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1.1 Introduction 

In October 1990, a worldwide effort had begun to determine the complete sequence 

of the 3 billion chemical base pairs that make up human genomic DNA. This 

ambitious project was named the Human Genome Project (HGP). Besides the 

identification of the human genome sequence, a second project goal of the HGP was 

to discover all of the at this time estimated human genes and to make them 

accessible for further biological study. In the spring of 2003, exactly 50 years after 

Watson and Crick first described the fundamental structure of DNA as a double 

helix, the HGP was completed. With the completion of the HGP, the estimated 

number of human genes dropped from more than 100.000 to 20.000-25.000. The 

final number, however, will remain unknown until firm biological evidence, such as 

gene activity, confirms each gene's existence. 

 

Although the completion of sequencing the human genome was a milestone for 

human genetics research, it’s in fact the proteins encoded by these genes that 

perform most life functions and make up the majority of cellular structures (Figure 

1). Proteins are molecules made up of smaller subunits, which are called amino 

acids. The chemical properties that distinguish the 20 different amino acids cause 

the protein chains to fold up into specific three-dimensional structures that define 

their particular functions in the cell. The constellation of all proteins in a cell is called 

its proteome. Unlike the relatively unchanging genome, the dynamic proteome 

changes from minute to minute in response to tens of thousands of intra- and 

extracellular environmental signals. A protein’s chemistry and behaviour are 

specified by its gene coding sequence and by the number and identities of other 

proteins, made in the same cell at the same time, with which it associates and 

reacts.  

 

The words of Winston Churchill, spoken in 1942 after 3 years of war, capture well 

the HGP era: "Now this is not the end. It is not even the beginning of the end. But it 

is, perhaps, the end of the beginning". The avalanche of genome data grows daily. 

The new challenge is now to use this vast reservoir of data to explore how DNA and 
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proteins work with each other and with the environment to create complex, 

dynamic living systems. Systematic studies of function on a grand scale – functional 

genomics – will be the focus of biological explorations in this century and beyond: 

studies in transcriptomics follow when, where, and under what conditions genes are 

expressed; studying protein expression and function – proteomics – will help 

elucidate the molecular basis of health and disease, which in turn provides 

applications for drug design; structural genomics initiatives are being launched 

worldwide to generate 3D structures of one or more proteins from each protein 

family, thus offering clues to function and biological targets for drug design; 

comparative genomics – analyzing DNA sequence patterns of humans and well-

studied model organisms side-by-side – has become one of the most powerful 

strategies for identifying human genes and interpreting their function; 

pharmacogenomics is the branch of pharmacology which deals with the influence of 

genetic variation on drug response in patients by correlating gene expression or 

single-nucleotide polymorphisms with a drug's efficacy or toxicity; finally, 

experimental methods – including knockout studies in which genes in living 

organisms are inactivated and the hereby caused changes are monitored – enable us 

to understand the function of DNA sequences and the proteins they encode. 

(Adapted from [1])  

 

 

Figure 1: From genes to proteins (reproduced from [1]) 
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1.2 The LPP gene: introduction 

In 1996, the LPP (LIM domain containing preferred translocation partner in lipoma) 

gene was identified as the most frequent translocation partner of the HMGA2 (high 

mobility group A2) gene in a subgroup of benign tumours of adipose tissue, i.e. 

lipomas with an aberration involving chromosome segment 12q15 [2]. Lipomas are 

one of the most common mesenchymal tumour types in humans.  

In the years after its discovery, HMGA2/LPP fusion transcripts have also been found 

in a number of other soft tissue tumours [3-5], and, in a case of acute monoblastic 

leukaemia, the LPP gene was shown to act as a translocation partner of the MLL 

(mixed lineage leukaemia) gene  [6]. 

In addition to its involvement in tumours, two independent laboratories identified 

LPP as a novel smooth muscle cell (SMC) marker [7, 8], and in a follow-up study LPP 

was shown to regulate SMC migration in vitro [9]. Recently, it was shown that – in 

accordance to many other SMC marker genes – expression of LPP in smooth muscle 

is mediated by an alternative promoter that is regulated by serum response 

factor/myocardin [10]. 

1.3 The zyxin family of LIM proteins 

LPP is a member of the zyxin family of LIM domain proteins, which consists of 7 

members: zyxin [11]; TRIP6/ZRP1 [12]; LPP [2]; ajuba [13]; LIMD1 [14]; WTIP [15] and 

FBLP-1/migfilin/Cal [16, 17]. All proteins in this family have a structure that is 

characterized by an N-terminal proline-rich region (PRR) and three highly conserved 

LIM domains at their C-terminus (Figure 2). They all localize at focal adhesions, 

which are sites of membrane attachment to the extracellular matrix (ECM), and at 

cell-cell contacts. In addition, apart from their localization in cell adhesion sites, 

these proteins also transiently localize into the nucleus [15, 18-23]. 
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Figure 2: (A) Schematic representation of the human LPP, TRIP6 and zyxin proteins. Three members 

of the zyxin family of proteins are shown: LPP and its two most closely related family members zyxin 

and TRIP6. The figure was composed from [2, 12, 18, 19, 22, 24-30] and M. Petit unpublished results. 

(B) On top: genomic structure of the human LPP gene (not drawn to scale). The protein coding 

regions are represented by black boxes, the noncoding regions by white boxes. Below: schematic 

representation of the human LPP protein. The positions of the exons encoding various parts of the 

LPP protein are indicated by dotted lines. 

 

1.3.1  LIM proteins 

The LIM domain was first described 20 years ago as a cysteine-rich sequence that 

was common to a small group of homeodomain transcriptions factors. The new 

protein motif was named by the initials of the three homeodomain proteins in which 

it was first discovered: Lin11, Isl-1 and Mec-3 [31-33]. Now, the LIM domain is 

recognized as a tandem zinc-finger structure that functions as a protein-binding 

interface. Through binding of target proteins, LIM proteins function in diverse 

biological processes, of which the unifying themes are nuclear control of gene 

expression and cytoskeletal function (for review, see [34]). Interestingly, among the 

LIM proteins that have characterized cytoskeletal functions, most have also been 

observed – often transiently – in the nucleus. From the observation of this dual 
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localization the idea emerged that LIM proteins might function as biosensors that 

mediate communication between the cytosolic and the nuclear compartments.  

A number of known LIM proteins contain one or more nuclear export signals (NES), 

which might function to prevent their steady-state nuclear accumulation. A NES is a 

short amino acid sequence, usually rich in leucine residues, which targets a protein 

for export from the cell nucleus to the cytoplasm by interacting with the CRM1 

(chromosome maintenance region 1)/Ran-GTP complex. Whereas a NES was 

identified in many LIM proteins with a dual localization, only in a few cases have the 

signals that trigger the translocation of these proteins to the nucleus, i.e. nuclear 

import signals, been defined [35-37]. 

LIM proteins can be subjectively classified into four broad categories that reflect 

their similarity. The zyxin family belongs to the ‘LIM actin associated’ category, 

containing one to five LIM domains in their C-terminal region and other non-LIM 

domains which are implicated in binding other proteins (Figure 3) (for review, see 

[34, 38]).  

1.3.2 Zyxin 

Zyxin (from the New Latin combining form “zyxi”, a derivative of the Greek word 

“Zeuxis” meaning “a joining”), the founding member of the family, is a 

phosphoprotein that localizes at focal adhesions and along actin filaments [30, 39]. 

Depending on the species, zyxin contains one or more leucine-rich nuclear export 

signals [18, 25]. The N-terminal PRR of zyxin displays four proline-rich repeats that 

serve as binding sites for Mena (mammalian Ena) and VASP (vasodilator-stimulated 

phosphoprotein) [25, 26], proteins that are postulated to play an important role in 

the assembly and dynamics of actin filaments [40] (Figure 2).  

Although mouse zyxin is widely expressed both during embryonic development and 

in adults, mice that lack functional zyxin are viable and fertile and display no obvious 

macroscopic or microscopic abnormalities [41]. This is in contrast to Ena/VASP-

deficient mice, which display disturbed platelet function, nervous system 

development and epithelial sheet formation [42-44]. Proper sub-cellular targeting of 

Ena/VASP family members to focal adhesions and leading edges of lamellipodia and 
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filopodial tips is essential for them to fulfil their normal roles in vivo [45, 46], and 

several lines of evidence suggest that zyxin plays an important role in localizing 

members of this family to these cell adhesion sites [47-49]. It was therefore 

suggested that the lack of any basal phenotype in the zyxin-null mice could be 

contributed to possible overlapping functions between the zyxin family members 

[41]. 

 

 
Figure 3: Classification and domain structures of LIM domain proteins. (a) LIM domain families are 

roughly classified into four groups according to the arrangement and position of LIM domains. The 

domain structures of the founding member and/or the best characterized example are shown for 

each family. The number of known members of each family is indicated between parentheses. 

Individual LIM domains are shown as coloured ovals that have been subjectively grouped according 

to the similarity within the LIM sequence. Dashed lines indicated that scale is not preserved. (b) A list 

of the identified members of each LIM family. Abbreviations: CH, calponin homology; GLY, glycine-

rich region; PDZ, postsynaptic density-95, Discs large, zona occludens-1; PET, prickle, espinas and 

testing; SH3, Src-homology-3; VHP, villin head piece. (Figure reproduced with permission from [34], 

legend adapted from [34]) 

 

The hypothesis that LIM proteins with a dual localization in the cell offer a potential 

mechanism for communication between sites of cell adhesion and the nucleus, was 
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promoted by the finding that zyxin is a mechano-sensitive modulator of gene 

expression in vascular SMCs [35]. It was shown that on exposure of these SMCs to 

cyclic stress, zyxin dissociates from the focal adhesions and accumulates in the 

nucleus – confirming the idea of a shuttling mechanism between the cell periphery 

and the nucleus. The authors suggested that zyxin might serve to stabilize the vessel 

wall in conditions of transient, e.g. exercise-induced, increase in blood pressure and 

during pressure overload, as in arterial hypertension [35]. In this way, zyxin was 

suggested to function as a messenger in a signal transduction pathway that 

mediates adhesion-stimulated changes in gene expression and modulates the 

cytoskeletal organization of actin bundles. 

Recently, a possible role for zyxin as a negative modulator of Xanf1 transcriptional 

repressing activity was shown in Xenopus, by binding of zyxin to the homeodomain 

factor Xanf1/Hesx1 [50]. The homeobox gene Anf/Hesx1 is expressed in the anterior 

neural plate of vertebrate embryos where its protein product, the homeodomain 

transcriptional repressor, regulates early development of the rostral forebrain, an 

important brain unit responsible for higher cognitive functions [51]. With regard to 

the possible role of zyxin as a mechano-sensitive transducer [35], it was speculated 

that zyxin in the anterior part of the neural plate, similar to β-catenin in the 

posterior part [52], may serve as a switch between the repressed and activated state 

of genetic targets of some transcription factors, depending on specific 

morphogenetic movements [50]. 

Apart from its suggested role as a messenger protein between cell adhesion sites 

and the nucleus, zyxin was also shown to act as a tumour suppressor in Ewing 

tumour cells [53].  

