redundantly with the dystrophin/dystroglycan
adhesion complex in maintaining mechanical stability of skeletal muscles. 3) Ilk protein
is recruited to the myotendinous junctions, which requires the ECM component laminin
and the presence of itgα7 in the sarcolemma. 4) Ilk, unexpectedly, is dispensable
for formation of the adhesion complex. Ilk, however, is required for strengthening the
adhesion of the muscle fibre with the ECM and this activity requires the presence
of a functional kinase domain in Ilk. 5) We identified a novel interaction between Ilk
and the mechanical stretch sensor protein MLP. Thus, Ilk is an essential intracellular
component downstream of laminin and itgα7, providing strengthening of skeletal
muscle fibre adhesion with the ECM and therefore qualified as a novel candidate
gene for congenital muscular dystrophy.
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Introduction
Human muscular dystrophy is an inherited myogenic disorder characterised
by progressive muscle wasting (Emery, 2002). The disease can be subdivided
into several groups, e.g. Duchenne muscular dystrophy and congenital muscular
dystrophy. Duchenne muscular dystrophy is caused by mutations in the sarcolemmal
protein, dystrophin (Hoffman et al., 1987), which is part of the dystrophin glycoprotein
complex. The dystrophin glycoprotein complex also contains dystroglycan, a
transmembrane protein complex that interacts via its α-subunit with laminin-a2
(lama2) in the extracellular matrix (ECM) and with its β-subunit to dystrophin in the
cytoplasm (Lisi and Cohn, 2007). Congenital muscular dystrophy is a heterogeneous
group of autosomal recessively inherited muscular disorders characterised with
hypotonia and weakness at birth or within the first few month of life (Emery, 2002).
These maladies can be caused by mutations in either collagen VI, lama2, integrina7 (itga7) or in genes encoding for proteins involved in the glycosylation of αdystroglycan (Lisi and Cohn, 2007).
Collagen and laminin are structural proteins present in the ECM forming
the basement membranes to which muscle fibres will attach. Laminins are crossshaped, heterotrimeric, extracellular proteins consisting of one a, one b and one g
laminin chain. Besides lama2, also lama4 and lama5 are present in the basement
membrane of skeletal muscles (Sorokin et al., 2000). Lama2-deficient mouse and
zebrafish models have been generated that display severe muscular dystrophy
phenotypes, which, in the case of the zebrafish lama2 mutant, was characterized
by muscle fibre detachments from the basement membrane without sarcolemmal
rupture (Hall et al., 2007; Miyagoe et al., 1997).
At the plasma membrane, dystroglycan and itga7b1 are the major receptor
for laminins in skeletal muscles (von der Mark et al., 1991). Integrins are a family of
heterodimeric transmembrane proteins composed of α and β subunits that mediate
interactions between the cell and the ECM (Danen and Sonnenberg, 2003). As
expected, itgα7-deficient mice display symptoms of progressive muscular dystrophy
starting soon after birth (Mayer et al., 1997). This was attributed to an impaired
function of the myotendinous junction (MTJ), which provides structural stability
between the muscle fibre and the ECM. Although initially independent functions for
itgα7 and the dystrophin glycoprotein complex in muscle integrity was suggested
(Mayer et al., 1997), a later study demonstrated a genetic interaction between itgα7
and dystrophin pointing to complementary roles in maintaining muscle integrity
(Rooney et al., 2006). Although a role for the itga7b1 complex in muscle cell
integrity has been recognized for some time now, there is little understanding of the
intracellular components interacting with the integrin receptor complex, required to
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provide mechanical stability to the skeletal muscle.
The focal adhesion protein Integrin-linked kinase (ILK) was first identified
because of its ability to bind to the intracellular domain of the b1-integrin subunit
(Hannigan et al., 1996). ILK also interacts with paxillin, PINCH and b-parvin,
connecting it to the actin cytoskeleton (reviewed in (Legate et al., 2006). Previous
studies showed that ILK protein can localize to costameres in cardiac cells (Chen
et al., 2005) and the sarcolemma in skeletal muscle cells (Yamaji et al., 2001).
Furthermore, we and others showed that ILK deficiencies in mouse and zebrafish
results in reduced cardiac contractility and altered cardiomyocyte cell shapes resulting
in a dilated cardiomyopathy (Bendig et al., 2006; Knoll et al., 2007; White et al.,
2006). In addition we identified functionally relevant mutations in the integrin-binding
domain of lama4 and in ILK of patients with a severe dilated cardiomyopathy (Knoll
et al., 2007). A recent study demonstrates that loss of ILK in skeletal muscle fibres of
9-month-old mice leads to a muscular dystrophy phenotype (Gheyara et al., 2007).
The mechanism, however, by which ILK regulates skeletal muscle fibre stability in this
model, remains unclear. Earlier studies in C. elegans and Drosophila demonstrated
an essential role for ILK in respectively body wall muscle and flight muscle function
and integrity (Mackinnon et al., 2002; Zervas et al., 2001). Furthermore, these studies
demonstrated that ILK does not require any kinase activity for its function suggesting
that ILK is mainly acting as a scaffold protein. Several in vitro studies however, have
suggested that ILK mediates signalling via its kinase activity downstream of integrin
receptors (Dedhar, 2000; Delcommenne et al., 1998; Persad et al., 2001).
We previously isolated from a forward genetic screen the zebrafish lostcontact (loc) mutant, which harbours a premature stop codon mutation in the ilk gene,
resulting in a complete loss of Ilk function (Knoll et al., 2007). Here we show that the
loc/ilk mutants are characterised by consistent skeletal muscle fibre detachments
along the zebrafish body. Ilk protein is recruited to the MTJ, the sites at the somite
boundaries where skeletal muscle fibres attach to the basement membrane. This
recruitment of ILK protein requires the presence of lama4 and itga7. Mechanistically,
our data suggests that Ilk is dispensable for the assembly of the MTJ complex but
is required for strengthening the adhesion of the muscle fibres with the basement
membrane when mechanical forces increase, which is dependent on the presence
of a functional kinase domain. Furthermore we show that Ilk act redundantly with the
dystrophin glycoprotein complex during skeletal muscle fibre adhesion, highlighting
the suitability of the zebrafish model to uncover the molecular mechanisms linking Ilk
activity and congenital muscular dystrophy.
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Results
Zebrafish Ilk is required for skeletal muscle integrity
Although zebrafish loc/ilk mutant embryos initially exhibit normal swimming
behaviour, they become progressively paralysed by 4 days post fertilization (dpf),
which was accompanied by retraction of skeletal muscle fibres at various locations in
the trunk and the tail (Fig. 1A,B). Despite this, muscle differentiation markers such as
myoD and MyoC, were expressed normally in loc/ilk mutants (Supplementary Fig.
1). To investigate the integrity of the actin cytoskeleton in the skeletal muscle fibres,
we used phalloidin-TRITC to stain filamentous actin in embryos at 4.5 dpf. In 50% of
loc/ilk mutant embryos (n=69), we
observed the retraction of the actin
cytoskeleton in a proportion of
skeletal muscle fibres (Fig. 1C,D).
Using an antibody recognizing
sarcomeric α-actinin we observed a
similar retraction of the cytoskeleton
in loc/ilk mutant embryos (Fig. 1E,F).
The progressive paralysis of the
loc/ilk mutant embryos suggests
that the muscle detachments are
induced by mechanical stress.
Figure 1. Skeletal muscle detachments in
loc/ilk mutant embryos. A,B) Transmitted light
images of tail regions in wt (A) and loc/ilk mutant
embryos (B) at 4.5 dpf. Muscle fibre retractions
are indicated with arrowheads. C,D) Phalloidin
staining and confocal images of wt sibling embryo
(C) and of loc/ilk mutant embryo (D) at 4.5 dpf.
Muscle fibre detachments are apparent in 50%
of the loc/ilk mutant embryos (arrowheads). E,F)
α-actinin antibody staining of wt sibling (E) and
loc/ilk mutant embryo (F) at 4.5 dpf. Regions
of muscle fibre detachments are indicated
by arrowheads. G-J) Phalloidin staining and
confocal images of uninjected control embryo
(G), uninjected loc/ilk mutant embryo (H),
dystroglycan MO injected wt embryo (I) and a
dystroglycan MO injected loc/ilk mutant embryo
(J). Tail regions of 2dpf embryos are shown.
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Indeed, raising Ilk deficient embryos under anesthetizing conditions (see Materials
and Methods) rescues the muscle detachments completely (ilk MO injected embryos,
77% muscle detachments (n=70; ilk MO injected embryos raised under anesthetising
conditions, 0% muscle detachments (n=65)).
The late defects in muscle fibre attachments to the ECM observed in the loc/ilk
mutants (day 4.5) compared to the much earlier defects reported for the lama2
mutant candyfloss (day 1.5) (Hall et al., 2007), suggest that parallel pathways play
redundant functions in adhesion of the muscle fibre to the ECM. Previous studies have
shown that both the laminin-integrin interaction as well as the laminin-dystroglycan
interaction is required to anchor the sarcolemma to the ECM and that both pathways
act redundantly (reviewed in Jimenez-Mallebrera et al., 2005). To determine whether
Ilk and dystroglycan have redundant functions we injected dystroglycan MOs in wild
type and loc/ilk mutant embryos. Injection of a dystroglycan MO in wild type embryos
resulted in skeletal muscle detachment starting at day 4 (Supplementary Fig. 2). In
addition, we observed much earlier and severe muscle fibre detachments in embryos
deficient for both dystroglycan and Ilk, which were not observed in single dystroglycan
MO knock-down embryos or loc/ilk mutant embryos (Fig. 1G-J). In embryos deficient
for both dystroglycan and Ilk, muscle fibre detachments were already apparent at
day 2 (12/12) (Fig. 1J). These results demonstrate a cooperative function of Ilk and
the dystrophin glycoprotein complex in muscle fibre attachment.
Ilk localizes to the myotendinous junctions
Ilk mRNA is abundantly present in the somites of the developing zebrafish embryo
(Fig. 2A,B). To study how the observed phenotypes correlate with the presence of
the Ilk protein in skeletal muscles, we generated a GFP-Ilk fusion construct. Injection
of synthetic ilk-gfp mRNA in loc/ilk mutant embryos resulted in an efficient rescue
of the loc/ilk mutant phenotypes (Table I), demonstrating that the GFP-Ilk fusion
protein is fully functional. Upon injection of ilk-gfp mRNA we observed GFP-Ilk in
the cytoplasm of the myoblasts at the 10-somite stage (15 hpf) (Fig. 2C,D), which
could be easily distinguished from a membrane-GFP protein localisation (Fig 2E,F).
At 24 hpf, the localization of the GFP-Ilk protein changes from cytoplasmic into a
very specific accumulation of the GFP-Ilk fusion protein at the somite boundaries
(Fig. 2G,H). Using an Ilk-specific antibody we confirmed the localization of Ilk at
the somite boundary (Supplementary Fig. 3). Ilk localization occurs after somite
boundaries are established (Holley, 2006) and we did not observe any visual defects
in somite boundary formation in the loc/ilk mutants (data not shown), suggesting that
zygotic Ilk is not required for somite boundary formation. Laminin deposition occurs
at the somite boundaries after boundary formation and at the time of Ilk recruitment
from the cytoplasm to the somite boundary (Crawford et al., 2003). Laminins at
the somite boundary form the basement membrane to which the skeletal muscle
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fibres are attached by their MTJs (Hall et al., 2007). Paxillin and vinculin are focal
adhesion proteins present in MTJs. Their localization to the MTJ is not dependent
on Ilk, since they localize normally in loc/ilk mutant embryos (Fig. 2I and J and data
not shown). Together these data demonstrate that Ilk is recruited from the cytoplasm
to sarcolemma at the MTJ during early stages of muscle fibre formation but is not
required for the assembly of the MTJ protein complex.
Figure
2.
Ilk-GFP
cellular
localization. A,B) Whole mount ISH
with dig-labelled antisense ilk mRNA
at 15-somite stage (A and inset) and
24hpf (B). Wt embryos injected with
synthetic mRNA encoding GFP-ILK
(C and D) or memGFP (E and F).
Images were taken at the 10-somite
stage (15 hpf) at the region of the
forming somites. The GFP-Ilk protein
shows a predominant cytoplasmic
localization at this stage. G,H)
Uninjected wt embryo (G) and a
wt embryo injected with synthetic
mRNA encoding GFP-Ilk (H) at
24hpf. GFP-Ilk protein localization at
the somite boundaries is indicated
by arrowheads. I,J) Anti-paxillin
antibody staining and confocal
images of a wt embryo (I) or loc/ilk
mutant embryo (J) at 3dpf.