1.3.3 TRIP6/ZRP-1 

TRIP6 (thyroid receptor interacting protein 6) or ZRP-1 (zyxin related protein 1) is of 

all zyxin family members the most closely related to LPP. It was first identified in a 

two-hybrid screening assay as a human protein that interacts with the thyroid 

hormone receptor in a hormone-dependent manner [54]. TRIP6 contains a NES and 

nuclear targeting functions in both the PRR and the LIM domains [22]. It was also 
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demonstrated to have multiple transactivation domains, including one that overlaps 

with sequences of the NES [22]. Due to its localization in both focal adhesion plaques 

and in the nuclear compartment, TRIP6 has also been proposed to function as a 

molecule that transmits signals between adhesion sites and the nucleus [22, 25].  

A few years ago, it was reported that a nuclear isoform of TRIP6 mediates the 

binding of glucocorticoid receptor (GR) to the promoters of target genes which are 

transrepressed [55]. During inflammation, an excessive inflammatory response is 

counteracted by the systemic release of glucocorticoids by the adrenal cortex [56]. 

Glucocorticoids bind to GRs in the cytoplasm, which then dimerize and translocate 

to the nucleus where they bind to glucocorticoid response elements on 

glucocorticoid-responsive genes, resulting in increased transcription 

(transactivation). Reversely, the activated GR can also interact with specific 

transcription factors and prevent the transcription of target genes (for review, see 

[57, 58]). This opposite mechanism is called transrepression. The GR-mediated 

transrepression of the transcription factors AP-1 and NF-κB is responsible for most 

of the anti-inflammatory effects of glucocorticoids. It was shown that TRIP6 is 

recruited to the promoters of target genes together with AP-1 and NF-κB, where it 

acts as a co-activator of these transcription factors [55]. In the presence of 

glucocorticoids, GR joins the TRIP6 complex and inhibits the expression of the target 

genes [55]. nTRIP6 was therefore suggested to represent a novel class of chromatin-

associated proteins that assemble multiple positive or negative factors to promoter-

bound transcription factors [55]. 

In a recent follow-up study, a striking specificity of nTRIP6 actions was shown, as 

determined by the binding preference of its LIM domains to Fos family members. 

Consequently, nTRIP6 was demonstrated to be a selective co-activator for AP-1 

dimers containing Fos, leading to only Fos containing dimers to be transrepressed by 

GR [59]. 

Also recently, TRIP6 was demonstrated to be essential for the formation of stress 

fibers and assembly of mature focal adhesions. It was shown that TRIP6 plays a 

crucial role in regulating Rho GTPase-mediated actin reorganization during 

formation of the cell-matrix and cell-cell adhesions and, thus, that it is essential for 

collective cell migration [60]. 
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1.3.4 Ajuba 

Mouse Ajuba (“curiosity” in Urdu, an Indian dialect) was first discovered in a yeast 

two-hybrid screening assay as an interaction partner of the EPO-R-derived protein 

[13]. The pre-LIM domain of Ajuba mediates the interaction with the SH3 domains of 

Grb2, which promotes meiotic maturation in oocytes [13].   

Expression of Ajuba is high in all three germ layers and in the placenta during murine 

foetal development, and it was suggested that Ajuba might play a role in early 

developmental decisions. Indeed, Ajuba was shown to affect proliferation and 

differentiation decisions of P19 embryonic cells [21].  

The pre-LIM region of Ajuba contains a functional NES and it shuttles from sites of 

cell-cell contact to the nucleus, where it can regulate cell growth and differentiation 

[21]. Later, it was shown that Ajuba is recruited to cadherin-dependent cell-cell 

contacts through an association with α-catenin, and, in addition to its role in the 

regulation of cell proliferation and differentiation, a function for Ajuba in the 

regulation of cell-cell adhesion was suggested [61].  

Ajuba knockout mice are viable and fertile, and reach adulthood without any 

obvious phenotypes [62]. However, primary mouse embryonic fibroblasts (MEFs) 

from Ajuba null mice exhibited reduced migration, although this was not associated 

with defects of cell adhesion and spreading. Ajuba was suggested to regulate cell 

motility by activating Rac through regulating the recruitment of p130Cas to nascent 

adhesion sites [62]. The absence of a more dramatic whole animal phenotype was 

proposed by the presence of paxillin, another LIM domain containing focal adhesion 

protein that regulates migration [62, 63].  

In a follow-up study, it was shown that the level of phosphoinositide 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), an important modulator of 

cytoskeletal organization during cell migration, was decreased in primary Ajuba
-/-

 

MEFs, with a corresponding increase in the level of PI(4)P. Ajuba was shown to 

contribute to the cellular regulation of PI(4,5)P2 levels by interacting with and 

activating the enzymatic activity of the PI(4)P 5-kinase, the predominant enzyme in 

the synthesis of PI(4,5)P2 [64].  
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1.3.5 LIMD1 

The LIMD1 (LIM domain-containing 1) gene was identified as a potential tumour 

suppressor gene within the common eliminated region 1 (C3CER1) in 3p21.3 [14]. 

Deletions of this region have been described in a large number of human tumours, 

including carcinomas of lung, kidney, head and neck, breast and bladder [65]. In a 

later study, LIMD1 was shown to block tumour growth in vitro and in vivo. 

Moreover, loss of LIMD1 promoted lung carcinogenesis, confirming the presumption 

that LIMD1 is a tumour suppressor gene [66]. In addition, LIMD1 was identified as a 

specific interaction partner for the retinoblastoma protein (pRB) in a yeast-two 

hybrid screening assay. pRB is a tumour suppressor which represses the 

transcriptional activity of E2F transcription factors, and binding of LIMD1 was shown 

to increase its ability to repress E2F-driven transcription [66]. 

Recently, it was suggested that some breast tumours have altered expression of 

LIMD1.  It was also shown that LIMD1 might be involved in cell anchoring and in the 

cell cycle, particularly during mitosis [67].  

Like the other zyxin family members, LIMD1 contains a leucine-rich NES within its 

pre-LIM region. Regions important for import of LIMD1 into the nucleus were 

attributed to sequences in the LIM domains [66]. 

1.3.6 Migfilin 

Migfilin was identified in a yeast two-hybrid screening assay for binding partners of 

mitogen-inducible gene 2 (Mig-2), a component of focal adhesions involved in cell-

matrix adhesion and cell motility [17, 68]. It contains an N-terminal region with 

binding sites for filamin A, B and C, a central PRR in which a VASP binding site is 

identified, and a C-terminal LIM region which mediates the interaction with Mig-2 

[17] and CSX/NKX2-5  [69], a transcription factor that is crucial for heart 

development [70-72].  Migfilin is suggested to function as a key regulator of cell 

morphology, by serving as a scaffold linking the Mig-2-containing focal adhesions to 

filamin-containing actin filaments [17].  

Given its crucial role in cell shape modulation, migfilin was suggested to be involved 

in the control of cell motility. Indeed, it was shown that loss of migfilin significantly 
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reduces motility in Hela cells [23]. Surprisingly, however, elevated levels of migfilin 

can also reduce cell motility [23].  Furthermore, it was shown recently that an 

increased cytoplasmic level of migfilin is associated with higher grades of human 

leiomyosarcoma (LMS) a smooth muscle tumour of somatic soft tissue [73]. 

Cytoplasmic migfilin was therefore identified as a potentially important biological 

marker for human LMS progression. 

1.3.7 WTIP 

The most recently discovered zyxin-family member is WTIP (WT1-interacting 

protein) [15]. It was identified as a binding partner of WT1 (Wilms’ tumour gene 

protein 1), a zinc finger transcription factor that regulates the glomerular podocyte 

differentiation state critical for filtration barrier function [74]. Podocytes are highly 

specialized cells of the visceral epithelium in the kidney, which synthesize 

components of the glomerular basement membrane. Their specialized cellular 

architecture consists of three compartments: the cell body, the primary processes 

and the foot processes. The latter are characterized by an internal cytoskeleton 

which is limited to actin filaments only, playing an important role in maintaining its 

own unique structure and in supporting the glomerular capillary wall [75, 76].  

WTIP maps to human chromosome 19q13.1, a region containing genes linked to 

familial focal segmental glomerulosclerosis [15]. It contains three C-terminal LIM 

domains and a pre-LIM PRR in which a NES is located. In normal glomeruli, WTIP is 

part of a multiprotein complex in podocyte foot processes. After injury, WTIP 

translocates to the nucleus, where it co-localizes with WT1 and represses WT1-

dependent gene expression. Therefore, it was suggested that WTIP normally 

localizes in the cytosol and functions as a communication signal between cytosolic 

structures and the nucleus [15].  

1.4 Intracellular localization of LPP 

Like the other members of the zyxin family, LPP localizes in focal adhesions and in 

cell-cell contacts [19]. Focal adhesions are membrane-associated sites where 

transmembrane receptors, generally integrins, couple proteins of the ECM to 
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intracellular proteins of the cytoskeleton and actin stress fibers (for review see [78]). 

Cell-cell contacts are specialized sites at the cell membrane where transmembrane 

receptors, mainly of the cadherins family, of neighbouring cells interact with each 

other. In this way, they connect intracellular proteins of the cytoskeleton and actin 

stress fibers of two cells (for review see [79]). Occasionally, LPP has been observed 

along stress fibers [28]. Actin stress fibers are microfilamentous bundles which are 

found throughout the cell and which are important for maintaining cell shape, 

motility and polarity (for review, see [80]).  

It was shown that the LIM domains of LPP play an important role in targeting the 

protein to focal adhesions, and that all three LIM domains cooperate to provide 

robust targeting. In contrast to zyxin, however, the α-actinin binding site of LPP is 

not involved in this focal adhesion targeting [29]. Additionally, it was shown that a 

specific region within the pre-LIM region is required for targeting LPP to actin stress 

fibers [29]. 

Besides its function as a structural component of adhesion complexes, LPP is also 

transiently present in the nucleus. It was shown previously that its nucleo-

cytoplasmic distribution is regulated in part by the presence of a NES [19]. The 

question of how LPP is imported into the nucleus still remains to be answered.  

1.5 Expression distribution of LPP 

Initially, Northern blot analysis of LPP expression revealed the presence of LPP 

transcripts of over 10 kb in a variety of human tissues, including kidney, heart, colon, 

small intestine, ovary and prostate, but not in brain or peripheral blood leucocytes. 

In testis, highly expressed mRNA species of about 1 and 2 kb were detected [2]. 

Later, two independent studies revealed LPP as a protein that is highly – but not 

specifically – expressed in vascular and visceral SMCs [7, 8]. One of the key features 

of SMCs is their ability to converse from a stationary contractile phenotype to a 

migratory repair phenotype. During vascular injury, SMCs undergo phenotypic 

switching to a primarily synthetic proliferative phenotype and migrate to the intima 

[81]. Recently, expression of LPP was detected in migrating SMCs in the neointima of 

injured vessels, showing expression patterns identical to those of smooth muscle α-



General Introduction 

 15 

actin, a well established vascular SMC differentiation marker [9]. In contrast, LPP did 

not colocalize with smoothelin, which is considered a marker for highly 

differentiated SMCs [82]. Therefore, it was suggested that LPP is not a marker of the 

contractile phenotype, but that it is a differentiation marker that may be a 

particularly useful tool for monitoring the phenotypic switching of SMCs in vascular 

lesions [9].  

1.6 LPP interaction partners 

Up to date, a number of interaction partners have been described for LPP. The 

interaction of LPP with these various proteins provides clues for possible functions 

of LPP at its different locations in the cell. 

1.6.1 VASP 

VASP (vasodilator-stimulated phosphoprotein) is a member of the Ena/VASP family, 

a conserved family of actin-regulatory proteins that are concentrated at actin 

cytoskeleton hot spots in the cell, such as the leading edge, filopodial tips, focal 

adhesions and cell-cell contacts (for review, see [83, 84]). The Ena/VASP family has a 

domain structure consisting of an N-terminal Ena/VASP homology 1 (EVH1) domain, 

a central PRR, and a C-terminal EVH2 domain. Binding of the EVH1 domain to 

proteins that contain a proline-rich motif with the ‘FPPPP’ consensus, regulates the 

sub-cellular localization of Ena/VASP proteins and mediates formation of complexes 

with receptors and signalling molecules. The PRR of LPP contains two FPPPP repeats 

(Figure 2). It was shown that LPP interacts directly with VASP in vitro – suggesting 

that at least one of these binding motifs is functional – and that the PRR of LPP 

recruits VASP to an ectopic location in cultured cells, suggesting that LPP and VASP 

are present in a complex in cultured cells [19].  

At cell-cell contacts as well as at the leading edge of motile cells, the plasticity of 

actin structures is maintained, in part, through labile connections to the plasma 

membrane. Ena/VASP proteins are prime candidates for powering changes in the 

actin network that are necessary for key cellular processes, including the cell shape 

changes associated with the developing embryo (for review see [85]). The activity of 
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Ena/VASP proteins may be spatially controlled by scaffold proteins that recruit them 

to specific sub-cellular domains. LPP, which is able of binding to VASP and is possibly 

required for localising VASP to cell-cell contacts, is therefore a good candidate for 

playing a specific role in the fine-tuning of actin dynamics in the cell. 

1.6.2 α-actinin 

α-actinin is a cytoskeletal actin-binding protein and a member of the spectrin 

superfamily, a highly conserved family of actin-binding proteins. Besides binding to 

actin filaments, α-actinin associates with a number of cytoskeletal and signalling 

molecules, giving it important structural and regulatory roles in cytoskeleton 

organization and muscle contraction (for review, see [86]).   

Similar to zyxin, LPP was found to bind α-actinin in vitro [28]. In the case of LPP, a 

conserved motif present at the N-terminus was shown to be responsible for the 

interaction. Although zyxin binds α-actinin with much higher affinity than LPP, both 

proteins were shown to compete for the same binding site at α-actinin [28]. 

Recently, α-actinin was found to recruit LPP, but not zyxin, to cadherin-based cell-

cell contacts [87]. It was therefore suggested that the α-actinin–LPP interaction is 

necessary for docking LPP at cell-cell junctions, where it might coordinate the actin 

regulatory activities of VASP with those of α-actinin [87]. 

1.6.3 Scrib 

Human SCRIB, a functional homologue of the Drosophila tumour suppressor scribble 

(scrib), is a member of the leucine-rich repeat and PDZ (LAP) family of proteins that 

is involved in the regulation of cell adhesion, cell shape and polarity [88, 89]. It was 

shown in Drosophila melanogaster that homozygous mutant larvae for scrib show a 

loss of apical-basal cell polarity, and that epithelial tissues lose their columnar, 

monolayered organization [90, 91]. Loss of cell polarity is one of the hallmarks of 

cancer, and is correlated with more aggressive and invasive cancers [92, 93]. In 

addition to the loss of cell polarity, epithelial and neural tissues from scrib mutant 

larvae overproliferate to form large neoplastic cell masses [90, 94]. 
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Besides the classification of Scrib as a conserved tumour suppressor, an important 

role for this protein in vertebrate development has been suggested. Indeed, Scrib 

has been identified as the gene that is mutated in the circletail (Crc) mouse [95]. 

Homozygous circletail mice die perinatally from severe neural tube defects known as 

craniorachischisis [95]. Additionally, they show defects in tissue patterning in the 

embryonic cochlea [96]. Scrib was shown to interact genetically with the Van Gogh-

like 2 (Vangl2) gene, which is mutated in the loop-tail (Lp) mouse. Like Crc/Crc mice, 

homozygous loop-tail (Lp/Lp) mice suffer from severe craniorachischisis [97, 98].  

Closure of the neural tube as well as the uniform orientation of stereociliary hair 

bundles in the cochlea are examples of planar cell polarity (PCP) in mammals (see 

section 1.7.1), and the patterning defects seen in the circletail mouse therefore 

implicate mammalian Scrib in the regulation of PCP [96]. The identification of Scrib 

as a PCP gene was later also established in zebrafish, where Scrib was shown to be 

involved in the regulation of conversion and extension (C&E) movements (see 

section 1.7.1) during zebrafish gastrulation [99]. In addition, a genetic interaction 

between scrib and the Vangl2 orthologue trilobite was shown in zebrafish [99]. 

Like LPP, SCRIB localizes at cell-cell contacts. Recently, it was shown that both 

proteins interact, and that the binding between them is mediated by the PDZ 

domains of Scrib and the C-terminus of LPP [100]. It was also shown that both 

proteins are dispensable for targeting each other to cell-cell contacts [100]. So far, 

no possible function has been contributed to the LPP-SCRIB interaction.  

1.6.4 PEA3 

PEA3 is a member of a subfamily of ETS domain transcription factors. PEA3 activates 

gene expression and is thought to play an important role in promoting tumour 

metastasis [101]. In addition, it is involved in controlling neuronal development, 

including neuronal pathfinding [102]. 

Recently, LPP was identified as a novel coregulatory binding partner for PEA3. LPP 

has intrinsic transactivation capacity [19], forms a complex with PEA3, and is found 

associated with PEA3-regulated promoters [103]. By manipulating LPP levels, it was 

shown that LPP acts to upregulate the transactivation capacity of PEA3 [103]. As 



 

18 

such, a novel nuclear function for LPP as a transcriptional co-activator was 

uncovered. Since LPP is believed to continually shuttle between the cell periphery 

and the nucleus, it represents a potential novel link between cell surface events and 

changes in gene expression. 

1.6.5 Palladin 

Palladin is a widely expressed protein found in various actin-based subcellular 

structures including stress fibers and focal adhesions [104]. Inactivation of palladin 

leads to embryonic lethality because of severe defects of cranial neural tube closure 

and germination of liver and intestine [105]. It was recently suggested that palladin 

plays an important role in organizing the actin cytoskeleton within migrating cells, 

through both direct and indirect molecular mechanisms [106]. In addition, multiple 

studies suggest that palladin may also play a role in the invasive cell motility that 

characterizes metastatic cancer cells [107-109].  

Recently, palladin was identified as an LPP interacting protein [110]. It was shown 

that palladin, like LPP, is highly enriched in smooth muscle tissues, and that both 

proteins are expressed in the lamellipodia of migrating SMCs. It was also shown that 

these proteins respond to environmental cues switching from a static structural role 

in the contractile phenotype to an active role in the adhesion turnover of migrating 

SMCs following vessel injury or vasculogenesis [110]. In addition, expression of both 

LPP and palladin increases after angiotensin II (Ang II) treatment [110]. Ang II is 

known to induce smooth muscle hypertrophy and has been previously shown to 

promote the generation of atherosclerotic lesions [111, 112], implicating a potential 

role for LPP in the pathogenesis of atherosclerosis (see section 1.7.2). 

1.7 LPP and cell migration 

Cell migration plays a central role in a wide variety of biological processes. During 

embryogenesis, migration of cells is a common theme in important morphogenic 

processes ranging from gastrulation to development of the nervous system. The 

process of cell migration remains prominent in the adult organism, in normal 

physiology as well as in pathological conditions. During the inflammatory response, 
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for example, leukocytes immigrate into the damaged areas, where they mediate 

phagocytic and immune functions. Another example of the importance of cell 

migration occurs during wound healing, where migration of fibroblasts and vascular 

endothelial cells plays an essential role. Also, in metastasis, tumour cells migrate 

from the initial tumour mass into the circulatory system, from which they 

subsequently migrate into a new site. To migrate, cells must acquire a spatial 

asymmetry enabling them to turn intracellularly generated forces into net cell body 

translocation. One manifestation of this asymmetry is a polarized morphology, i.e. a 

clear distinction between cell front and rear. At the cell front, membrane extension 

in the form of lamellipodia and filopodia will occur, and new focal adhesions will 

form at the leading edges. Extension of both lamellipodia and filopodia in response 

to migratory stimuli is almost universally found coupled with local actin 

polymerization. (Adapted from [113]) 

The sub-cellular localization of LPP at sites of cell adhesion and its interaction with 

cytoskeletal proteins such as VASP and α-actinin, suggest a role for LPP during the 

adhesion turnover of migrating cells. Below, two processes will be discussed during 

which cell migration plays a crucial role, and in which a function for LPP could be 

suggested. 

1.7.1 Planar cell polarity  

In addition to the common apical-basolateral polarity, epithelial cells frequently 

display a polarization within the plane of the epithelium. This polarization is 

commonly referred to as planar cell polarity (PCP) or tissue polarity: it allows cells to 

form structures that require not only positional, but also vectorial information. The 

cellular consequences of PCP signalling range from coordinated organization of 

cytoskeletal elements in single cells, to complex migration of groups of cells. At 

present, the known PCP processes in vertebrates are convergence and extension 

(C&E), neural tube closure, eyelid closure, hair bundle orientation in inner ear 

sensory cells, and hair follicle orientation in the skin. C&E reflects the medial 

migration and intercalation of mesodermal cells, which leads to the narrowing of the 

body axis in the mediolateral dimension (convergence) and elongation of the body 
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axis in the perpendicular anteroposterior dimension (extension) (Figure 4). The 

process of C&E is one of the coordinated movements of cell groups that occur during 

gastrulation, a process which results in the formation of the three primary germ 

layers (endoderm, ectoderm and mesoderm) and the establishment of the body plan 

of the mature organism. (For review see [114, 115]) 

 

 

 

Figure 4: Convergence and extension by mediolateral cell intercallation. (A) At early stages of 

gastrulation, cells are initially multipolar and show random, rapid protrusive behaviour. (B) At later 

stages, cells become bipolar and show medially and laterally orientated protrusive activity (dark grey 

shading), extending protrusions that exert traction on adjacent cells. As a result, they elongate in the 

mediolateral direction and pull themselves between one another along this axis (black arrows). White 

block arrows show the resulting extension of the tissue in the perpendicular dimension. (C) 

Mediolateral cell intercalation results in narrowing of the tissue in one dimension (convergence) and 

elongation in the perpendicular dimension (extension). Abbreviations: ML, mediolateral; AP, 

anteroposterior; C, convergence; E, extension. 