Ilk recruitment to the MTJ requires lama4 and the integrin alpha-7 receptor.
To address the question whether integrin receptors are required for the recruitment
of Ilk to the MTJ, we first identified a zebrafish skeletal muscle specific itga7 gene
(Fig. 3 A-C). To perform loss of function analysis on the zebrafish skeletal musclespecific itgα7 we designed an itga7-splice MO, which prevented the splicing of
intron 1 upon injection of the MO at the 1-cell stage (Supplementary Fig. 4A,B).
Injection of the itga7 MO resulted in normal embryos that were indistinguishable
from uninjected control embryos during the first 2 days of development. Starting on
day 3, itga7 morphant embryos became paralysed with an accompanying retraction
of the actin cytoskeleton in skeletal muscle fibres (32 out of 44 embryos, Fig. 3D,E)
Similar results were obtained with a second independent itga7 ATG MO (Fig. 3F).
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Figure 3. Knock-down of
zebrafish itga7 results in
muscle fibre detachments
A) Phylogenetic tree of the
itga6 and itga7 sequence
of several species. itga1 of
c.elegans and Drosophila
was used as an outer group.
B,C) Whole mount ISH with
dig-labelled antisense itga7
mRNA at 15-somite stage
(B) and 24hpf with cross
section (C). F-H) Compared
to wt embryos at 4dpf (D)
injections of itga7-splice
MO (E) or itga7-ATG MO
(F) result in muscle fibre
detachments.

To address whether a reduction in itgα7 levels would affect localization of Ilk
to the MTJs, the itga7 MO was co-injected with the ilk-gfp mRNA. While localization of
ILK to the MTJ was observed in control embryos (Fig. 4A), a cytoplasmic localization
of Ilk with reduced Ilk protein at the MTJ was observed in the itga7 MO knockdown embryos (Fig. 4B). Additionally, we observed a strong reduction in paxillin
localization to the MTJs in itga7 embryos (Fig. 4D,E). Since lama4 is present in the
basement membrane of skeletal muscles and we previously showed a strong genetic
interaction between lama4 and ilk (Knoll et al., 2007), we studied Ilk localization in
lama4 MO knock-down embryos. We observed a loss of Ilk at the MTJ in lama4 MO
knock-down embryos (Fig. 4C). Also paxillin is no longer recruited to the MTJs in
lama4 MO knock-down embryos (Fig. 4F). Together these results demonstrate that
Ilk recruitment to the MTJs requires the presence of itga7 at the sarcolemma and
lama4 in the basement membrane.
Ilk is required for strengthening of the MTJ
To address whether it is exclusively the actin cytoskeleton retracting in loc/ilk mutant
embryos or whether other components of the cell adhesion complex also retract,
we stained 4.5 day old loc/ilk mutant zebrafish larvae with an antibody recognizing
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Figure
4.
GFP-Ilk
and
paxillin
protein
localizations in itga7
and lama4 morphant
embryos. A-C) Injection
of gfp-ilk mRNA in wt
embryos results in GFPIlk protein localisation to
the MTJ at the somite
boundaries in 24hpf
embryos (A). Reduced
GFP-Ilk protein localization in embryos co-injected with an itga7-ATG MO (B) or lama4-ATG MO (C). D-F)
Anti-paxillin antibody staining on wt embryos (D). Reduced paxillin localization to the MTJ at the somite
boundary in itga7-ATG MO (E) or lama4-ATG MO (F) injected embryos at 24hpf.

vinculin. Before muscle retractions are visible in loc/ilk mutant embryos, vinculin
localizes normally to the MTJ. We only observed a loss of vinculin from the
myotendinous junctions at regions where the actin filaments had retracted (Fig.
5A,B). Higher magnification of the retracting fibres revealed that the vinculin remained
attached to the f-actin fibres (inset in Fig. 5B). This suggested that Ilk is involved in
more than simply anchoring the actin cytoskeleton with the integrin receptors in the
membrane. It is conceivable that Ilk may be required for extracellular adhesion of
the muscle fibre with the ECM by, for example, modifying integrin adhesion to the
ECM. To investigate this hypothesis we made use of a transgenic line expressing
membranous GFP in all tissues including the sarcolemma of muscle fibres. In wt
embryos, the f-actin filaments of skeletal muscle cells are properly surrounded by
the sarcolemma, visualized by the memGFP (Fig. 5C-E). In itga7 MO knock-down
embryos, however, we observed a complete retraction of both the actin cytoskeleton
and the sarcolemma of the affected muscle fibres (Fig. 5F-H and Supplementary
Fig. 5A). Interestingly, upon loss of Ilk we also observed a similar and complete
retraction of the sarcolemma from the ECM (Fig. 5I-K and Supplementary Fig. 5B),
demonstrating a requirement for Ilk in strengthening adhesion of the MTJ complex
with the ECM.
Ilk K220M cannot rescue loc/ilk mutant phenotypes.
Although in vitro studies have suggested that ILK can phosphorylate GSK-3b and
Akt/PKB (Dedhar, 2000; Delcommenne et al., 1998; Persad et al., 2000)���������
,��������
rescue
experiments in Drosophila and C. elegans demonstrated that ILK in vivo kinase
activity is dispensable for proper development in these organisms (Mackinnon et al.,
2002; Zervas et al., 2001). Therefore, we examined the phosphorylation of Akt/PKB
and GSK-3b in loc/ilk mutant embryos. We observed, however, no difference in the
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Figure
5.
Plasma
membrane retractions of
skeletal muscle fibres.
A,B) Double labelling
with anti-vinculin antibody
(green) and phalloidin
(red)
in
wt
sibling
embryos (A) and loc/ilk
mutant embryos (B) at 4.5
dpf when muscle fibres
detach (arrow). Inset
shows vinculin staining
at the tip of the f-actin
filaments (inset in B; white
arrowheads). C-K) Double
staining for phalloidin (red)
and memGFP (green) as
separate images or as an
overlay taken from a wt
embryo (C-E), an itga7
MO injected embryo (FH) and an ilk MO injected
embryo (I-K) in a region
where
muscle
fibres
detached (arrow) at 4.5
dpf.

phosphorylation levels of Akt/PKB on ser 473 and GSK-3b on ser 9 in loc/ilk mutant
embryos compared to their wt siblings (Fig. 6A). Next we addressed the question
whether ILK variants, which have been associated with reduced in vitro kinase
activity, are still able to rescue the loc/ilk phenotypes in vivo. We replaced glutamic
acid 359, a conserved residue located in sub domain VIII (Hanks and Hunter, 1995),
to a lysine (E359K). We also mutated����������������������������������������������
���������������������������������������������
Lys 220, which is located in the ATP binding
site of the kinase sub-domain II. This lysine residue is conserved among all other
serine/threonine kinases and is essential for kinase activity (Hanks and Hunter,
1995; Snyder et al., 1985). To investigate in vivo functionality we introduced these
point mutations in the GFP-Ilk fusion protein and expressed the protein in zebrafish
embryos. Introduction of the E359K, K220M and K220A missense mutations had no
effect on protein levels (Fig. 6B).
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Figure 6. Lysine 220 is essential for in vivo Ilk function. A) Phosphorylation of Akt/PKB at ser 473 and
GSK-3β at ser 9 is not altered in loc/ilk mutant embryos. Whole embryo lysates of wt sibling embryos
and loc/ilk mutant embryos at 3 dpf show identical amounts of phosphorylated Akt/PKB and GSK-3β by
Western blot analysis using an anti-phospho Akt/PKB ser 473 or an anti-phospho GSK-3β ser 9 antibody.
Western blotting with a non-phospho specific Akt/PKB antibody using the same lysates shows identical
levels of Akt/PKB protein present in both samples. Anti-GAPDH was used as an additional loading control.
B) Relative expression levels of Ilk in embryonic extracts of uninjected (control) or gfp-ilk, gfp-ilk K220M
and gfp-ilk K220A mRNA injected embryos. C-F) An uninjected control embryo with a weak and nonspecific autofluorescence (C). Embryos injected with synthetic mRNA encoding wt GFP-Ilk (D), GFPIlk E359K (E) or GFP-Ilk K220M (F) all show a normal localization of the GFP-Ilk protein to the MTJs
located at the somite boundary. G-J) Muscle detachments are obvious in loc/ilk mutant embryos (G).
The phenotypes including muscle detachments of loc/ilk mutant embryos were rescued by injection with
synthetic mRNA encoding wt Ilk (H) or Ilk E359K (I). No rescue was observed in loc/ilk mutant embryos
injected with mRNA encoding Ilk K220M (J).

Furthermore, we observed that these mutant GFP-Ilk proteins all localized
to the MTJ comparable to the wt form of the protein (Fig. 6C-F). To address whether
the E359K, K220M and the K220A variants are functional in vivo, we expressed the
mutant Ilk proteins in loc/ilk mutant embryos. Loc/ilk mutant embryos were injected
with synthetic mRNAs encoding the different Ilk variants and scored for phenotypic
rescues, including skeletal muscle detachments (Fig. 6G-J and Table I). While
injecting wt ilk and ilk E359K mRNA rescued the loc/ilk mutant phenotypes including
the skeletal muscle detachments, injection of 4x the concentration of either the ilk
K220M or ilk K220A mRNA was ineffective (Table 1). In conclusion, these results
demonstrate that lysine 220 of zebrafish Ilk is required for its in vivo function during
skeletal muscle adhesion.
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Table Ι: Rescue of the skeletal muscle detachments upon injection of various concentrations
of wt and mutant ilk RNA.
n

wild-type
embryos# (%)

Embryos with muscle
detachments# (%)