 

Over the last two decades, the zebrafish has developed into an important model 

organism to study multiple aspects of vertebrate development, including C&E 

(Figure 5A). Zebrafish embryos develop in large numbers ex-utero, they are 

transparent and imaging of embryos at a single-cell resolution can be achieved 

without additional labeling. Moreover, gene function during zebrafish gastrulation 

can be assessed by the identification of mutants through forward genetic screening, 

and by reverse ‘knockdown’ of gene function through injection of morpholino 

antisense oligonucleotides. C&E defects in zebrafish typically result in embryos 
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displaying a shortened anteroposterior and a broadened mediolateral body axis. The 

expression of particular marker genes, of which ntl, hgg1 and dlx-3 are used 

frequently, can be assessed to visualize these defects (Figure 5B). 

 

 

 

Figure 5: (A) Gastrulation movements in zebrafish. At the beginning of gastrulation, the blastoderm 

covers half the yolk like an inverted cup (a). By the end of the gastrulation period, the embryo has 

distinct head–tail (anterio-posterior) and back–underside (dorsoventral) polarities, with the head and 

tail rudiments clearly visible (b). The embryonic axis continues to narrow and elongate during 

segmentation stages (c). Before and during gastrulation, epiboly (red arrows) spreads and thins the 

blastoderm vegetally, until it covers the yolk. Internalization movements (green arrows) form the 

germ layers, the outer ectoderm and inner mesendoderm. Convergence (blue arrows) mediolaterally 

narrows, while extension (yellow arrows) anteroposteriorly elongates the embryonic axis. Both the 

anterior migration of internalized mesoderm (green arrows) and vegetal spreading (epiboly) of all 

germ layers contribute to axis extension. Abbreviations: AP, animal pole; D, dorsal; hpf, hours post 

fertilization; V, ventral; VG, vegetal pole. (Reproduced with permission from [116]) (B) C&E defects in 

a tail-bud stage embryo (10 hpf) after loss of Rho kinase 2 function. Embryos that lack Rok2 function 

show a shortened body axis (e) compared to wild-type embryos (d) (arrows indicate the most 

anterior and posterior extend of the axis). (f) In wild-type embryos, the anterior-most prechordal 

plate marker hgg1 (red) is positioned rostral to dlx3 expression in the periphery of the neural plate 

(blue arrow), and (g) ntl is expressed in the mediolaterally narrowed notochord (*). (h) In embryos 

that lack Rok2 function, hgg1 is caudal to a mediolaterally broader neural plate (blue arrow), and (i) 

ntl expression reveals a shorter and broader notochord (green asterix). Abbreviations: hp, head; tb, 

tail-bud; D, dorsal. (Figure reproduced with permission from [146], legend adapted from [146])   
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Most components of the PCP signalling cascade have been discovered in genetic 

screens in Drosophila. A subgroup of PCP genes is required for PCP signalling in all 

tissues, and these genes are referred to as the core PCP genes. They constitute a 

‘noncanonical’ Wnt signalling pathway in which a cell-surface Frizzled receptor 

recruits the adaptor protein Dishevelled, which, via its binding partners 

Strabismus/Vangl2/Trilobite and Daam1, activates a JNK-Rho pathway that controls 

cytoskeletal dynamics [117-119] (Figure 6). A characteristic common to mutations in 

core PCP genes is that the structures in question still form correctly, but that their 

orientation or alignment is perturbed. (For review, see [114, 120-122]. 

 

 
Figure 6: A model for the non-canonical Wnt/PCP pathway regulating C&E during zebrafish 

gastrulation. The secreted ligands, Wnt11 and Wnt5a, bind to the Frizzled-7 receptor, an interaction 

which is facilitated by the proteoglycan Knypek. Activation of Frizzled results in translocation of 

Dishevelled (Dvl) to the plasma membrane. The PDZ and DEP domains of Dvl are responsible for the 

specific activation of the noncanonical Wnt/PCP pathway rather than the canonical Wnt pathway, 

through mediation of the activity of members of the Rho family of small GTPases. RhoA, which is 

linked to Dvl by Daam1, activates an effector Rho kinase (Rok2) that in turn directly regulates the 

actin cytoskeleton. Cytoskeletal reorganization allows cells to become mediolaterally polarized, which 

is required for C&E. (Figure reproduced with permission from [116]) 

 

Another protein implicated in the regulation of PCP in vertebrates is Scrib [95, 96, 

99], a known interaction partner of LPP in human [100] (see section 1.6.3). Mice that 

are homozygous mutant for Scrib suffer from severe neural tube defects, whereas 
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knockdown of scrib in zebrafish results in defects of C&E movements [95, 96, 99]. So 

far, no function has been attributed to the LPP-SCRIB interaction. The involvement 

of LPP in the regulation of cell migration, however, raises the possibility that, 

through its interaction with SCRIB, LPP is implicated in PCP as well. 

1.7.2 Atherosclerosis 

Atherosclerosis, one of the leading causes of death in the Western world, is an 

inflammatory disease of the vascular wall initiated and amplified by vascular 

oxidative stress [123]. Angiotensin II (Ang II) is a very potent stimulus for both 

inflammation and oxidative stress, and it was shown to be a central integrator of 

multiple processes critically implicated in vascular pathophysiology (for review, see 

[112, 124]).  

Several laboratory and population studies over the last century have identified 

cholesterol and hypertension as potent risk factors for atherosclerosis and its 

complications, and the conversion of the effects of risk factors into changes in the 

biology of the arterial wall is believed to be triggered by inflammation (for review, 

see [125]). Atherosclerosis initiates with the establishement of the ‘fatty streak’ 

(Figure 7A). In contrast to what the name suggests, these streaks are in fact not fat. 

They are composed primarily of macrophage-derived foam cells and appear as a 

white to yellow-white discoloration near the luminal surface of the artery. It is the 

first visible lesion in the development of atherosclerosis, however, using currently 

available technologies it can not yet be visualized in living humans. Almost all 

children above the age of 10 years show evidence of fatty streaks, with coronary 

fatty streaks beginning to form in the adolescent years. However, it is the balans 

between the number of foam cells that leave the streak and the number that remain 

in the streak that determines whether the lesion remains innocent or develops 

further into an atherosclerotic plaque. When this balance is disturbed, the 

atherosclerotic lesion transforms from the fatty streak to a lesion with a more 

fibrous character, mainly through the involvement of arterial SMCs that migrate 

from the tunica media to the intima (Figure 7B). In the intima they secrete ECM 

molecules such as fibrillar collagen and elastin, contributing to the formation of the 
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fibrous cap in more mature lesions (Figure 7C). The migration and proliferation of 

SMCs, which plays a fundamental role in the development of atherosclerosis, is one 

of the processes known to be regulated by Ang II [126]. 

A frequently used mouse model to study atherosclerosis is the apolipoprotein E 

(ApoE) knockout mouse [127]. Lipoproteins are responsible for packaging 

cholesterol and other fats, carrying them through the bloodstream, and delivering 

them to the appropriate locations in the body for processing and use. ApoE is a 

major component of very low-density lipoproteins (VLDLs), and a key function of 

VLDLs is to remove excess cholesterol from the blood and carry it to the liver for 

processing. Maintaining normal levels of cholesterol is essential for the prevention 

of cardiovascular diseases, including heart attack and stroke. Mice who lack ApoE 

suffer from atherosclerosis, and they develop fibrous lesions and severe 

hypercholesterolemia on a high-fat/high-cholesterol diet [128, 129].    

Recently, Ang II was shown to enhance expression of LPP and its binding partner 

palladin in SMCs, which in turn promoted cell migration and spreading [110]. LPP 

was previously linked to the regulation of SMC migration in vitro and expression of 

LPP was detected in SMCs that migrate into the neointima of injured vessels [9]. 

These results might suggest a role for LPP in the pathogenesis of atherosclerosis, 

more specifically during the migration of SMCs from the vessel wall to the 

atherosclerotic plaque.  
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Figure 7: Atherosclerotic plaque formation. (A) The transition from the normal artery wall to the 

nascent atherosclerotic lesion. In human arteries, the intima normally contains a few resident 

smooth muscle cells (SMCs) and a layer of extracellular matrix (ECM). The tunica media is filled with 

quiescent SMCs embedded in an elastin-rich ECM. Oxidative or inflammatory stress induces the 

expression of adhesion molecules for leukocytes and chemoattractants that draw the bound 

leukocytes into the intimal layer. (B) Formation of the fibrofatty plaque. The transition from the fatty 

streak to the more fibrous lesion involves the migration of SMCs from the tunica media into the 

intima, where they secrete ECM molecules such as fibrillar collagen and elastin, and can divide in 

response to mitogenic stimuli. The mononuclear phagocytes will imbibe modified lipoproteins such as 

oxidized low-density lipoprotein (Ox-LDL) through scavenger receptors to form foam cells. The 

activated mononuclear phagocytes in the lesions release chemoattractant cytokines, 

proinflammatory mediators including cytokines, and small lipid molecules such as leukotrienes and 

prostaglandins, as well as reactive oxygen species (ROS). When SMCs encounter fibrogenic stimuli 

such as transforming growth factor-beta, they boost their production of ECM macromolecules, 

including fibrillar collagen and elastin. (C) Maturation of the atherosclerotic plaque. More mature 

lesions develop a fibrous cap composed of a dense ECM containing collagen and elastin. Underneath 

the fibrous cap, a lipid core forms that contains many macrophages, dead or dying macrophages, 

cellular debris including apoptotic bodies, and extracellular lipid accumulations. Proinflammatory 

mediators released from activated white cells, endothelial cells and SMC can potentiate cell death by 

apoptosis in the advancing lesion. As SMCs die within lesions, fewer remain to renew the ECM in the 

plaque’s fibrous cap. In addition, the activated cells in the lesion, notably the macrophages, secrete 

proteinases that can degrade the macromolecules of the ECM. In particular, interstitial collagenases 

can attack the collagen fragments, weakening the fibrous cap. Elastases can break down elastin 

required for migration of cells within the lesion. During this phase of atherogenesis, neovessels form 

in the intima, often arising as extensions of vasa vasorum that originate in the adventitial layer. 

Abbreviations: IEL, internal elastic lamina; MFC, macrophage foam cell. (Figures reproduced from 

[130], legend adapted from [130] 
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Although the LPP protein has released many of its secrets during the past decade, 

nothing is known yet about its biological function in the complex context of a 

complete organism. 

Therefore, in order to elucidate the in vivo function(s) of LPP, we aimed at 

developing animal models in which the LPP orthologue is functionally inactivated or 

downregulated. By studying the possible defects caused by this inactivation or 

downregulation, these models could provide us with information about the 

biological function of LPP. 

 

1.  In a first attempt to unravel the biological function of LPP, we used the 

morpholino knockdown technique to downregulate expression of the LPP 

orthologue (lpp) in zebrafish. We specifically aimed at identifying a possible role 

for Lpp in the regulation of PCP, and at finding a function for the Lpp-Scrib 

interaction.  

 

2.  Genetic manipulation of many focal adhesion proteins has been shown to result 

in defects of cell adhesion, cell spreading and migration. At the start of my PhD, 

four chimeric Lpp
+/-

 mice were available, so the second aim of this thesis was to 

generate an Lpp knockout line and to study these knockout mice for the 

presence of abnormalities during these processes.  