138

74

26

gfp-ilk (20 pg) in loc/ilk

69

90

10

gfp-ilk (80 pg) in loc/ilk

68

95

5

gfp-ilk (160 pg) in loc/ilk

47

96

4

gfp-ilk-K220M (80 pg) in loc/ilk

63

70

30

gfp-ilk-K220M (160 pg) in loc/ilk

66

73

27

gfp-ilk-K220A (160 pg) in loc/ilk

60

74

26

injection
uninjected loc/ilk

# visualized by phalloidin staining

Ilk interacts with���������������������
beta-parvin and
��������
MLP
Muscle cells can sense their mechanical load and upon mechanical stress they can
respond with changes in gene expression. One of the key regulators for the stretch
sense response in cardiac muscles is the sarcomeric muscle LIM protein CRP3
(MLP/CRP3) (Knöll et al., 2002). It is believed that upon the stretch sense response
MLP/CRP3 is able to activate the pro-hypertrophic gene program, thereby stabilizing
striated muscle cells during mechanical stress (reviewed in Ehler and Perriard, 2000).
Since MLP/CRP3����������������������������������������������������������������������
������������������������������������������������������������������������������
and Ilk can both be located at the Z-disc in cardiomyocytes and both
have been suggested to play a role in the cardiac mechanical stretch sensor (Bendig
et al., 2006; Knöll et al., 2002), we analyzed whether both proteins can interact in vitro.
By yeast-two hybrid analysis we indeed observed a strong interaction between the Ilk
and MLP/CRP3������������������������������������������������������������������
��������������������������������������������������������������������������
proteins. We
�������������������������������������������������������
found that human wild-type ILK as well as K220M-ILK
interacts with human MLP/CRP3 and mouse MLP/CRP3 (Fig. 7A). Using deletion
constructs, we observed that ILK interacts with MLP/CRP3 amino acids 82-140. This
interaction was found while the yeast colonies were grown on stringent selection
plates, pointing to strong interaction of both proteins (Supplementary table 2).
We next identified a zebrafish homologue of the mouse MLP/CRP3 gene.
We found that in zebrafish mlp/crp3 is expressed ubiquitously including the
somites at early stages and more specifically in the heart at 48 hpf (Fig. 7B-D).
To address whether MLP/CRP3 is required to maintain skeletal muscle integrity
we injected a splice-MO targeting the boundary of exon 3 to intron 3 in mlp/crp3.
Injection of the mlp/crp3 splice MO efficiently blocked splicing of intron 3, introducing
a premature stop codon upstream of the second LIM domain (Supplementary
Fig. 4). Embryos injected with the mlp/crp3 MO and stained with phalloidin, did
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Figure 7. In vitro interaction of ILK
with MLP and b-parvin. A) Yeast two
hybrid analysis of ILK interaction with
Muscle lim protein (MLP) and b-parvin:
Schematic diagram illustrates the
recombinant expressed MLP and the
full length b-parvin. Below the human
MLP are the full-length and the deletion
mutants of mouse origin that were
generated to assess the interaction
between ILK and MLP. Schematic
representations are as follows Control
empty plasmid pGBKT7, hMLP (Fulllength), mMLP (Full-length) and various
regions of mMLP, and full length bparvin. Quantification of the interaction
was based on beta-galactosidase
activity with growth on medium (+) and
stringent (++) selection media (see
also Materials and Methods section
and Supplementary table 1). B-D) In
situ hybridisation with dig-labelled
antisense mlp probe at 15 somite stage
(B), 24hpf (C) and 48hpf (D). Arrowhead
marks mlp mRNA expression in the
heart. E-G) In situ hybridisation with
dig-labelled antisense b-parvin probe
at 12 somite stage (E), 30 hpf (F)
and 48 hpf. Arrowheads marks bparvin expression in the heart (G). H,I)
Phalloidin staining of f-actin in 5 dpf wt
non-injected embryo (H) compared to
mlp/crp3 MO injected embryo (I). No
muscle fibre defects were observed in
mlp/crp3 MO injected embryos. J,K) Phalloidin staining of f-actin in 4 dpf wt non-injected embryos (E)
compared to b-parvin-MO injected embryos (F). Severe muscle fibre detachments were observed in bparvin morphants.

however not show any skeletal muscle detachments (Figure 7H,I). b-parvin/
affixin is also located at the Z-disc and binds to Ilk in vitro (Yamaji et al., 2001).
The reported interaction between Ilk and b-parvin������������������������������������
is of particular interest since the
phosphorylation of b-parvin������������������������
by Ilk is required for b-parvin�����������
binding to a-actinin in
vitro (Yamaji et al., 2004). Using the yeast two-hybrid system, we confirmed the
interaction of b-parvin���������������������
with Ilk. Zebrafish b-parvin is strongly expressed in the
somites and only weakly in the heart (Fig. 7E-G). To address whether b-parvin����
is
important for maintaining skeletal muscle identity we injected a MO targeting b-
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parvin. The b-parvin morphant embryos look normal up to day 4. Starting at 4.5
dpf the b-parvin morphant embryos become paralyzed, which is accompanied by
severe muscle fibre detachments (Fig. 7J,K). Together these results demonstrate
the interaction of Ilk with both MLP and b-parvin������������������������
. While MLP seems to be
dispensable for skeletal muscle adhesion, b-parvin�������������������������������
is essential for this process.

Discussion
Although the role of integrins in the formation of adhesion complexes at the
MTJ has been recognized for a long time, there is only little understanding of the
intracellular components of this specialized adhesion complex in skeletal muscles.
A very recent report demonstrated that Ilk deficiency in skeletal muscles results in
muscular dystrophy phenotypes in mice resembling those observed in case of itgα7
deficiencies (Gheyara et al., 2007). It remained, however, unclear how ILK can be
placed in the previously identified laminin, integrin and dystroglycan pathways and
whether vertebrate ILK has similar functions in skeletal muscles as ILK has in muscle
fibres of invertebrates. Here we show that zebrafish loc/ilk mutants, with a loss of
function allele in the ilk gene, develop with severe skeletal muscle detachments
similar to what was observed in lama2 (Hall et al., 2007) or lama4 and itgα7-deficient
embryos (this study). The muscle detachments in loc/ilk mutants appear however
rather late when compared to those found in lama2-deficient embryos due to a
redundancy of the integrin-Ilk pathway with the dystrophin/dystroglycan complex
acting in parallel. In addition, we have demonstrated that Ilk is recruited to the MTJ
during early embryonic development, which requires laminins in the ECM and the
presence of itgα7 receptor in the sarcolemma. Unexpectedly, Ilk is dispensable for
recruiting other components of the adhesion complex, such as paxillin and vinculin,
but required for strengthening the adhesion of the MTJ with the ECM. For this,
the K220 residue within the Ilk kinase domain is required. Finally we identified a
novel interaction between Ilk and the mechanical stretch sensor protein MLP and
demonstrated that b-parvin, a known Ilk interacting protein, is required for muscle
adhesion similar to Ilk.
Ilk recruitment to MTJs
Initially Ilk protein resides in the cytoplasm of myoblasts to become recruited to
the somite boundaries at the time when myoblasts elongate and form the MTJ.
Vertebrate Ilk can interact with the cytoplasmic domain of itgβ1 (Hannigan et al.,
1996). In C. elegans, itgβ1 is required for the recruitment of Ilk to the adhesion
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sites in body wall muscles (Mackinnon et al., 2002). Surprisingly in Drosophila, itgβ1
does not interact with Ilk and Ilk localization to adhesion sites is not affected in itgβ1
mutants (Zervas et al., 2001). Since we anticipated that analyzing the role of itgβ1
in skeletal muscle attachment would be difficult due to an early requirement for itgβ1
in various processes (Fassler and Meyer, 1995; Stephens et al., 1995), we instead
studied itgα7, the major integrin alpha subunit in skeletal muscles. Here we now
demonstrated that itgα7 is also required for Ilk recruitment to the MTJ. Surprisingly,
although itgα7 is abundantly expressed in myoblasts at early stages (Fig. 3), Ilk
localization is predominantly cytoplasmic (Fig. 2). This is suggestive that Ilk may only
interact with itgα7β1 in the plasma membrane following activation of integrin receptors
by binding to the ECM. Itgα7β1 has been characterized as a laminin receptor and is
activated upon interaction with laminins in the basement membrane (Givant-Horwitz
et al., 2005 and references therein). Indeed, the redistribution of Ilk protein in the
myoblasts coincides with the deposition of laminin at the somite boundaries (Crawford
et al., 2003) and laminin in the ECM is required for Ilk recruitment to the MTJ (Fig. 4).
Ilk recruitment to cell adhesion sites by laminins might also occur in other cell types,
since we previously observed a strong genetic interaction between zebrafish Lama4
and Ilk in endothelial cells and cardiomyocytes (Knoll et al., 2007).
Ilk and muscle fibre adhesion
Our current study in skeletal muscle demonstrates an essential role for Ilk in
adhesion of the muscle fibre with the basement membrane. Others have suggested
that Ilk predominantly acts as an adaptor protein physically linking integrin receptors
with the actin cytoskeleton. These conclusions are supported by experiments in C.
elegans and Drosophila. In C. elegans, PAT4/ILK localizes to dense bodies in body
wall muscles and is required for the recruitment of other components of the adhesion
complex such as vinculin and UNC-89 (Mackinnon et al., 2002). From our data
presented here, however, we conclude that in zebrafish, Ilk is required to strengthen
adhesion between the muscle fibre and the basement membrane and that Ilk is
dispensable for building the MTJ adhesion complex. We made several observations
to support our conclusion. First, although Ilk is recruited to the MTJ, it is not required
for building the adhesion complex since paxillin and vinculin localize normally to the
MTJ in loc/ilk mutants. Second, muscle fibre detachments were observed rather
late (day 4.5) long after MTJs had formed (day 1). On the contrary, muscle fibre
detachments were observed much earlier in laminin-deficient embryos (day 1.5) (Hall
et al., 2007) or in itgα7-deficient embryos (day 3). Injecting ilk-ATG MOs targeting ilk
mRNA of maternal origin did not affect the timing of muscle detachments, excluding
the possibility that maternal Ilk is compensating for the loss of zygotic Ilk in the
MTJ. Third, in loc/ilk mutant embryos the entire plasma membrane retracts from the
basement membrane (Fig. 5). If Ilk is only required to link the cytoskeleton to the
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integrins in the membrane bound to the ECM, one would expect only the cytoskeleton
to retract when Ilk is removed. This indeed occurs in Ilk-deficient muscle fibres in
Drosophila, again suggesting a very different role for Ilk in Drosophila and zebrafish
during muscle fibre adhesion. In addition these observations, together with previous
observations made by others (Bendig et al., 2006), suggest that Ilk is involved in
mechanosensing and signalling in muscle cells. Muscle LIM-domain only proteins
are very well known for their role in mechanosensing and loss of MLP/CRP3 function
in both human and mice results in a dilated cardiomyopathy (Knöll et al., 2002). Loss
of Ilk in the cardiomyocytes also results in a dilated cardiomyopathy both in zebrafish
as in mice (Knoll et al., 2007; White et al., 2006). The interaction between Ilk and MLP/
CRP3 that we found makes ILK mechanosensor function now very likely and might
be able to link extracellular mediated signalling with intrinsic (MLP/CRP3 mediated)
signal transduction pathways important for muscle function and performance. The
fact that we did not observe any skeletal muscle detachments in mlp/crp3 knockdown embryos could be explained by its very low embryonic expression and by
a possible redundancy with other LIM-domain only proteins present in zebrafish
skeletal muscles, which will be investigated in a future study.
Ilk kinase activity
Integrins are transmembrane proteins that are believed to lack any endogenous
enzyme activity. For intracellular signalling, integrins depend on the association with
the non-receptor kinases, FAK (focal adhesion kinase), ILK and PYK2 (proline rich
tyrosine kinase 2). Although ILK was identified as a serine/threonine kinase based
on some conservation with other kinases and its in vitro kinase activity, a conundrum
remained about the significance of this kinase activity in vivo. Rescue experiments
in Ilk-deficient Drosophila and C. elegans demonstrated that in these organisms, Ilk
kinase activity is dispensable for its in vivo function (Mackinnon et al., 2002; Zervas
et al., 2001). Our data presented here demonstrate that the same Ilk K220M variant
that efficiently and completely rescues Ilk-deficient Drosophila embryos, does not
rescue any of the phenotypes observed in the zebrafish loc/ilk mutant. These results
would be in agreement with the previous observations that mutations affecting Ilk
kinase activity correlate with reduced contractility of cardiac muscles in zebrafish and
human (Bendig et al., 2006; Knoll et al., 2007). Alternatively, it could be that the K220
residue is not only required for kinase activity, but in addition also has an essential
structural function in an Ilk-protein interaction. Recently it has been suggested
that the functionally related FAK is not required for assembling the focal adhesion
complex upon integrin clustering (Schober et al., 2007). These authors show that
FAK is required for focal adhesion dynamics by regulating disassembly and actin
polymerisation by phosphorylation of downstream targets. Our data demonstrate
that in skeletal muscles, Ilk is also dispensable for focal adhesion assembly but
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is required for strengthening of the focal adhesion complex. In addition, our data
suggests that phosphorylation of downstream targets could be the underlying
mechanism. Interestingly, others have shown previously that the binding of b-parvin
with a-actinin requires the presence of Ilk with a functional lysine 220. These authors
suggested that phosphorylation of b-parvin by Ilk is required for the binding of bparvin to a-actinin (Yamaji et al., 2004). We have now shown that besides Ilk also
b-parvin is required for skeletal muscle adhesion.