 

3.  LPP was previously shown to be involved in smooth muscle cell migration, a 

process that is known to contribute to the development of atherosclerosis. In a 

third part, we therefore generated an Lpp/ApoE double knockout mouse model 

to study the role of Lpp during atherosclerosis.  
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3.1  Morpholino-mediated knockdown of lpp in zebrafish 

3.1.1  Maintenance and breeding of zebrafish 

Wild-type AB zebrafish (Danio rerio) strains were maintained and bred according to 

standard protocols [131]. Embryos were produced by natural mating and were 

collected and fixed at different stages based on standard morphological criteria 

[132]. 

3.1.2  RNA isolation and Reverse Transcriptase PCR (RT-PCR) 

Total RNA was extracted from wild-type zebrafish embryos of different stages using 

Trizol reagent (Invitrogen, Carlsbad, California, USA) according to the manufacturer’s 

instructions. cDNA was synthesized by reverse transcription of 5 µg total RNA, using 

random hexamer primers and Superscript II/III reverse transcriptase (Invitrogen, 

Carlsbad, California, USA). lpp mRNA was detected with primers Lpp-cds-up 5’-

GTGACCAGCAAGGTCATGTG-3’ and Lpp-cds-rev 5’-TGTTGCAGTTTTTGCAGAGG-3’, 

amplifying the complete lpp coding sequence. As a control, expression of zebrafish 

β-actin mRNA was detected using primers bactin-up 5’-CACACCTTCTACAAT-3’ and 

bactin-rev 5’-ACTCCTGCTTGCTGA-3’. All primers used in this thesis were purchased 

from Eurogentec (Seraing, Belgium).  

3.1.3  Whole-mount in situ hybridization 

Sense and antisense RNA probes against the 3’UTR of lpp were synthesised from 

DNA templates obtained by PCR in the following way: T7 or Sp6 promoter sequences 

(underlined) were appended to the 5’ end of the sense and antisense lpp-specific 

primers, respectively (3’UTRzLpp-up 5’-

GAAATATTTAGGTGACACTATAGGCTCACACGTG TACATGCAG-3’ and 3’UTRzLpp-rev 5’-

GAAATTAATACGACTCACTATAGGGCACCTTATATTGGTGGA-AA-3’), and RT-PCR was 

performed using total cDNA from wild-type zebrafish embryos (0.5 hpf) as a 

template. In situ probes were synthesised from purified PCR products using a DIG 

RNA labeling kit (Roche). Antisense RNA probes against hgg1[133], dlx-3[134] and ntl 
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[135] were synthesised from DNA templates (kind gift from W. Driever, University of 

Freiburg, Germany) using a DIG RNA labeling kit (Roche). Embryos were collected, 

fixed overnight in 4% paraformaldehyde (PFA) and washed 3 times in PBST (0.1% 

Tween-20 in PBS). Whole-mount in situ hybridizations were performed as described 

[136], except, anti-DIG incubation was performed for 2 hours instead of overnight. 

After staining, embryos were fixed in 4% PFA. Stained embryos were mounted in 

80% glycerol (in PBST) and analysed using a Leica Fluo Combi stereomicroscope. 

For gsc, BMP4, chordin, myoD and papc, generation of antisense RNA probes and in 

situ hybridizations were performed as described previously [137]. 

3.1.4  SDS-PAGE and Western blotting 

Uninjected zebrafish embryos and embryos injected with Lpp-MM/ATG (5 ng) or 

Lpp-MO/ATG (5 ng) were collected at prim-5 stage. After removal of the yolk, 10 

embryos of each condition were lysed by adding 20 µl of 2x SDS sample buffer (0.15 

M Tris-HCl pH 6.7, 30% glycerol, 5% SDS, 4% β-mercapto-ethanol) and subsequent 

sonication. 20 µl of each lysate was heated at 95°C for 5 minutes and was loaded on 

a 7.5% SDS-polyacrylamide gel. After size-separation, proteins were 

electrophoretically transferred to PROTEAN Nitrocellulose Membranes (Schleicher 

and Schuell, Keene, New Hampshire, USA). Amounts of protein loaded were verified 

by Ponceau S (Sigma-Aldrich, St. Louis, Missouri, USA) staining of the blot. Zebrafish 

Lpp was detected with a mouse monoclonal antibody (Clone 6.1, BD Biosciences, 

Transduction Laboratories) (dilution 1:2000), followed by incubation with 

horseradish peroxidase-conjugated rabbit anti-mouse IgG as secondary antibody 

(Dako, Glostrup, Denmark) (dilution 1:2000). Immunoreactive proteins were 

visualised using Western Lightning chemiluminescence reagent Plus (Perkin Elmer, 

Waltham, Massachusetts, USA), according to the supplier’s instructions. The 

intensities of the signals were quantified using Kodak Digital Science (Kodak Imager 

with 1D Image Analysis Software, version 3.0).  
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3.1.5  Morpholino injections and rescue experiments 

Two independent morpholinos against zebrafish lpp (Lpp-MO/ATG and Lpp-

MO/3e3i), two mismatch control morpholinos (Lpp-MM/ATG and Lpp-MM/3e3i), 

and morpholinos against zebrafish scrib (Scrib-MO) [99], trilobite (Tri-MO) [138] and 

zebrafish wnt11 (Wnt11-MO) were used in the experiments. All morpholinos were 

dissolved at 40 µg/ml in 1x Danieau’s solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM 

MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES pH 7.3). RhodaminB-labeled dextrane was 

added to each sample as a control for injections. Injections were performed into the 

cell cytoplasm of one- or two-cell stage embryos, after which the embryos were 

incubated at 28.5°C. After 6 hours, unfertilized eggs, dead embryos and embryos 

that did not show homogenous fluorescence were removed. Embryos were analysed 

using a Leica Fluo Combi stereomicroscope. Pictures were taken using a digital Leica 

DC300F camera connected to the stereomicroscope, and IM500 software. 

Morpholino antisense oligomeres used are:  

 

 Lpp-MO/ATG: 5’-ACCATCATTATGTCCGCCCCACATG-3’ 

Lpp-MM/ATG: 5’-ACGATGATTATCTCCCCCC-GACATG-3’  

 Lpp-MO/3e3i: 5’-GCTATCAATCTTACCCTCGTGTGTT-3’ 

 Lpp-MM/3e3i: 5’-GCTATGAATGTTAGCCCACGTCTGTT-3’  

Scrib-MO: 5’-CCACAGCGGGATCACTTCAG-CATG-3’ [99] 

Wnt11-MO: 5’-GTTCCTGTATTCTGTCATGTCGCTC-3’ 

 Tri-MO: 5’-GTACTGCGACTCGTTATCCATGTC-3’ [138] 

 

Morpholinos directed against lpp, scrib and trilobite were purchased from 

GeneTools, LLC (Philomath, Oregon, USA). The Wnt11-MO was purchased from 

Open Biosystems (Huntsville, Alabama, USA). 

For the rescue experiments, full-length wild-type zebrafish lpp cDNA (obtained by 

RT-PCR with primers Lpp1-up 5’-TCAACTCCAGAAACATGTGG-3’ and Lpp2-down 5’-

TTCAGAGGTCAGTCGTGGCC-3’) was subcloned into the pBCM vector (kind gift from 

Dr. C. Esguerra, K.U. Leuven, Leuven, Belgium). pBCM is a modified version of the 

pbUT2 plasmid [139] with additional modifications introduced by C. Esguerra and M. 
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Haardt (unpublished). Capped mRNA was synthesized using the T3 promoter and the 

mMessage mMachine kit (Ambion, Austin, Texas, USA). Different amounts of wild-

type synthetic lpp mRNA varying from 5 pg to 50 pg were titrated by co-injection 

with Lpp-MO/3e3i and by injection alone to reach an optimal level that could best 

rescue lpp morphants. The optimal dose of lpp mRNA (7.5 pg) was then used to 

rescue lpp morphants by co-injection with Lpp-MO/3e3i (5 ng) at the one- to two-

cell stage. 

3.1.6  RNA injections 

Capped sense RNA encoding dnRok2 (kind gift from Prof. Dr. L. Solnica-Krezel, 

Vanderbilt University, Nashville, Tennessee, USA) and Wnt11 (kind gift from Prof. Dr. 

J Topczewski, Northwestern University Feinberg School of Medicine, Chicago, USA) 

were synthesized from linearized DNA templates using the Sp6 RNA polymerase 

(mMessage mMachine system; Ambion, Austin, Texas, USA). dnRok2 transcripts 

were stabilized by adding a poly(A) tail (Poly(A) Tailing Kit; Ambion, Austin, Texas, 

USA). RNA injections were performed as described for the morpholinos. 

3.1.7  Time-lapse imaging and image analysis 

Dechorionated wild-type and Lpp-MO/ATG-injected embryos (5 ng per embryo) 

were mounted dorsal side up in 1% low melting point agarose (Invitrogen) in an 

imaging chamber consisting of a glass ring on a glass slide. Paraxial mesodermal cells 

in tailbud stage embryos were photographed at 20x magnification with Nomarski 

optics using a Zeiss Axioplan2 imaging microscope and QImaging camera. Images 

were collected at 2 minutes intervals. Time-lapse recordings proceeded for 2 hours 

at room temperature. The centers for individual cells were determined and their 

(x,y) coordinates recorded over time using ImageJ software. Cell migration paths, 

total speeds and net dorsal speeds were calculated using Microsoft Excel.  

Comparison between migration speeds in wild-type and Lpp-MO/ATG-injected 

embryos was analysed using unpaired 2-tailed Student’s t test (p < 0.05 was 

considered significant) and standard error of the mean. 



Experimental Procedures 

 37 

3.1.8  Quantitative Reverse-Transcriptase PCR (qRT-PCR) 

Embryos injected with Wnt11-MO, wnt11 RNA or dnRok2 RNA were selected based 

on the presence of C&E defects. Total RNA extraction and cDNA synthesis was 

performed as described above for RT-PCR. Quantitative RT-PCR was performed using 

qPCR Master Mix for SYBR Green I detection and fluorescein as internal standard 

(Eurogentec, Seraing, Belgium) using the MyIQ system (Bio-Rad, Hercules, California, 

USA), in accordance with the manufacturer’s guidelines. The relative amount of gene 

expression was calculated using the comparative Ct method (2
-∆∆Ct

).  18S rRNA was 

used as a reference gene to correct for sample quality [140]. Primers used were:  

 

QRT-lpp-up: 5’-GGAGTATTTCGGTCGGTGTTCA-3’  

QRT-lpp-rev: 5’-CCCTCGCCAACCACATTCT-3’;  

QRT-18S-up: 5’-TGGTATCGGTCAGCATATTTTGA-3’   

QRT-18S-rev: 5’-AGCGCTGCCTTCTCTATGATG-3’. 

 

Primers were designed using Primer Express software (Applied Biosystems, Foster 

City, California, USA). 

Comparisons between lpp expression levels in injected and uninjected embryos from 

four independent experiments were analysed using paired 2-tailed Student’s t test 

(p < 0.05 was considered significant) and standard error of the mean.  

3.1.9  In vitro transcription/translation and GST pull-down assay 

All in vitro translation reactions were carried out using the TNT T7 Quick Coupled 

Transcription/Translation System (Promega, Madison, Wisconsin, USA) following the 

manufacturer’s instructions. For GST pull-down assays, bacterial expression 

constructs were made using pGEX-5X vectors (Amersham Biosciences, Piscataway, 

New Jersey, USA) directing the synthesis of glutathione S-transferase (GST) fusion 

proteins containing wild-type or mutated zebrafish Lpp. These fusion proteins were 

purified according to the manufacturer’s instructions and purification was verified 

by SDS-PAGE. GST fusion proteins or GST alone, bound to glutathione-agarose 

beads, were incubated with an in vitro synthesized [
35

S]methionine/cysteine-labeled 
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portion of wild-type zebrafish Scrib protein, encompassing all four of the PDZ 

domains (AA 700-1517), in NENT100 buffer (100 mM NaCl, 20 mM Tris-HCl pH 7.6, 1 

mM EDTA, 0.1% NP-40, protease inhibitors). This mixture was tumbled overnight at 

4°C. Subsequently, the beads were washed 5 times in 500 µl NENT100 buffer, 

resuspended in 30 µl SDS-PAGE sample buffer, and incubated at 95°C for 5 minutes. 

Proteins were separated by SDS-PAGE and interacting Scrib was detected by 

autoradiography.  
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3.2  Targeted disruption of the mouse Lpp gene 

3.2.1  RNA extraction and quantitative Reverse-Transcriptase PCR (qRT-PCR) 

Total RNA was extracted from wild-type mouse embryos at different stages of 

development and from various adult tissues using the nucleospin@ RNA L kit 

(Macherey-Nagel), according to the manufacturer’s instructions. cDNA was 

synthesized by reverse transcription of 5 µg total RNA, using random hexamer 

primers and Superscript III reverse transcriptase (Invitrogen, Carlsbad, California, 

USA). Quantitative RT-PCR was performed using qPCR Master Mix for SYBR Green I 

detection and fluorescein as internal standard (Eurogentec, Seraing, Belgium) using 

the MyIQ system (Bio-Rad, Hercules, California, USA), in accordance with the 

manufacturer’s guidelines. The relative amount of gene expression was calculated 

using the comparative Ct method (2
-∆∆Ct

).  18S rRNA and cyclophilin A (Ppia) were 

used as reference genes to correct for sample quantity. Primers used were:  

 

 QRT-LppEx5-up: 5’-ACCCAAGTATAACCCATACAAGCAG-3’ 

 QRT-LppEx5+6-rev: 5’-GGGAGAAGATCACCCTCTCCTC-3’ 

 QRT-LppSF-up: 5’-TCCCAGCTTTTTGAAGAATTTGA-3’  

 QRT-LppSF-rev: 5’-TCCCCAGTAGCTCCATTTTCTAAG-3’  

 QRT-18S-up: 5’-GTCAGGAGCAGCGCCG-3’ 

 QRT-18S-rev: 5’-TGTTGAACATGAGTCCTCCAGCT-3’  

 QRT-Ppia-up: 5’-AGGGTTCCTCCTTTCACAGAATT-3’ 

 QRT-Ppia-rev: 5’-CACCACCCTGGCACATGA-3’ 

 QRT-Zyxin-up: 5’-CAGTGAATGAGTCCTGTGGCA-3’ 

 QRT-Zyxin-rev: 5’-GCTGTGCACGGGCCAG-3’ 

 QRT-Trip6-up: 5’-AGATTTCCACAGGAAATTTGCC-3’ 

 QRT-Trip6-rev: 5’-ATGGCCCCACCACACACT-3’ 

 QRT-Scrib-up: 5’-CGACTATAACGAGCCCACAGTG-3’ 

 QRT-Scrib-rev: 5’-CTAGGGATCAGTGTGTCCTCTGC-3’ 

 QRT-Vasp-up: 5’-GGATCAGCAGGTGGTTATCAACT-3’ 
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 QRT-Vasp-rev: 5’-TTGTACTTGACACCCCGAATGA-3’ 

 QRT-AlfaAct-up: 5’-TGGTCTCGGATATCAACAATGC-3’ 

 QRT-AlfaAct-rev: 5’-CCTTCTCGGCCTGTTCCAG-3’ 

 QRT-Palladin-up: 5’-GAGCGAGTAAGCATGCACCA-3’ 

 QRT-Palladin-rev: 5’-GATGAGCAGGCAGATGTAGCC-3’ 

 QRT-PR130-up: 5’-CCCTACCAGCATTGAGTACTGGT-3’ 

 QRT-PR130-rev: 5’-CCATCTCCATCCACATCCATG-3’ 

 

Primers were designed using Primer Express software (Applied Biosystems, Foster 

City, California, USA). All primers were purchased from Eurogentec (Seraing, 

Belgium).  

3.2.2  Generation of Lpp knockout mice 

At the start of this PhD, four chimeric Lpp
+/-

 mice were available. These were mated 

with Swiss mice and tail DNA from the resulting offspring was evaluated by PCR to 

identify mice with germline transmission of the mutant Lpp allele. In this way, two 

heterozygous mice were obtained, which were subsequently backcrossed into the 

C57BL/6J background for five generations. The resulting 96.9% C57BL/6J Lpp
+/-

 mice 

served as founders for the Lpp-null line. 

3.2.3  Isolation of genomic DNA 

Genomic DNA for PCR analysis of mice (age 3 weeks) was prepared by incubation of 

mouse tail tips (approx. 2 mm in length) at 56°C overnight in 200 µl tissue 

homogenization buffer (0.5% SDS, 100 mM NaCl, 50 mM Tris-HCl pH 8.5, 1 mM EDTA 

pH 8.0, 0.1 mg/ml proteinase K), followed by 10 minutes incubation at 95°C to 

inactivate the proteinase K. Alternatively, DNA extraction from tail tips was 

performed using the REDExtract-N-Amp tissue PCR kit (Sigma) according to the 

manufacturer’s instructions. 

For Southern blot analysis of adult mice, tail tips of approximately 1 cm in length 

were incubated overnight at 56°C in 400 µl tissue homogenization buffer. The next 

day, 140 µl 5 M NaCl was added to the homogenized samples after which they were 
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centrifuged for 20 minutes at 13000 rpm. Addition of 100% cold ethanol to the 

resulting supernatant and centrifugation for 30 minutes at 13000 rpm precipitated 

the DNA. The pellet was then washed once in cold 70% ethanol and dissolved 

overnight at 4°C in 300 µl TE pH 8.0. The next day, the samples were subjected to 

further purification by phenol/chloroform extraction and subsequent ethanol 

precipitation. 

3.2.4  Characterization of mouse genotypes 

For identification of mice with targeted homologous recombination involving the 

Lpp gene, genomic mouse tail DNA was incubated with four primers, LacZ-up (5’-

GCATCGAGCTGGGTAATAAGCGTTGGCAAT-3’) and LacZ-rev (5’-GACACCAGACC 

AACTGGTAATGGTAGCGAC-3’), amplifying a fragment of the targeted allele, and 

KOSB1-up (5’-TTCCAGTTTCTCAGCTTAG-3’) and KOSB2-rev (5’-

CTGGACTATTGCTTGGTGAC-3’), amplifying a fragment of the wild-type allele. A 35-

cycle PCR regimen was performed of 95°C for 30 seconds, 55°C for 30 seconds, and 

72°C for 1 minute, followed by 72°C for 7 minutes. The PCR products (wild-type Lpp 

allele, 1 kb; Lpp-null mutant allele, 800 bp) were electrophoresed on a 1% agarose 

gel and visualized with ethidium bromide or SYBR safe (Invitrogen). Primers were 

purchased from Eurogentec (Seraing, Belgium). 

For Southern blot analysis, 20 µg of genomic DNA was digested overnight with BglII 

and then electrophoresed through a 1% agarose gel, depurinated (0.25 M HCl), 

followed by capillary transfer (0.6 M NaOH) to a nylon membrane (Hybond N
+
, 

Amersham Biosciences) for 3 hours. Thereafter, membranes were pretreated for 5 

minutes in 2x SSC at room temparature and for 1 hour in 0.1x SSC, 0.5% SDS at 65°C. 

Prehybridization was done for 3 hours at 42°C in Southern blot (SB)-prehybridization 

buffer (50% formamide, 5x SSC, 5% dextrane sulphate, 50 mM Na3PO4 pH 6.7, 100 

µg/ml heparine, 50 µl/ml salmon sperm DNA), followed by hybridization overnight 

at 42°C in SB-hybridization buffer (50% formamide, 5x SSC, 10% dextrane sulphate, 

20 mM Na3PO4 pH 6.7, 100 µg/ml heparine, 10 µl/ml salmon sperm DNA) containing 

32
P-labeled probe at 2 x 10

6
 cpm/ml. After washing at room temperature (2x SSC, 

0.1% SDS for 5 minutes) and at 60°C (2x SSC, 0.1% SDS for 30 minutes; 0.1x SSC, 0.1% 
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SDS for 2 x 30 minutes), radioactive signals on the blots were detected on a Storage 

Phosphor Screen (Molecular Dynamics, Amersham Pharmacia Biotech) (wild-type 

Lpp allele, 13.7 kb; Lpp-null allele, 7.4 kb). 

3.2.5  X-gal staining and immunohistochemistry 

Lpp heterozygous mouse embryos were collected at different stages of development 

and fixed for 30 to 60 minutes in 4% PFA in PBS at 4°C. The embryos were washed 3 

times for 15 minutes at room temperature in rinse buffer (5 mM EGTA, 2 mM MgCl2, 

0.01% deoxycholate, 0.02% NP-40 in PBS), and subsequently stained at 30°C in 

staining solution (5 mM EGTA, 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 

0.01% deoxycholate, 0.02% NP-40, 1 mg/ml X-gal in PBS) for 16 hours. After PBS 

washes, embryos were either stored in 70% ethanol and photographed using a 

Nikon E995 camera, or dehydrated in a series of ethanol solutions (50%, 70%, 100% 

ethanol, 50% ethanol and 50% xylol, 100% xylol) and embedded in paraffin (50% 

xylol and 50% paraffin, 100% paraffin). The X-gal staining of the embryos was then 

analysed on 5-8 µm sections.  

For immunohistochemistry, wild-type mouse embryos at embryonic day 13.5 were 

collected and fixed overnight in 4% PFA at 4°C. After PBS washes, embryos were 

dehydrated in a series of ethanol solutions and embedded in paraffin as described 

above. Immunostainings were performed on 5 µm paraffin sections according to 

standard procedures. A rabbit polyclonal anti-hLPP antibody (MAP2) [19] was used 

(1/100) with anti-rabbit Envision+ kit (DAKO) as a secondary reagent. 

3.2.6 SDS-PAGE and Western blot analysis 

Protein lysates from Lpp wild-type mouse embryos and from various adult tissues 

(Lpp
+/+

, Lpp
+/-

 and Lpp
-/-

 males of age 10-12 weeks, euthanized by cervical 

dislocation) were made in de following way: tissues were washed in cold PBS and 

homogenized with a polytron mixer in 5 volumes of suspension buffer (0.1 M NaCl, 

0.01 M Tris/HCl pH 7.5, 1 mM EDTA pH 8.0) with protease inhibitor cocktail (25x PIC: 

1 tablet Complete EDTA-free (Roche) in 2 ml H2O), and diluted with an equal volume 

of 2x SDS sample buffer (10% SDS, 20% glycerol, 0.5 M Tris/HCl pH 6.8, bromophenol 
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blue). The lysate was heated for 10 minutes at 95°C, sonicated, centrifuged (10 

minutes, 1000 × g, room temperature) and the supernatant was collected.  