Materials and Methods
Zebrafish lines.
Embryos and adult fish were raised and maintained under standard laboratory
conditions. We used the following lines: Tg(memb:GFP) (Cooper et al., 2005) and
loc/ilkhu801 (Knoll et al., 2007)
Muscle relaxation assay
Embryos were raised in 0.02% tricaine methanesulfonate in E3 medium with 0.02%
tricaine methanesulfonate from 48hpf onwards to prevent muscle contractions.
Treated and untreated embryos were fixed at 4.5dpf and stained with phalloidin to
visualize skeletal muscles.
Construct and primers
The full-length Ilk sequence was derived from the zebrafish EST Open Biosystems
clone 6796955 (sequence identical to GenBank Acc# BC056593) was described
before (Knoll et al., 2007). Ilk mutations were prepared by site-directed mutagenesis
(Stratagene) in Ilk-pCS2+ vector. For the GFP-Ilk fusion construct, EGFP of the
pEGFP-C2 construct (BD Biosciences) was subcloned (using PCR primers:
cgggatccaccatggtgagcaagggcgaggagc; gcgaattccttgtacagctcgtccatgccg) in the IlkPCS2+ vector by EcoR1/ BamH1 digestion. An itga7 EST clone containing the
entire ORF (Open Biosystems EXELIXIS2490190
�������������������������������������������
and GenBank
�����������������������
Acc# EB781151)
was sequenced. An itga7 dig-labelled anti-sense probe was synthesised from
this EST clone. Part of the itga7 genomic sequence is annotated on contig Zv7_
NA1974 of the zebrafish ensemble. We used the following RT-PCR primers. For
itga7 we used, F: 5’-cttctccgtggctctacac-3’ (exon 1) and R: 5’- cgagcagcaggaagttg3’ (exon 4) and for ef1a we used, F: 5’-ggccacgtcgactccggaaagtcc-3’ and R:
5’-ctcaaaacgagcctggctgtaagg-3’. The following primers were used to clone
the partial zebrafish mlp/crp3 gene (Ensemble: ENSDART00000053404) F:
5’-atggtttgtcgtaaaggtttgga-3’; R: 5’-�����������������������������
ctttaatctccaatggaaagtcgtt-3’. or b-parvin
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(ENSDARG00000019117): F: 5’-cgtgaaagaccttgaggaag-3’; R: 5’-tccgatcatcatttctgttg3’ in pTOPO. We used the following mlp RT-PCR primers 5’- gtcgtaaaggtttggacagc3’ (exon 3); R: 5’-aggaggcaaatactgacagc-3’ (exon 6).
Injections and morpholinos
All injections in this study were performed with 1-2 nl in 1 cell-stage embryos. Morpholino
antisense oligonucleotides (MOs; Gene Tools, Philomath, OR) were designed:
integrin α7-ATG MO, (5’-gacccacagagacatgaccagctcc-3’), integrin α7-splice MO (5’ctcagatcagtgcagactcaccagc-3’) and mlp-splice MO (5’-gtattttgaggacgtactcttgagg3’). ilk splice-MO (Knöll et al. 2007), laminin-a2-MO and laminin-a4-MO (Pollard
et al. 2006), dystroglycan-MO (Parsons et al., 2002), b-parvin MO (Bendig et al.,
2006), were used as described previously. A standard control MO was purchased
from Gene Tools, LLC. All MOs were diluted in Danieu’s buffer for injection.
In situ hybridization, immunohistology and staining
Whole mount in situ hybridization (ISH) was performed as described previously
(Thisse et al., 1993). F-actin was stained with phalloidin-TRITC (Sigma; 1:100). The
following antibodies were used: ILK (Upstate; 1:100), vinculin (Sigma; 1:200), αactinin (sarcomeric) (Sigma; 1:400), laminin (Sigma; 1:400), paxillin (Transduction
Laboratories; 1:200). As secondary antibody we used CyTM2/ CyTM3 conjugated antimouse/rabbit IgG (Jackson Immuno Research laboratories, 1:1000).
Western blot analyses
Protein extracts generated from 100 embryos were prepared using 1 ml/embryo
extraction buffer (250 mM sucrose, 100mM NaCl, 10mM EGTA, 20 mM HEPES,
1% triton X-100, 1mM PMSF, 10 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml
pepstatin A, 10 mM NaF, 1 mM Na3VO4 mM) at 4°C, centrifuged and 2x SDS-sample
buffer was added (1ml/embryo). Samples were subjected to SDS-polyacrylamide
gel electrophoresis, transferred to polyvinylidene difluoride membrane (Amersham
Pharmacia Biotech). Chemiluminescent detection was illuminated with Vistra ECL
(Amersham Pharmacia Biotech). Antibodies used: anti-ILK (Sigma; 1:500), anti-Akt
(Cell Signalling; 1:1000), anti-phospho-Akt (Cell Signalling; 1:1000), anti-phosphoGSK-3β (Cell Signalling; 1:1000), anti-GAPDH (Chemicon; 1:1000).
Yeast two hybrid interaction
The Muscle lim protein (MLP/CRP3) and b-parvin were cloned into pGBKT7 bait
vector and pretransformed into the Saccharomyces cerevisiae AH109 strain. All
the pretransformed bait including the deletion mutants of mouse MLP/CRP3 were
allowed to grow in the tryptophan drop out selection plates. The grown colonies were
analyzed for selfactivation of reporter gene and were found to be negative by the
filter lift assay. Further, the pretransformed colonies were cotransformed with human
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ILK-WT and ILK-K220M cloned in the prey vector pGADT7. The cotransformants
were subjected to medium selection (triple dropout medium, �������������������
SD/–His/–Leu/–Trp)
and high selection (���������������������������������������������������������
quadruple dropout medium, SD/–Ade/–His/–Leu/–Trp)
�������������������������������
growth
conditions to determine the strength of the interaction��������������������������������
. To confirm the specificity of
the interaction beta-galactosidase activity of each cotransformants were determined
according to the manufacturer’s protocol (Clontech, Moutain View, CA, USA).
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Supplementary Data
Supplementary
Figure
1.
Skeletal
muscle
differentiation in loc/ilk mutants. A-D) In situ
hybridisation with dig-labelled antisense myoC (A,B)
and myoD (C,D) probes at 24hpf on homozygous wt
loc/ilk embryos (A,C) and mutant loc/ilk embryos (B,D).
Both muscle differentiation markers are expressed
normal in loc/ilk mutants.

Supplementary Figure 2. Morpholino mediated
knockdown of dystroglycan. A,B) Phalloidin staining
of f-actin on wt uninjected embryos (A) compared to
dystroglycan-MO injected embryos at 4dpf (B). Severe
muscle fibre detachments were observed in dystroglycan
morphants.

Supplementary Figure 3. Ilk whole mount
antibody staining. A-C) Whole mount antibody
stain on wt embryos at 24hpf (A) and 48hpf (B,C).
Ilk antibody localises at the somite boundaries
at these stages (arrow). Non-specific staining
in the skin is observed as well (arrowhead).
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Supplementary Figure 4. Controls for
morpholino mediated knock-down of
itga7 and mlp. A,C) RTpcr on cDNA of
itga7-splice MO (A) or mlp-splice MO (B)
injected embryos shows severe reduction
of the amount of wt transcript compared
to uninjected control embryos (uic). As
a control for the amount of cDNA, RTPCR for ef1a was performed. Larger
transcripts are observed in both the
itga7- splice MO and mlp- splice MO
injected embryos (asterisk). Sequencing
of these larger PCR product confirmed
the defective splicing of both transcripts
resulting in a introduction of a premature stop codon. The arrowhead indicates a non-specific PCR
product. B,D) Genomic sequence of itga7 exon1-intron1 boundary (B) and mlp exon3-intron3 boundary
(D) with MO-target site indicated and the premature stop codon present in the intron (in gray).
Supplementary Figure 5: Morpholino
mediated knockdown of itga7 or ilk causes
retraction of the complete skeletal muscle
cell. A,B) 3D reconstructions of confocal
images showing retracted muscle fibres
with membrane localized eGFP (green) and
f-actin (phalloidin stain in red). Muscle fibre
retractions were induced by morpholino
knockdown of itga7 (A) or ilk (B). Arrows
indicate retracted muscle fibres.
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Chapter 5
ubiad1, a novel gene required for
endothelial cell survival in zebrafish
Ruben Postel, Eric Rivera-Milla, Merel Oortveld, Jeroen Bakkers.
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Abstract
From a large-scale zebrafish mutagenesis screen for genes affecting blood
vessel stability we isolated mutant NS066. In mutant NS066 we observe severe
bleedings, cardiac oedema, loss of ventricle contraction as well as cranial necrosis.
Detailed analysis of the blood vessels in NS066 mutants shows that from 48hpf
onwards blood vessels regress due to loss of endothelial cells. The endothelial cell
loss is probably caused by apoptosis, since we observe increased apoptosis in
NS066 mutants compared to wild-type embryos. Genetic mapping of the mutation
resulted in the discovery of an early premature stop mutation in the gene, ubiad1
with an unknown function. Injection of the full-lenght wild-type ubiad1 mRNA in
NS066 mutants resulted in a complete rescue of all the mutant phenotypes, whereas
introduction of the stop mutation did not resulted in a rescue. Furthermore, morpholino
mediated knock-down of Ubiad1 in wild-type embryos resulted in a phenocopy of
all the NS066 mutant phenotypes. In addition we show that ubiad1 is expressed
maternally and becomes expressed ubiquitously during early developmental stages
in wild-type embryos, whereas we observe at 48hpf more specific ubiad1 mRNA
expression in vessel-like structures in the brain as well as expression in the heart.
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Introduction
Proper vascularization is essential for embryonic development as well
as revascularization after injury. In addition, the process of vascularization during
pathological conditions allows tumor expansion. Vascular development is tightly
regulated by pro-angiogenic and anti-angiogenic factors that act in the immediate
environment of endothelial cells. A positive balance of pro-angiogenic factors
induces endothelial cell proliferation, migration and survival resulting in the formation
of new blood vessels, whereas a prevalence of anti-angiogenic factors shifts the
balance towards blood vessel quiescence or even endothelial cell apoptosis and
vessel regression (Dimmeler and Zeiher, 2000; Duval et al., 2003). Defects in the
regulation of this balance can contribute to embryonic death and to different vascular
and immune diseases (Carmeliet, 2005; Rajagopalan et al., 2004; Tricot et al., 2000;
Winn and Harlan, 2005). Therefore, more understanding on the genetic control and
mechanisms that regulate the integrity and survival of blood vessels is important for
understanding normal development as well as pathological conditions.
In order to discover new components involved in the regulation and control
of blood vessel integrity a large scale N-ethyl-N-nitrosourea (ENU) mutagenesis in
zebrafish was performed. Here we describe the isolation of mutant NS066 in which
we observe vascular hemorrhages in several tissues. Genetic mapping and cloning
revealed that the NS066 locus encodes for the UbiA prenyltransferase domaincontaining protein 1 (ubiad1) gene.

Results
In NS066 mutants, vascular hemorrhages, defective blood circulation, heart
failure and cranial necrosis is observed.
In a forward genetic ENU mutagenesis screen for novel genes involved in blood vessel
maturation and integrity we screened for phenotypes that resemble the Integrinlinked kinase loss of function mutant lost contact (loc/ilk) in which we observed
cranial hemorrhages, due to loss of endothelial cell contact (Knoll et al., 2007). We
screened around 400 genomes resulting in the isolation of several mutants of which
one was mutant NS066 that we then analyzed in more detail.
NS066 mutant embryos developed normally during the first 30hpf.
Thereafter, we observed hemorrhages in the head and eyes as well as incidentally
in the somites, whereas this was never observed in wild-type embryos (Fig.1A,
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1B). Additionally, NS066 mutants lacked blood circulation through most of the
intersomitic blood vessels compared to wild-type embryos at 48hpf. At 50hpf,
NS066 mutant embryos started to exhibit arterial-venous shunts. In wild-type
embryos, blood circulates from the dorsal aorta towards the tip of the tail and then
returns back to the heart via the cardinal vein. However in the NS066 mutant a
connection between the dorsal aorta and the cardinal vein at the level of the
trunk caused the blood to return back to the heart earlier then normal. At 72hpf,
compared with wild-type embryos (Fig. 1C), NS066 mutants completely lacked
circulation and a pericardial edema
developed (Fig. 1D). In addition to
the blood circulation defects, we
observed a reduced contraction
of the ventricle and stringy heart
morphology. After 96hpf cranial
necrosis in the tectum and reduced
eye pigmentation was observed in
NS066 mutants (Fig. 1E and F).
The NS066 mutant embryos were
not viable and died around day 5.
Figure 1. Phenotypical characterization
of NS066 mutant embryos. A,B) Blood
staining on wild-type sibling embryos (A)
and NS066 mutant embryos at 48hpf (B).
White arrows indicate the bleedings in the
head, eyes and somites. C,D) Comparison
between wild-type sibling embryos (C) and
NS066 mutant embryos at 72hpf (D). E,F)
Compared to wild-type sibling embryos at
96hpf (E) NS066 embryos show severe
cranial necrosis (arrowheads in F).

Blood vessel regression and loss of endothelial cells in NS066 mutants.
In order to study the blood vessel defect in more detail, we crossed the mutation into
the Tg(Fli:eGFP) line, a transgenic line expressing the green fluorescent protein (GFP)
in endothelial cells throughout development. The blood vessels in NS066 mutant
embryos developed normally until 30hpf, compared to wild-type embryos. From 30hpf
onwards we observed that the intersomitic blood vessels sprout from the dorsal aorta
and connected with the dorsal longitudinal anastomotic vessel in both wild-type sibling
and NS066 mutant embryos (Fig 2A, 2B). Thereafter, blood vessel regression (Fig.
2C, 2G, 2K) and endothelial cell fragmentation (Fig. 2D, 2E) of the intersomitic blood
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vessels, dorsal longitudinal anastomotic vessel and blood vessels in the brain (Fig. 2I)
was observed in NS066 mutant embryos. This was never observed in wild-type sibling
embryos (Fig. 2A, 2F, 2J, 2H). In order to examine whether loss of endothelial cells in
NS066 mutants is caused by defective arterial/venous endothelial cell specification
we performed in situ hybridization with several arterial/venous specification
markers like, ephrinB2, ephrinB4, flt4, flt1 and notch3 on a NS066 batch of embryos
at 28hpf. We did not observe any aberrant expression pattern for any of these
markers in NS066 mutant embryos, suggesting that arterial/venous cell specification
in the NS066 mutant is not affected (data not shown).
Figure 2. Blood vessel regression and
endothelial cell fragmentation in NS066
mutant embryos. A-E) Compared to wildtype sibling Tg(NS066/fli1:egfp) embryos
(A) Tg(NS066/fli1:egfp) mutant embryos
initially form non functional intersomitic
blood vessels (B) that progressively
regress (C) due to endothelial cell
fragmentation (arrowhead, D,E) from
30hfp onwards. F-I) compared to wildtype sibling embryos at 72hpf (F and H),
increased intersomitic (G) and cranial (I)
blood vessel regression was observed
in NS066 mutant embryos (arrowhead).
J,K) Compared to wild-type sibling
embryos at 96hpf (J) almost complete
regression of the intersomitic and
anastomotic blood vessel was observed
in NS066 mutant embryos (arrowhead, K).
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Increased apoptosis in NS066 mutants.
In NS066 mutants we observed endothelial cell fragmentation and blood vessel
regression from 48hpf onwards as well as necrosis in the tectum after 72hpf. In
order to see if these phenotypes correlate with an induction of apoptosis in NS066
embryos, a Tunel assay was performed to visualize apoptosis in NS066 mutants at
48hpf. Compared to control embryos
in which low numbers of apoptotic
cells were apparent (Fig. 3A, 3C),
we observed a severe increase in
apoptosis throughout NS066 mutant
embryos at 48hpf (Fig. 3B, 3D).

Figure 3. NS066 mutants show increased
amount of apoptosis. A-D) Tunel assay on
wild-type sibling embryos (A and C) and NS066
mutant embryos at 48hpf (B and D). Visualization
of apoptosis in the head (A,B) and in the tail
(C,D).

The NS066 mutant allele encodes for UbiA prenyltransferase domain-containing
protein 1.
In order to identify the mutation in NS066 mutants responsible for the blood vessel
regression phenotypes, genetic mapping was performed with simple sequence length
polymorphism markers (SSLPs). Linkage was determined to chromosome 8 and fine
mapping with 900 mutant embryos with the SSLP marker z22307 narrowed down
the position of the mutation on contig: Zv7_scaffold 848 of the zebrafish genome
ensemble (Fig. 4A). Sequencing the coding regions of the genes on this contig
revealed a T⇒A mutation at position 123 in exon 1 of the UbiA prenyltransferase
domain-containing protein 1 (ubiad1, loc558410) gene resulting in a premature
stop codon of amino acid 41 (Fig. 4B). To investigate whether the premature stop
mutation in the ubiad1 gene can cause all the phenotypes observed in NS066
mutants, we injected wild-type ubiad1 RNA in NS066 mutant embryos. Indeed we
observed that injecting 80-160 pg wild-type full-length sense ubiad1 RNA rescued
all the NS066 mutant phenotypes completely (Table 1). ubiad1 RNA in which the
t123a mutation was introduced did not rescue the mutant phenotype (Table 1). In
addition, morpholino mediated knock-down of zygotic Ubiad1 protein in wild-type
embryos was performed in order to phenocopy the NS066 mutant. Compared to
uninjected wild-type control embryos (Figure 4C, 4E) injection of 2 ng of the ubiad1-
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splice MO in wild-type embryos resulted in vascular hemorrhages and necrosis
(Figure 4D, 4F), arterial-venous shunts, lack of circulation through the intersomite
vessels, pericardial edema (Figure 4D, 4F) and loss of ventricle contraction (Table
1). Injection of the ubiad1-ATG MO resulted in early embryonic defects such as brain
necrosis and pericardial edema already at 24hpf, probably due to knock-down of
maternal Ubiad1 (data not shown). Together these data show that the phenotypes
observed in NS066 mutant embryos are caused by a mutation in the ubiad1 gene,
resulting in a premature truncation of the protein and a loss of Ubiad1 function.

Figure 4. The mutant allele NS066 encodes for ubiad1. A) Genetic mapping of 900 mutant embryos
placed the position of the mutation close to the SSLP marker z22307. Several open reading frames were
located around this marker namely, ubiad1, mmp23 and cdc2l1. B) Sequencing of ubiad1 revealed a t
⇒ a mutation at position 123 resulting in a preliminary stop codon at amino acid 41 of the Ubiad1 protein
(asterisk in G). C-F) Compared to uninjected wild-type embryos (C and E) injection of an ubiad1-splice
MO in wild-type embryos resulted in cranial bleedings (white arrow), cardiac edema, heart failure and
cranial necrosis (black arrow) (D and F). G) Amino acid comparison between human, mouse, zebrafish
and Drosophila Ubiad1.
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Table 1: Rescue and phenocopy of the NS066 mutant phenotype.
n

% wild type
phenotype

% mutant phenotype

Uninjected ubiad1 batch

110

77

23

ubiad1 (40ng/µl)

70

98

2

ubiad1 (80ng/µl)

97

98

2

ubiad1 T123A (80ng/µl)

103

78

22

71

36

64

ubiad1-splice MO (3ng)

Ubiad1 mRNA expression pattern
The ubiad1 gene consists of two exons containing 1002 nucleotides encoding for
the 333 amino-acids long UbiA prenyltransferase domain-containing protein 1 (also
referred to as Transitional epithelial response protein 1, TERE1) (Fig. 4C). The
amino acid sequence of Ubiad1 protein is for 70% conserved between zebrafish and
human and its function is currently poorly understood. RT-PCR on cDNA and in situ
hybridization with anti-sense dig-labeled ubiad1 mRNA was performed to study the
expression pattern of ubiad1 mRNA during embryonic development. RT-PCR on 4cell stage cDNA shows abundant maternal ubiad1 mRNA expression (Fig 5A).

Figure 5. Expression of ubiad1 during zebrafish development. A) RTpcr on 4-cell stage cDNA or wildtype sibling (wt) and NS066 mutant cDNA at 55hpf. Water was taken along as a control and RTpcr for
ef1a mRNA expression as a control for the cDNA input of all samples. B-F) In situ hybridization for ubiad1
mRNA expression on wild-type 15-somite stage (B), 24hpf (C) and 48hpf (E,F) embryos. (G) Cardiac
ubiad1 mRNA expression at 48hpf. v, ventricle; a, atrium.
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Furthermore, RT-PCR on cDNA of 50 hours old wild-type and NS066 mutant
embryos showed that the mutation in ubiad1 mRNA had no effect on the stability
of the transcript and is not degraded by the process of nonsense mediated decay
(Fig 5A). In situ hybridization with dig-labeled anti-sense ubiad1 mRNA at 15-somite
stage (Fig. 5B) and 24hpf (Fig. 5C) wild-type embryos revealed ubiquitous ubiad1
mRNA expression. At 48hpf ubiad1 mRNA expression was decreased (Fig. 5D) and
more restricted to vessel structures in the brain (Fig. 5E,F) as well as expression in
the ventricle of the heart (Fig 5G). At 72hpf we observed only modest ubiad1 mRNA
expression in the jaw (data not shown).