For Western blot analysis, samples containing equal protein amounts were heated at 

95°C for 5 minutes, size-fractionated by electrophoresis in 7.5% polyacrylamide gels 

and transferred to PROTRAN nitrocellulose transfer membranes (Schleicher & 

Schuell, Keene, New Hampshire, USA). Amounts of protein loaded were verified by 

Ponceau S (Sigma-Aldrich, St. Louis, Missouri, USA) staining of the blot. Lpp was 

detected using rabbit polyclonal anti-Lpp antibodies MAP2 (1/5000) [19] or LPP2 

(1/2000) [19], followed by incubation with horseradish peroxidase-conjugated goat 

anti-rabbit IgG as a secondary antibody (PROSAN, DAKO, 1/2000 diluted). TRIP6 and 

zyxin were detected using an anti-ZRP-1/TRIP6 mouse monoclonal antibody (BD 

Transduction Laboratories) and an anti-zyxin mouse monoclonal antibody 

respectively (Synaptic Systems) (1/1000 for both antibodies), followed by incubation 

with horseradish peroxidise-conjugated rabbit anti-mouse IgG as a secondary 

antibody (PROSAN, DAKO, 1/2000 diluted). Immunoreactive proteins were visualized 

using Western lightning Chemiluminescence Reagent Plus (PerkinElmer Life 

Sciences) according to the suppliers’ instructions. 

3.2.7  Isolation of mouse embryonic fibroblasts 

Mouse embryonic fibroblasts (MEFs) were isolated from E14.5 embryos from a 

single Lpp
+/-

 x Lpp
+/-

 cross. Prior to MEF isolation, the tails of the embryos were 

collected for isolation of genomic DNA and PCR analysis to establish their genotypes. 

The head and organs were removed from the embryos and the remaining tissue was 

minced with scissors. After adding 2 ml Trypsin/EDTA and 80 µg DNaseI per embryo, 

the tissue homogenates were incubated at 4°C for 10 minutes and subsequently at 

37°C for 15 minutes. The trypsin was inactivated by adding 2 volumes of 37°C MEF 

medium (1x D-MEM, 10% FCS, 1% NEAA, 1% Pen/Strep, 10% glutamax). The cells 

were pelleted (5 minutes, 240 × g) at room temperature, resuspended in 22.5 ml 

37°C MEF medium, transferred to a T75 culture flask and grown at 37°C / 5% CO2. 
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3.2.8  Cell viability assay 

Lpp
+/+

 and Lpp
-/-

 MEFs were seeded in a 96-well plate (Costar, Corning International) 

using 1 x 10
4
 cells per well in a final volume of 100 µl MEF medium (1x D-MEM, 10% 

FCS, 1% NEAA, 1% Pen/Strep, 10% glutamax) and incubated at 37°C for 48 hours. 

Cell proliferation was determined using the Quick cell proliferation assay (Biovision) 

according to the manufacturer’s instructions. A solution of WST-1 reagent in Electro 

Coupling Solution (WTS-1/ECS; 10 µl/well) was added to each well and incubated for 

2-3 hours at 37 °C. Absorbance at 450 nm was determined using a Wallac Victor2 

1420 platereader (PerkinElmer Life Sciences). Alternatively, cells were seeded in 

opaque-walled 96-well plates (PerkinElmer Life Sciences) and cell proliferation was 

determined using the CellTiter-Glo


 luminescent cell viability assay (Promega) 

according to the manufacturer’s instructions. After 48 hours, 100 µl of the CellTiter-

Glo


 reagent was added to each well. Luminescence was recorded using an 

integration time of 1 sec per well with a Wallac Victor2 1420 platereader 

(PerkinElmer Life Sciences). As a control for background signal, depending on the 

assay, absorbance or luminescence was measured of wells containing medium 

without cells. 

3.2.9  In vitro wound healing assay 

Equal amounts (25 x 10
4
) of Lpp

+/+
 and Lpp

-/-
 MEFs were seeded in a fibronectin-

coated (Invitrogen, 2.5µg/cm² in PBS for 1 hour at 37°C) 2-well chamber (Lab-Tek


 II 

Chamber, Nalge Nunc International) in a total volume of 2 ml MEF medium (1x D-

MEM, 10% FCS, 1% NEAA, 1% Pen/Strep, 10% glutamax) and incubated at 37°C. 

After 24 hours, in vitro ‘scratch’ wounds were made in the confluent cell monolayers 

using a P1000 pipette tip. Images of the wounds were taken every 5 minutes over 

the course of 24 hours, using an inverse live imaging microscope (5x objective, 

Leica), a Coolsnap camera and Leica AS MDW software.   
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3.2.10 Statistical analysis 

Where appropriate, results are expressed as means + standard errors of the mean. 

Statistical analysis was performed by unpaired 2-tailed Student’s t test, and p < 0.05 

was considered significant. 
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3.3  Study of the role of Lpp during atherosclerosis in Lpp/ApoE 

deficient mice 

3.3.1  Generation of an Lpp/ApoE double knockout mouse strain 

Lpp knockout mice (Lpp
-/-

/ApoE 
+/+

) in a 96.9% C57BL/6J background were first 

crossed with ApoE knockout mice (Lpp
+/+

/ApoE 
-/-

) in the C57BL/6J background to 

produce Lpp
+/-

/ApoE 
+/-

 mice (cross 1) (Figure 8). These double heterozygous mice 

were then crossed with either Lpp knockouts to produce Lpp
-/-

/ApoE 
+/-

 mice (cross 

2A), or with ApoE knockouts to produce Lpp
+/-

/ApoE 
-/-

 mice (cross 2B). Finally, Lpp
-/-

/ApoE
+/-

 and Lpp
+/-

/ApoE 
-/-

 mice were crossed with each other in order to obtain 

Lpp
-/-

/ApoE 
-/-

 double knockout mice (cross 3A). Simultaneously, Lpp
+/-

/ApoE 
+/-

 mice 

from cross 2A were crossed with Lpp
+/+

/ApoE 
-/-

 from cross 2B to produce ApoE 

knockout controls (Lpp
+/+

/ApoE 
-/-

) in the same background as the double knockout 

(cross 3B). Also, Lpp
+/-

/ApoE 
+/+

 mice from cross 2A were crossed with Lpp
+/+

/ApoE 
+/-

 

mice from cross 2B to produce wild-type controls (Lpp
+/+

/ApoE 
+/+

) in the same 

background as the double knockout (cross 3C).  

3.3.2  Study of the atherosclerotic burden in Lpp/ApoE double knockout mice 

Starting three weeks after birth, Lpp/ApoE double knockouts, ApoE knockout 

controls and wild-type controls were fed a fat-rich Western diet (TD.88137, Harlan 

Teklad, Madison, Wisconsin, USA). After 12 weeks of Western diet, the mice were 

anaesthetized (Nembutal


, CEVA Santé Animal), the blood was taken for 

determination of cholesterol levels, and the mice were perfused with saline. The 

aortic arch and the descending thoracic aorta were isolated and all of the 

surrounding fat tissue was removed. Plaque burden was determined with en face Oil 

Red O-staining of the segments. Briefly, segments were cut open transversally at one 

side and fixed in 1% PFA in 10 mM PBS for 15 minutes at 4°C. After rinsing with PBS, 

the segments were incubated for 25 minutes at room temperature in freshly 

prepared Oil Red O-staining solution (120 ml stock solution (4 g Oil Red O powder in 

1 l isopropanol), 80 ml H2O, filtrate), and rinsed once with 60% isopropanol and once 
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with H2O. The segments were photographed using a Nikon E995 camera and the 

red-stained surface was quantified using NIH image (ImageJ) software.  

 

 

Cross 1 

 Lpp KO      x ApoE KO 

   ↓ 

  100 % Lpp+/-/ApoE+/- 

 

Cross 2A Cross 2B 

 Lpp
+/-/ApoE 

+/-    x Lpp KO    Lpp
+/-/ApoE 

+/-  x        ApoE KO 

     ↓      ↓ 

       (a) 25% Lpp
-/-/ApoE 

+/-        (a) 25% Lpp
+/-/ApoE 

-/- 

       (b) 25% Lpp
+/-/ApoE 

+/-        (b) 25% Lpp
+/+/ApoE 

-/- 

       (c) 25% Lpp
+/-/ApoE 

+/+        (c) 25% Lpp
+/+/ApoE 

+/-  

 

Cross 3A 

Lpp
-/-/ApoE 

+/- (2Aa)    x Lpp
+/-/ApoE 

-/- (2Ba) 

     ↓25% 

         Lpp
-/-

/ApoE 
-/-  

 ����  Lpp/ApoE double knockout: atherosclerosis? 

 

Cross 3B 

Lpp
+/-/ApoE 

+/- (2Ab)    x Lpp
+/+/ApoE 

-/- (2Bb) 

     ↓25% 

                                   Lpp
+/+

/ApoE 
-/-

   ����  ApoE knockout control: severe atherosclerosis 

 

Cross 3C 

Lpp
+/-/ApoE 

+/+ (2Ac)    x Lpp
+/+/ApoE 

+/- (2Bc) 

     ↓25% 

        Lpp
+/+

/ApoE 
+/+

   ����  wild-type control: no/mild atherosclerosis 

 

 

Figure 8: Breeding schemes for the generation of Lpp/ApoE double knockout mice and control mice in 

the same genetic background. 
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4.1  Study of the biological function of Lpp in zebrafish by 

morpholino-mediated knockdown 

(This part is published in: Hilke Vervenne et al., Dev Biol 2008; 320: 267-77) 

 

Aligned cell behaviours like C&E require reorganization of the cytoskeleton and 

modulation of cell adhesion. LPP, which localizes at sites of cell adhesion and 

interacts with cytoskeletal proteins like VASP and α-actinin, is a good candidate for 

being involved in the cellular modifications required for cell migration. Moreover, its 

interaction with the PCP protein Scrib might suggest that LPP is implicated in PCP as 

well. 

Therefore, in a first attempt to study the in vivo function of LPP, we used the 

zebrafish embryo as a model system. We investigated the role of the LPP orthologue 

(Lpp) in zebrafish (Figure 9) in the regulation of PCP during early embryogenesis by 

applying the morpholino knockdown technique to suppress Lpp function. We also 

examined whether Lpp and Scrib interact in zebrafish as well, and, if they cooperate 

for the regulation of C&E.   

 

 

Figure 9: Schematic representation of the human LPP and zebrafish Lpp proteins. Both proteins 

contain a proline-rich region (PRR) followed by three C-terminally located tandem LIM domains. In 

the PRR, LPP harbors a nuclear export signal (NES), two VASP binding sites and one α-actinin binding 

site. At its C-terminus, LPP has a binding site for Scrib, which is conserved in Lpp.  
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4.1.1  Expression of lpp during zebrafish development 

The zebrafish model was used to examine the function of LPP during vertebrate 

development. We performed a BLAST search in the NCBI zebrafish database with the 

amino acid sequence of human LPP to find an orthologue in zebrafish (Lpp). We 

found a predicted Lpp protein, encoded by the zebrafish lpp cDNA clone (GenBank 

accession no. BC050503), showing high sequence identity with human LPP in all of 

the formerly characterized functional domains, such as the LIM domains, the nuclear 

export signal (NES) and the binding sites for VASP, α-actinin and SCRIB (Figure 10). 