Discussion
Here we described the isolation, mapping and cloning of mutant NS066
from a forward genetic mutagenesis screen for mutations affecting blood vessel
integrity. The NS066 mutant allele encodes for a potential prenyltransferase, UbiA
prenyltransferase domain-containing protein 1 (ubiad1). Bioinformatics analysis
suggested that Ubiad1 protein is an intrinsic transmembrane protein containing a
prenyltransferase functional domain, but prenyltransferase activity has never been
shown. Since it lacks the prenyltransferase catalytic domain it is unlikely to be a
bona fide prenyltransferase (unpublished observation E.R.M.).
We detected an early premature stop mutation at amino acid 41, just after
the non-conserved N-terminal part of the protein. In addition we were able to rescue
all of the NS066 mutant phenotypes with full-length ubiad1 mRNA even up to day
10 and morpholino mediated knock-down of zygotic Ubiad1 protein in wild-type
embryos, resulted in a complete phenocopy of NS066 mutants. All this suggests that
NS066 mutants contain no functional zygotic ubiad1 protein and thus mutant NS066
is likely to be a complete zygotic ubiad1 null mutant. Injection of an ubiad1-ATG
MO that is able to target and knock-down both maternal and zygotic Ubiad1 protein
production resulted in severe developmental defects already at 24hpf. This shows
that during early embryonic stages, Ubiad1 protein is essential for proper zebrafish
development. So far, Ubiad1 knock-out mice have not been reported and thus we
have described here the first vertebrate model system in which we can study in vivo
loss of Ubiad1 function.
Loss of the ubiad1 gene is described in Drosophila resulting in several
developmental defects including abnormal imaginal disc growth, hemocyte
overgrowth and melanotic tumors, and wing abnormalities (Ashburner et al., 1999).
A functional and detailed morphological analysis has not been reported. Here, we
showed that loss of the ubiad1 gene in zebrafish resulted in blood vessel regression
and loss of endothelial cells. This could be due to induction of apoptosis, since we
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observed an increase in apoptosis throughout NS066 mutant embryos at 2dpf. Colocalization studies with apoptosis markers like caspase-8, in endothelial cells of
NS066 mutant embryos should be performed in order to confirm this.
Recently it has been shown that in several families, dominant mutations in
the human ubiad1 gene have been linked to Schnyder crystalline corneal dystrophy
(SCCD) (Orr et al., 2007; Weiss et al., 2007; Yellore et al., 2007). SCCD is a rare
autosomal dominant disease characterized by progressive opacification of the cornea
due to local accumulation of lipids. Additionally, familial hypercholesterolemia is the
most common lipoprotein abnormality in patients with SCCD (Crispin, 2002). Since
ubiad1 encodes for a prenyltransferase containing domain protein and physically
interacts with the cholesterol transporter apolipoprotein E (McGarvey et al., 2005),
it has been suggested that Ubiad1 may play a role in cholesterol biochemistry or
prenylation of other proteins that transport and store cholesterol (Orr et al., 2007).
However, as discussed before a function in prenylation of other proteins is not likely
since it lacks catalytic prenylation sites and thus it is of great interest to investigate
the function of Ubiad1 in cholesterol syntheses and/or transport. In chapter 6, the
possible function of Ubiad1 is discussed in more detail.

Materials and methods
Zebrafish lines, morpholino injections and constructs
Embryos and adult fish were raised and maintained under standard laboratory
conditions.������������������������������
We used the following lines: Tg(fli1:egfp)y1, NS066 (Tuebingen
screen, 2005) and TL lines for Morpholino injections. Antisense ubiad1 splice
(5’-cggcttcatctcctgcatccaggag-3’) and ATG (5’-gaagccaatcggtatattcacctcc-3’)
morpholino oligonucleotides were obtained from GeneTools (Philomath, Ore). One
nanoliter of morpholino solution was injected in the zebrafish embryo at the 1-cell
stage, and embryos were incubated at 28oC until the proper stage for analysis.
The full-length zebrafish ubiad1 sequence (�������������������
ENSDARG00000013009) was derived
by PCR on cDNA with the primers: F: 5’-aggagatgaagccggctgcgctttc-3’ and R: 5’aaagaaattcacaataacggcaggct-3’ and cloned into the PCS2+ vector.
Forward genetic screen and mapping
Forward genetic screen was done as previously described (van Eeden et al., 1999).
As previously described, bulked segregate analysis (Michelmore et al., 1991)
on genomic DNA of 48 pooled mutant and sibling embryos was performed. Two
polymorphic microsatellite markers (SSLPs) per chromosome were tested on both
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pools and linkage was confirmed with single embryo PCR. Fine mapping of the
NS066 mutation was performed with several SSLP markers of which marker z22307
maps closest to the mutation.
In situ hybridisation, blood staining and Tunel assay.
Whole mount in situ hybridization (ISH) was performed as described previously
(Thisse et al., 1993). ������������������������������������������������������
For whole mount blood staining, dechorionated and PTU
treated embryos were incubated in 40% EtOH, 0.01M NaAc pH5.2, 2.0% H2O2, in
the presence of 0.8 mg/ml o-dianisidine. Following rehydration in a graded series
of EtOH/PBST, the embryos were stored in 50% glycerol at 4°C. Tunel
������������
assay
was performed as follows. At
�������������������������������������������������
48hpf, the embryos were fixed overnight in 4%
paraformaldehyde and dehydrated in PBS/methanol series; 50%, 70%, 95%, and
100% followed by incubation in 100% acetone at –20ºC (10 min) and three rinses in
PBS containing 0.1% Tween-20 (PBST) (5 min each). Embryos were permeabilized
by incubation in fresh 0.1% sodium citrate in PBST (15 min, RT), followed by three
rinses in PBST (5 min each). Embryos were assayed by TUNEL by using the In Situ
Cell Death Detection Kit (Roche).
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Chapter 6
General discussion
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General Discussion
In summary, we show in chapter 2 that galectin-1 is a receptor for the
angiogenesis inhibitor anginex and knock-down of galectin-1 in zebrafish leads to
blood vessel guidance and branching defects. In addition, a significant reduction
of tumor growth was observed in galectin-1 knock-out mice, suggesting galectin-1
as a target for angiostatic cancer therapy. In chapter 3 we show that mutations in
the laminin, integrin and ILK system results in dilation of cardiomyocytes as well
as dilation and loss of endothelial cells, providing a new genetic basis for dilated
cardiomyopathy in humans. In chapter 4 we show that laminin-induced localization of Ilk
at myotendinous junctions connects the ECM via itga7b1 with the actin cytoskeleton,
thereby strengthening zebrafish skeletal muscle attachments. Furthermore, genetic
interaction studies indicate that Ilk acts in parallel with dystroglycan, revealing Ilk
as a possible new factor involved in muscular dystrophy. In contrast to invertebrate
studies, the suggested ATP binding site of zebrafish Ilk is essential for its in vivo
function. In chapter 5 we describe the isolation, mapping and cloning of a zebrafish
ubiad1-null mutant, encoding a protein with a prenyltransferase-containing domain.
Loss of Ubiad1 in zebrafish resulted in severe blood vessel regression and endothelial
cell fragmentation, suggesting a function of Ubiad1 in the maintenance of blood
vessels.
Is there a link between galectin-1, ubiad1 and the laminin-integrin-ILK system?
A common phenotypic hallmark upon knock-down or loss of galectin-1, Ubiad1
or the laminin-integrin-Ilk system are bleedings due to blood vessel integrity and
maintenance defects. We therefore question and discuss based on the literature
whether these factors can potentially interact.
First, I discuss the possible interaction between galectin-1 and the lamininintegrin-ILK pathway, based on data that we and others described before. Galectins
have been shown to interact with several integrins (Fischer et al., 2005; Hadari et al.,
2000). We showed that knock-down of galectin-1 (chapter 2) or loss of Ilk (Chapter
3) results in respectively, blood vessel guidance/branching defects and blood vessel
dilation. The difference in phenotypic defects does not immediately suggest an
interaction between both proteins in endothelial cells. However, reason to discuss
a genetic interaction between the laminin-integrin-ILK pathway and galectin-1 came
from the combination of our data (chapter 4) that showed the importance of ILK in
skeletal muscle attachments and previous studies on the function of galectin-1 in
skeletal muscle cells.
Galectin-1 is involved in skeletal muscle determination, terminal differentiation
and regeneration as well as myoblast fusion (Georgiadis et al., 2007; Goldring et al.,
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2002; Watt et al., 2004). Interestingly, during skeletal muscle differentiation, galectin1 modulates the interaction of itga7b1 with fibronectin and laminin (Gu et al., 1994).
These authors showed that the modulation of the interaction between itga7b1 and
its ligands, laminin and fibronectin, by galectin-1 is selective. Galectin-1 inhibits
effectively the interaction between itga7b1 and laminin, whereas it does not interfere
with the binding of fibronectin to itga7b1. In addition, it has been described that
galectin-1 becomes secreted at a stage when terminal differentiation and myoblast
fusion starts (Cooper and Barondes, 1990). During zebrafish somitogenesis, integrins
interact with fibronectin in order to form the somite boundaries (Julich et al., 2005).
As described in chapter 4, after somite boundary formation is completed, laminin
induces localization of Ilk, via itga7b1, at the somite boundaries. Following this, Ilk is
able to connect via b-parvin with the actin cytoskeleton of the muscle fibres, thereby
establishing the myotendinous junctions.
We now can speculate that galectin-1 prevents myotendinous junction formation
before somite boundary formation, myoblast fusion and terminal differentiation
into myofibres is completed. Whether secretion of galectin-1 is lost after terminal
differentiation of skeletal muscle cells, remains to be determined. Knock-down of
galectin-1 in wild type and ilk mutant zebrafish embryos could reveal its in vivo
function in skeletal muscle as well as a possible genetic interaction between ilk and
galectin-1 in skeletal muscle cells. In addition, various galectins (e.g. galectin-3 and
8) as well as various integrin subunits become expressed in different tissues. Thus
it is possible that various galectins can regulate different integrin-ECM substrate
interactions, thereby regulating adhesive properties of various cell types.
Since, the function of Ubiad1 is not understood completely it is difficult to
suggest or discuss a possible interaction between Ubiad1 and galectin-1 or the
laminin-integrin-ILK system. However we did not observe any genetic interaction
between ilk and ubiad1 in a batch of zebrafish embryos from a cross between two
heterozygous ilk/ubiad1 zebrafish (data not shown).
Integrin-linked kinase: a bona fide kinase or a pseudo kinase.
In chapter 4, we provide evidence that the suggested ATP binding site (lysine 220)
of zebrafish Ilk is important for its in vivo function in skeletal muscle strengthening.
Due to compelling data from different research groups, considerable debate is still
ongoing as to whether the kinase domain of ILK is catalytically active or not.
In general, protein kinases catalyze the covalent attachment of phosphate
onto serine, threonine or tyrosine residues in target proteins. A protein is described
to be a bona fide protein kinase, whenever it consists of three conserved motifs
important for its catalytic activity. First of all, it must contain the Val-Ala-Ile-Lys (VAIK)
motif, in which the lysine residue interacts with the alpha and beta phosphates of ATP,
thereby anchoring and orienting the ATP. Secondly, the His-Arg-Asp (HRD) motif in
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which the aspartic acid is the catalytic residue that functions as a base acceptor to
achieve proton transfer. The third motif is the Asp-Phe-Gly (DFG) motif in which the
aspartic acid binds the Mg2+ ions that coordinate the beta and gamma phosphates of
ATP in the ATP-binding pocket. Whenever a protein with a kinase-like domain lacks
one or more of these motifs, they are predicted to be inactive kinases and therefore
termed, pseudo-kinases (Boudeau et al., 2006). ILK has been described to be a
pseudo-kinase, since it lacks the HRD and DFG motif in its kinase domain (Boudeau
et al., 2006).
To date, several in vitro studies have been published reporting ILK as the
kinase responsible for the phosphorylation of Akt/PKB and GSK-3b. From these
reports ILK is believed to function as the effector of phosphatidylinositol 3-kinase
(PI3-K) signaling (Dedhar, 2000), which positively regulates Akt/PKB activity
by phosphorylation of serine 473 and negatively regulates GSK-3b activity by
phosphorylation of serine 9 (Delcommenne et al., 1998; Persad et al., 2000; Persad et
al., 2001; Troussard et al., 2003; Troussard et al., 1999). Additionally, overexpression
of ILK suppresses anoikis by activating Akt/PKB (Attwell et al., 2003), and ILK activity
was constitutively upregulated in tumor cells lacking expression of the PI(3,4,5)P3
phosphatase tumor suppressor PTEN (Morimoto et al., 2000; Persad et al., 2000).
Reduced ILK activity in tumor cells resulted in the inhibition of Akt/PKB serine 473
phosphorylation, inhibition of cell cycle progression and stimulation of apoptosis
(Persad et al., 2000).
In contrast to all these data that suggest a catalytic function of ILK involved
in Akt/PKB and GSK-3b phosphorylation, other reports argue strongly against this
direct function of ILK. Two independent studies showed that the phosphorylation
of Akt/PKB by ILK is indirect and they suggest an adaptor function for ILK able to
activate another kinase that phosphorylates Akt/PKB on ser473 (Hill et al., 2002;
Lynch et al., 1999). Additionally, in ILK-deficient chondrocytes and fibroblasts,
phosphorylation of Akt/PKB and GSK-3b was not affected (Grashoff et al., 2003;
Sakai et al., 2003). Also in our zebrafish loc/ilk mutant (in Chapter 4) no altered
levels of Akt/PKB or GSK-3b phosphorylation were observed. All these data argue
against a role of ILK involved in phosphorylation of Akt/PKB or GSK-3b. Therefore,
the idea was postulated that the change in cell morphology, due to in vitro loss or
overexpression of ILK, indirectly influences the phosphorylation of Akt/PKB or GSK3b, since changes in cell morphology induce cell growth and survival (Chen et al.,
2005).
At present, the phosphorylation of Akt/PKB on ser437 is believed to be
regulated by the protein kinase, mTOR (Sarbassov et al., 2004). All these data thus
show that it is not likely that ILK is the potential kinase involved in Akt/PKB or GSK3b phosphorylation. Other studies showed that Ilk could phosphorylate myosin as
well as its myosin phosphatase target subunit, thereby regulating the contraction
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machinery of smooth muscle cells (Deng et al., 2001; Muranyi et al., 2002). In
addition it was shown that the binding of the actin cytoskeleton component, a-actinin
to b-parvin, is dependent on the kinase activity of ILK (Yamaji et al., 2004). This
suggested that ILK is catalytically active and can phosphorylate other components
in the focal adhesion complex. As discussed before in chapter 4, invertebrate
studies showed that the ATP binding site (lys220) of Ilk is dispensable for its in vivo
function (Mackinnon et al., 2002; Zervas et al., 2001) whereas we revealed that in
the vertebrate, zebrafish, the ATP binding site is important for its in vivo function. Our
zebrafish Ilk kinase activity assay experiments were, however, inconclusive since
the wild-type in vitro kinase activity was weak and the data of a loss-of-kinase activity
upon mutation of the ATP binding site were inconsistent. Additionally, we cannot rule
out the possibility that lysine 220 is involved in protein-protein interaction rather then
being involved in the catalytic activity of Ilk however there is no evidence for this yet.
Furthermore, it is possible that other kinases that were co-immunoprecipitated with
Ilk are responsible for the kinase activity in our assay. More understanding on the
function of lysine 220 of ILK in vertebrates and its involvement in the kinase activity
or protein-protein interaction should provide some answers in the ongoing debate on
the actual function of ILK.
Future experiments, for example with ILK K220M knock-in mice should also
provide data on the in vivo importance of this lysine 220 in higher vertebrates. In
addition, mass spectrometry on immunoprecipitated ILK focal adhesion complexes
could reveal other binding partners of ILK that possibly bind to lysine 220.
Is ubiad1 a new component involved in the regulation of cholesterol levels in
vivo?
In chapter 5 of this thesis, the mapping, cloning and characterization of a new
zebrafish mutant is described in which we observed severe cardiovascular defects
due to loss of ubiad1 gene function. Interestingly, the function of Ubiad1 protein is still
unknown. Several studies suggested a function for Ubiad1 in cholesterol metabolism
and/or transport based on the following observations. First, the majority of patients
with a mutation in Ubiad1 suffer from corneal cholesterol deposition and individuals
demonstrate a prevalence of hypercholesterolemia (Orr et al., 2007; Weiss et al.,
2007; Yellore et al., 2007). Second, a direct interaction between Ubiad1 and the
cholesterol transport protein, ApoE, was identified (McGarvey et al., 2005). In addition,
preliminary data from us show that chemical inhibition of the cholesterol synthesis
pathway resulted in more severe blood vessel regression and endothelial cell loss
in ubiad1 mutant embryos. Besides this we also observed a significant decrease
in cholesterol levels in ubiad1 mutants compared with wild type siblings. These
preliminary data suggest that loss of Ubiad1 in zebrafish results in decreased levels
of cholesterol, possibly also in endothelial cells, thereby resulting in endothelial cell
107

Identification and Characterization of Novel Genes by Reverse and Forward Genetics in Zebrafish

instability and eventually apoptosis. In patients with mutations in ubiad1, increased
lipid and/or cholesterol levels are observed, indicating that these mutations possibly
act as dominant activating mutations. Introduction of these highly conserved human
ubiad1 mutations in wild type and ubiad1 mutant zebrafish embryos provides more
information on the actual effect of these mutations and the function of Ubiad1.
In addition, evidence from studies in Drosophila and zebrafish indicated that
there are cholesterol-independent developmental defects associated with genes
in the cholesterol synthesis pathway (D’Amico et al., 2007; Thorpe et al., 2004;
Van Doren et al., 1998). A lack or block of upstream factors involved in cholesterol
synthesis resulted in primordial germ cell and myocardial progenitor cell migration
defects in flies and zebrafish, respectively. However these defects were independent
of cholesterol or its derivatives and identified the isoprenoid biosynthesis pathway
along the cholesterol synthesis pathway (Thorpe et al., 2004). Studies that cause
activation and inhibition of components along these pathways in ubiad1 zebrafish
mutants should reveal more information on the function of Ubiad1 in these
pathways.
Recently, a new zebrafish mutant was described in which loss of Birc2
resulted in blood vessel regression and endothelial cell apoptosis (Santoro et al.,
2007). The authors found that Birc2 positively regulates the formation of the tumor
necrosis factor receptor complex 1 in endothelial cells, thereby activating NF-kB
activation and maintaining vessel integrity and stabilization. In our ubiad1 zebrafish
mutant, similar blood vessel defects were observed and, possibly, loss of Ubiad1 in
endothelial cells results in the initiation of apoptosis via activation of the Birc2/NFkB pathway. In vitro RNAi mediated knock-down of Ubiad1 in endothelial cells can
be performed in order to study the cell autonomous effect of Ubiad1 in endothelial
cells and whether apoptosis in these cells is initiated via the birc2/NF-kB pathway. In
addition, we can inject DNA constructs of ubiad1 under the control of an endothelial
cell specific promoter (like the fli1 promotor) in ubiad1 mutant embryos and see if
we rescue apoptosis in endothelial cells. Thereby demonstrating whether Ubiad1 in
endothelial cells functions cell-autonomous or not.
The zebrafish is an excellent model system for cardiovascular gene
discovery
This thesis shows that the use of zebrafish as a model system for the discovery of
new genes involved in cardiovascular development and disease is very robust. First
of all, knock-down of galectin-1 (Chapter 2), loss of Ilk (Chapter 3) or loss of Ubiad1
(Chapter 5) in zebrafish resulted in severe cardiovascular defects. Since these
defects do not immediately affect the viability of these embryos, gene function can
be studied in vivo during development. This is in contrast to studies in mice where the
onset of severe cardiovascular defects during development mostly results in rapid
108

Ruben Postel

embryonic lethality. For example, conditional endothelial ilk knock-out mice suffer
from decreased placental labyrinth vascularization, resulting in a fast retardation of
the complete embryo and rapid embryonic lethality (Friedrich et al., 2004).
Second, many genes involved in early zebrafish development are maternally
expressed. Thus for those genes, zygotic loss of function does not affect early
embryonic development. For example, zebrafish Ilk-null mutants develop normally
the first day of development due to the availability of maternal ilk mRNA. However,
complete loss of ILK in mice results in early embryonic lethality at peri-implantation
stage. This allows us to study loss of Ilk in many tissues of zebrafish embryos, like
endothelial cells, the heart and skeletal muscle cells whereas in similar mice studies
several conditional knock-outs need to be constructed. In addition we can observe
and monitor these defects in vivo during zebrafish development, whereas this is not
possible in mice studies.
Conversely, compared with zebrafish, the hearts of mice resemble the
morphology and physiology of a human heart and thus mice serve as a better model
system for studying genes involved in cardiac function (such as the cardiac stretch
response). For example, cardiac pressure overload studies (by the method of aorticbanding) can be performed in mice in order to induce cardiac hypertrophy whereas
this is not possible in zebrafish. In addition, mice are also more suitable for studying
tumor angiogenesis, as shown in chapter 2, since tumor growth models are well
established in mice.
All this shows that zebrafish is an ideal model system for the identification
of new genes involved in cardiovascular development and disease. However, the
combination of both mice and zebrafish studies is essential for complete functional
understanding of genes involved in cardiovascular development and their implications
in disease.
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Samenvatting (voor leken)
Halverwege de jaren 70 ontdekte George Streisinger de voordelen van
het gebruik van zebravis als model organisme voor het bestuderen van genetische
processen tijdens de embryonale ontwikkeling. Voor die tijd waren de voordelen
van het gebruik van zebravis bij embryologische studies al bekend, namelijk de
snelle embryonale ontwikkeling van de transparante zebravis embryo’s vindt buiten
de moeder plaats waardoor embryologische processen makkelijk bestudeerd
kunnen worden onder de microscoop. Deze voordelen werden door Streisinger
gecomplementeerd met het genetische potentiaal van de zebravis, namelijk de
korte generatie tijd, zebravissen zijn relatief makkelijk genetisch te manipuleren
en daarnaast de grote hoeveelheid embryo’s die één paar vissen kan produceren
(meestal een paar honderd per keer). De afgelopen jaren is het gebruik van
zebravis voor het bestuderen van genetische processen tijdens de ontwikkeling dan
ook gestegen en worden er in vele laboratoria over de hele wereld grootschalige
genetische screens opgezet om zo te achterhalen welke genen, in welke processen,
betrokken zijn bij de ontwikkeling van een embryo. Daarnaast zijn rond de 70-80%
van de genen in zebravis ook te vinden in het DNA van de mens, waardoor genetische
studies in zebravis vaak vertaald kunnen worden naar aandoeningen bij de mens.
Tijdens mijn studie heb ik nieuwe genen bestudeerd die betrokken zijn bij de
ontwikkeling van het hart en de bloedvaten. Zebravis is hiervoor een ideaal model
systeem omdat zebravis embryo’s (in tegenstelling tot bijvoorbeeld muis embryo’s)
tijdens de vroege ontwikkeling niet afhankelijk zijn van een goed functionerende
bloedcirculatie. Zuurstof kan namelijk opgenomen worden uit het water. Dit maakt
het mogelijk om genen te bestuderen die betrokken zijn bij de aanleg van hart en
bloedvaten zonder dat dit effect heeft op de ontwikkeling van het embryo.
Om nieuwe genen te bestuderen die betrokken zijn bij hart en bloedvat
ontwikkeling heb ik gebruik gemaakt van ‘reverse’ and ‘forward’ genetica in
zebravis. Bij ‘reverse genetica’ wordt een gen waarvan we de functie nog niet weten
uitgeschakeld en vervolgens het effect van de uitschakeling bestudeerd tijdens
de embryonale ontwikkeling. Bij ‘forward genetica’ worden willekeurig mutaties
aangebracht in het DNA waarna de effecten van de mutaties tijdens de ontwikkeling
bestudeerd kunnen worden. Daarna kan, via een complex proces, het gen gevonden
worden waarin de mutatie zit die de embryologische afwijking veroorzaakt.
Veel genen die tijdens de embryogenese belangrijk zijn voor de ontwikkeling
van een embryo zijn vaak uitgeschakeld als de embryonale ontwikkeling afgelopen
is. Activatie van sommige van die genen op latere leeftijd in bepaalde cellen door
bijvoorbeeld mutaties in deze genen kan leiden tot de ontwikkeling van kanker. Veel
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onderzoeken zijn er dan ook op gericht om nieuwe therapieën te vinden die kanker
kunnen bestrijden en/of tegengaan. In hoofdstuk 2 van dit proefschrift laten we zien
dat galectin-1 een receptor is voor anginex, een inhibitor voor bloedvat ontwikkeling.
Via ‘reverse’ genetica in zebravis laten we zien dat uitschakeling van galectin-1
leidt tot bloedingen in zebravis embryo’s doordat vertakkingen van bloedvaten niet
op de juiste plaats worden aangelegd. Daarnaast observeren we een aanzienlijke
vermindering in tumor groei in muizen waarbij galectin-1 is uitgeschakeld, doordat
de aanleg van nieuwe bloedvaten in deze tumoren verstoord is. Dit alles laat zien
dat galectin-1 een target kan zijn voor het verstoren van de aanleg van nieuwe
bloedvaten in groeiende tumoren.
In een groot deel van de patiënten met een hart afwijking (cardiomyopathie)
zijn mutaties in bepaalde genen verantwoordelijk voor het veroorzaken van deze
symptomen. In patiënten met gedilateerde cardiomyopathie zijn in de meeste
gevallen mutaties gevonden in genen die betrokken zijn bij het contractie systeem
van hartspiercellen. Hierdoor verliest het hart zijn normale contractie capaciteit en
dit kan leiden tot het falen van het hart. In hoofdstuk 3 van dit proefschrift laten we
zien dat in een zebravis mutant (uit een ‘forward’ genetica screen) zonder integrinlinked kinase, dilatatie van bloedvatcellen en hartspiercellen leidt tot respectievelijk
bloedingen en hartfalen. Daarnaast laten we zien dat het gen laminin alpha-4 een
genetisch link heeft met integrin-linked kinase. Verder hebben we humane mutaties
in Laminin alpha-4 en Integrin-linked kinase geïdentificeerd bij patiënten met de
diagnose, gedilateerde cardiomyopathie. Dit alles laat zien dat naast mutaties in
genen van het contractie systeem, humane mutaties in het Laminin, Integrin en
Integrin-linked kinase systeem verantwoordelijk zijn voor een nieuwe vorm van
gedilateerde cardiomyopathie, waarbij de combinatie van gedilateerde bloedvatcellen
van het hart en gedilateerde hartspiercellen deze hart afwijking veroorzaken.
Het feit dat mutante zebravissen zonder integin-linked kinase zich kunnen
ontwikkelen zonder bloedcirculatie systeem maakt het mogelijk om ook latere
defecten in deze mutant te bestuderen. Zo laten we in hoofdstuk 4 zien dat naast
hart en bloedvat defecten het afwezig zijn van Integrin-linked kinase resulteert in
het loslaten van skeletspiercellen. Integrin-linked-kinase is daarmee een nieuwe link
tussen de membraan en het cytoskelet van skeletspiercellen en daarmee essentieel
voor de stabiliteit in deze cellen. Ook laten we zien dat aanwezigheid van lamininalpha-4 en integrin alpha-7 essentieel is voor de lokalisatie van integrin-linked
kinase op plaatsen waar skeletspiercellen aanhechten. Verder beschrijven we de
parallelle interactie tussen integrin-linked kinase en het dystrophin-glycoprotein
complex. Mutaties in componenten van het dystrophin-glycoprotein complex zijn al
eerder gecorreleerd aan verscheidene vormen van skeletspierdystrofie (bijvoorbeeld
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Duchenne spierdystrofie) en dus integrin-linked kinase is een potentieel nieuw gen
mogelijk betrokken bij het ontstaan van skeletspierdystrofie.
Sinds afwezigheid van integrin-linked kinase resulteert in bloedingen door
de instabiliteit van de bloedvaten, zijn we via ‘forward’ genetica op zoek gegaan
naar nieuwe mutanten die mogelijk defecten hebben in nieuwe genen betrokken bij
de stabilisatie van bloedvaten. In hoofdstuk 5 van dit proefschrift beschrijven we
een nieuw gevonden zebravis mutant. In deze mutant observeren we bloedingen
op verschillende plaatsen in het embryo doordat eerder aangelegde bloedvaten
afsterven. Daarnaast observeren we het falen van het hart door het verlies van
ventrikel contractie. De mutatie die deze defecten veroorzaakt is gelokaliseerd in
een gen genaamd, ubiad1. De exacte functie van dit gen is nog onbekend, maar
onze studie laat zien dat dit gen uiterst belangrijk is voor het intact houden van de
bloedvaten in zebravis.
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Dankwoord
Als eerste wil ik Jeroen bedanken dat ik in zijn lab (Bakkers Lab) mocht
werken. Ik heb veel van je kunnen leren en het was altijd prettig dat we met discussies
of beslissingen vaak op één lijn stonden. Je hebt binnen korte tijd een mooi lab
opgebouwd dat voor mij een voorbeeld is om mijn carrière in de wetenschap verder
uit te bouwen. Ik wens je dan ook heel veel succes met de toekomst van het lab en
het binnenhalen van de papers.
Samen met Sonja ben ik in het lab begonnen en een betere praktische
ondersteuning van mijn experimenten kon ik me niet wensen tijdens de promotietijd.
Ik heb veel hulp van je gehad en ook veel geleerd, behalve dan hoe ik het beste en
op een geordende manier mijn labjournaal en database moet bijhouden. In 4 jaar
heb ik steeds volgehouden aan een eigen systeem in een voor mij geordende chaos
en dat beviel me goed, maar ik hoop ooit de goede manier te leren. Als het lukt laat
ik het weten.
Een tijd nadat het Bakkers Lab was opgestart kwamen de eerste nieuwe
arbeidskrachten en studenten binnendruppelen. Naast Sonja kwamen vervolgens
Manon, Emma, Linda (student), Kristy (student) en Anne binnen. Inderdaad allemaal
vrouwen. Gelukkig werd na twee jaar deze evenwichtsverstoring in man/vrouw
verhouding binnen ons lab doorbroken door een van mijn studenten, Karel, die zo
groot is dat ie voor twee man gerekend kan worden (een inkoppertje is dan ook zijn
bijnaam Karel de Grote). Dat bracht de verdeling weer een beetje in evenwicht. De
laatste jaren zijn Kelly, Merlijn (student), mijn student Merel, Eric, Evelyn (student)
en Metamia (student) toegevoegd en ook soms weer vertrokken bij de Bakkertjes.
Nu na 4 jaar gaan en komen van mensen ga ik dan als laatste man het lab weer
verlaten en blijft er een Bakkersvrouwenlab over. Jeroen succes!!!. Natuurlijk wil ik
iedereen van het Bakkers Lab bedanken voor de leuke tijd. Daarnaast wil ik mijn
studenten, Karel en Merel bedanken voor het harde werken en jullie succes wensen
bij jullie wetenschappelijke carrières. Ik hoop dat ik het goede voorbeeld heb kunnen
geven.
En dan ‘De Mannen’. Jullie weten zelf wel wie ik bedoel. Met jullie heb ik
vaak mijn sociale labtijd in en buiten het lab doorgebracht en de menige onzin en
zin uit mijn mond laten rollen. Flater (Klater) Rex, de KK etc., waren toch wel vaak
legendarische avonden. Ook de aio-retraite met ons allen in de ‘Gorilla Hut’ en het
dagje ‘Winterberg’ zal ik niet snel vergeten. Mooie tijden. Iedereen is zo min of meer
het Hubrecht lab uitgevlogen op verschillende plekken over de wereld. Laten we
in ieder geval 3de kerstdag aanhouden als de dag van het drinken en eten op lang
vervlogen tijden. Het gaat jullie goed.
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Dan wil ik de huidige labgenoten en een verdwaalde kruytgebouw bewoner
(aaaaiigght) bedanken. Ook de nieuwe generatie die ik meer in het tweede deel van
mijn tijd op het Hubrecht heb leren kennen sluit naadloos aan bij de gekheid die je
als mens soms nodig hebt om goed te ontspannen. Vele borrels hebben dan ook
veel hilarische momenten en mooie foto’s opgeleverd. Daarnaast is door toedoen
van het Australische stel Kelly en Ben, Movember geïntroduceerd in ons lab. Dat
houdt in dat je binnen een maand (in november) je snor (een Mo) laat groeien voor
het goede doel. Respect for all the MoBro’s and MoSista’s. Ook heb ik zelf met
succes een van de edities (tot nu toe de laatste editie) van de ‘Labdance’ mogen
organiseren. Het wordt weer tijd voor een nieuwe ‘Labdance’ en ik zal er dan zeker
zijn.
Ook wil ik de dierverzorgers en alle medewerkers daaromheen bedanken,
omdat zij essentieel zijn geweest voor het werk tijdens mijn Hubrecht jaren. Zij waren
het die ervoor zorgden dat mijn vissen iedere dag weer goed te eten kregen en
verzorgd werden, zodat ze op elk moment van de week in de juiste romantische
stemming waren om een grote hoeveelheid bevruchte kaviaar te produceren,
waarna het injecteer-ritueel kon plaatsvinden. Ook wil ik alle vissen bedanken die
zich hebben opgeofferd in naam van de wetenschap.
Verder wil ik ook alle andere Hubrechters (wetenschappers en nietwetenschappers) bedanken voor hun goede samenwerking en organisatie. De
betrokkenheid en gedrevenheid van iedereen is naar mijn mening echt uniek.
Dan wil ik de ‘Albron’ catering bedanken voor de gastronomische
smaakverassingen die iedere dag tijdens de lunch mijn smaakpapillen op hol
brachten, om zo met de benodigde energie mijn dag weer door te komen.
Als laatste ben ik dan aangekomen bij de familie: Lea, Don, Raoul, Irma,
mijn nichtje Sara en mijn vriendin Margot die me altijd gesteund hebben tijdens de
afgelopen jaren. We hebben een moeilijke tijd doorgemaakt de afgelopen jaren met
de ziekte en het verlies van onze vader. Toch hebben we ons er goed doorheen
geslagen met z’n allen en doorgegaan met het verwezenlijken van onze eigen
dromen maar ook onze gezamenlijke droom en die van onze vader, het opknappen
van ons franse boerderijtje. Aangezien dit project in juni klaar zal zijn is het dan
ook een ideale kans om in het meest en ook vaak enige gelezen deel van het
proefschrift, reclame te maken voor ons prachtige franse huis. Kijk op de website:
www.fermepostel.nl en je vakantie kan gepland worden.
Ruben
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Curriculum Vitae
De auteur van dit proefschrift werd geboren op 31 maart 1978 te Heerlen. In 1997
behaalde hij het VWO diploma op het Sintermeerten College in Heerlen. Hierna
ging hij Biologie studeren aan de Universiteit van Utrecht. Tijdens zijn studie liep hij
onderzoekstages in het Hubrecht Instituut in utrecht (onder begeleiding van prof.
A.J. Durston) en bij de vakgroep experimentele neurologie (onder begeleiding van
dr. F.L. van Muiswinkel) in het Universitair medisch centrum Utrecht. In 2003 werd
het doctoraal examen Biologie behaald. In september van datzelfde jaar begon hij
als onderzoeker in opleiding (OIO) bij het Hubrecht Institute in utrecht in het lab van
dr. J. Bakkers. De resultaten van dat onderzoek staan in dit proefschrift.
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