 

 

Figure 10: Alignment of the amino acid sequences of human LPP and zebrafish Lpp. Identical 

residues are shaded in black, similar residues in grey. The α-actinin binding site (red), the VASP 

binding sites (blue), the Scrib binding site (pink), the NES (orange), and the three LIM domains (green) 

are boxed. Zinc-binding amino acids of the LIM domains are marked by asterisks. 

 

To understand the potential roles of Lpp during zebrafish development, its spatial 

and temporal expression pattern was examined. Therefore, we determined lpp 

expression at different stages of zebrafish development by reverse transcriptase PCR 

(RT-PCR), using primers that amplify the complete coding region of lpp (Figure 11A). 

Expression of lpp was observed at all stages examined from 0.5 hours post-
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fertilization (hpf) until adulthood (i.e. 3 months of age), although expression levels at 

stages from 4 days post-fertilization and later on were significantly lower (Figure 11A 

and data not shown). As can be seen in Figure 11A, lpp was also expressed in non-

fertilized eggs, which indicates the presence of maternal transcripts. Whole-mount 

in situ hybridization (WISH) analyses using an antisense RNA probe against the 3’UTR 

region of lpp, showed ubiquitous expression of lpp in all stages examined from 16-

cell until shield stage (Figure 11B-D). At tailbud stage lpp expression appeared to be 

enriched at the dorsal midline, in the tailbud and in the head region (Figure 11F,G) 

and at 14-somite stage in the notochord (Figure 11I). At prim-5 stage, lpp expression 

became intense in the head region (Figure 11J-K), and was enriched in the 

intersomitic vessels (Figure 11K) and notochord (Figure 11L). At 2 days post 

fertilization, lpp expression was restricted to the head region, the notochord and the 

heart (Figure 11M,N). 
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Figure 11: Expression of lpp during zebrafish development. (A) Expression of lpp and β-actin mRNA 

as determined by RT-PCR at different stages of zebrafish development and in non-fertilized eggs (NF). 

nc, negative control. (B-N) Whole-mount in situ hybridization analyses for zebrafish lpp expression at 

different stages of embryonic development using an RNA probe against the 3’UTR of lpp. (B) 16-cell 

stage, animal pole view. (C) Dome stage, animal pole view. (D) Shield stage, animal pole view, dorsal 

to the right. (E) Tailbud stage, lateral view, dorsal to the right. (F) Tailbud stage, dorsal view, anterior 

on top. (G) Tailbud stage, vegetal pole view. (H) 14-somite stage, lateral view, dorsal to the right. (I) 

14-somite stage, dorsal view. (J) Prim-5 stage, head region, dorsal view. (K) Prim-5 stage, lateral view. 

(L) Prim-5 stage, dorsal view. (M) Long-pec stage, lateral view. (N) Long-pec stage, frontal view. 

Abbreviations: nc, notochord; tb, tailbud; isv, intersomitic vessels; h, heart. 
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4.1.2  Morpholino-mediated knockdown of lpp expression interferes with zebrafish 

gastrulation 

The function of Lpp in zebrafish was assessed by injection of morpholino antisense 

oligomeres at the one- to two-cell stage, which induces specific knockdown of Lpp 

protein expression. We used two independent morpholinos: a splice-block 

morpholino directed against the exon-intron boundary of the first coding exon (exon 

3) (Lpp-MO/3e3i) and a translation-block morpholino targeting the translation start 

site (Lpp-MO/ATG) (Figure 12). 

 

 

Figure 12: Morpholino knockdown strategy. Two independent morpholinos were designed to 

interfere with Lpp expression in zebrafish: a translation-block morpholino (Lpp-MO/ATG) directed 

against the translation start site and a splice-block morpholino (Lpp-MO/3e3i) directed against the 

splice donor site of exon 3. Binding of Lpp-MO/3e3i to the lpp pre-mRNA stops the following intron, 

which contains an in frame stop codon, from being spliced out. Abbreviation: E, exon. 

 

 

For each of the morpholinos, a mismatch control morpholino (Lpp-MM/3e3i and 

Lpp-MM/ATG, respectively) was generated which contains 5 mismatches and cannot 

bind the lpp (pre-)mRNA properly. Efficiency of the splice-block morpholino was 

validated by quantitative RT-PCR. Injection of Lpp-MO/3e3i but not Lpp-MM/3e3i 

resulted in an 80% reduction of mature lpp mRNA levels at tailbud stage, as 

compared to the wild-type control (Figure 13A). Efficiency of the translation-block 

MO was tested by Western blot analysis, showing a robust reduction of Lpp protein 

band intensity at prim-5 stage after injection of Lpp-MO/ATG but not after injection 

of Lpp-MM/ATG, as compared to the wild-type control (Figure 13B). At the end of 

gastrulation, wild-type embryos have elongated anteroposterior (AP) and narrow 

mediolateral (ML) axes (Figure 13C,F). Injection of 5 ng of either of the morpholinos 

resulted in embryos exhibiting shorter AP axes than control embryos (Figure 13E,H). 

As discussed in detail below, such gastrulation defects can result from a disruption 
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of C&E movements. Embryos injected with 5 ng of either of the mismatch control 

morpholinos did not suffer from these defects (Figure 13D,G). During somitogenesis, 

the somites of embryos injected with either of the morpholinos were compressed 

along the AP axis and wider along the ML axis (Figure 13J,J’), as compared to the 

somites of uninjected embryos (data not shown) or control morpholino injected 

embryos (Figure 13I,I’). At prim-5 stage and later on, embryos injected with either 

one of the morpholinos remained shorter than control siblings and showed broader 

and compressed somites (Figure 13K,L). The severity of these defects increased in a 

dose-dependent manner, with a slightly higher penetrance observed for Lpp-

MO/ATG compared to Lpp-MO/3e3i at equal dose (data not shown). 
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Figure 13: Knockdown of lpp disrupts convergence and extension movements. (A, B) Validation of 

the morpholinos: (A) quantitative RT-PCR using total cDNA from tailbud stage embryos as a template, 

shows an 80% reduction of lpp expression after injection of Lpp-MO/3e3i but not after injection of 

Lpp-MM/3e3i; (B) Lpp protein levels of prim-5 stage embryos are strongly reduced after injection of 

Lpp-MO/ATG but not after injection of Lpp-MM/ATG, as shown by quantification of the intensities of 

the protein bands after Western blot analysis (cumulative results of three experiments). Error bars 

represent standard errors of the mean. (C-L) Morpholinos (Lpp-MO/ATG and Lpp-MO/3e3i) or 

mismatch control morpholinos (Lpp-MM/ATG and Lpp-MM/3e3i) were injected at the one- to two-

cell stage and morphology was assessed at different stages. (C-H) tailbud stage, lateral view, dorsal to 

the right; the anterior-most structure is indicated with an arrow. (I,J) 5-somite stage, lateral view, 

dorsal to the right. (I’,J’) 5-somite stage, dorsal view; drawings schematically show the notochord and 

somites of the embryos in the pictures. (K,L) prim-5 stage, lateral view, anterior to the left. 
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Abbreviations: NI, non-injected; ML, mediolateral axis; AP, anteroposterior axis. (M) Zebrafish 

embryos were injected with Lpp-MO/3e3i (5 ng) or synthetic mRNA (7.5 pg) encoding full-length Lpp, 

or were co-injected with Lpp-MO/3e3i (5 ng) and synthetic lpp mRNA (7.5 pg). At tailbud stage, the 

embryos were scored morphologically for the presence of C&E defects, as depicted in Fig. 2E,H. The 

phenotypes of the embryos of three independent experiments were scored and the percentages of 

normal embryos, embryos with C&E defects (‘CE defects’) and embryos with defects other than C&E 

defects (‘other defects’) are indicated. n, total number of embryos injected for each condition. 

 

The identical phenotypes produced by the two non-overlapping morpholinos 

suggest that their effects are specific. To further examine the specificity of the 

observed defects after knockdown of lpp, rescue experiments were performed. 

These experiments, however, were difficult to interpret because overexpression of 

lpp often produced a phenotype similar to that observed following inhibition of lpp 

(data not shown). This phenomenon is not uncommon: a hallmark of the PCP genes 

is that their increased activity also impairs gastrulation [142-147]. Nevertheless, 

whereas only 22% of Lpp-MO/3e3i-injected embryos exhibited a normal phenotype, 

we observed that co-injection of 7.5 pg lpp mRNA increased this figure to 45% 

(Figure 13M). Injection of 7.5 pg lpp mRNA alone resulted in about 19% of the 

embryos showing gastrulation defects, which may explain why we were not able to 

obtain a complete rescue. Taken together, our observations indicate that the effects 

of the Lpp-morpholinos are specific. 

4.1.3  Knockdown of lpp expression disrupts C&E movements during gastrulation 

Defective C&E movements after downregulation of Lpp were documented by WISH 

analyzing the expression patterns of marker genes for the axial and paraxial 

mesoderm and neurectoderm in trunk and tail. At the onset of gastrulation the 

expression of goosecoid (gsc), which marks the presumptive dorsal mesoderm, 

appeared normal in morpholino-injected embryos, indicating that lpp knockdown 

did not prevent mesoderm induction or differentiation (Figure 14A). At the end of 

gastrulation, mild abnormalities in prechordal plate shape and position were 

observed, as assessed by hatching gland 1 (hgg1) expression. The tissue appeared 

more elongated and was positioned slightly more posteriorly with respect to the 

anterior edge of the neural plate (Figure 14B’). In contrast to these weak effects on 
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the anterior axial mesoderm, we observed severe impairment of AP extension and 

ML convergence of more posterior axial mesoderm, leading to a shorter and broader 

notochord at tailbud stage, as indicated by the expression of no tail (ntl) (Figure 

14B). Therefore, it appeared that the most anterior axial mesoderm, as marked by 

hgg1, was less affected than the more posterior axial mesoderm, as marked by ntl. 

Myogenic differentiation 1 (MyoD) expression in the paraxial mesoderm appeared to 

be anteroposteriorly shortened and mediolaterally expanded at tailbud stage (Figure 

14C), and the similar broader and shorter posterior paraxial mesoderm was shown 

by paraxial protocadherin (papc) staining at the early somitogenesis stages (Figure 

14D). Also, in neurectoderm, the laterally expanded expression domain of distal-

less3 (dlx3) revealed a broader neural plate (Figure 14B’). The expression pattern of 

the dorsal mesoderm marker chordin (Figure 14E) as well as the ventral ectoderm 

marker bone morphogenetic protein4 (bmp4) (Figure 14F) were all unaffected, 

indicating that the lack of Lpp function does not interfere with dorso-ventral 

patterning and cell fate. All of these altered expression patterns indicate that C&E 

movements are impaired after knockdown of lpp, affecting both the axial and 

paraxial mesoderm and the neurectoderm. 
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Figure 14: Expression of marker genes in lpp 

morphants. Wild-type embryos and embryos 

injected with Lpp-morpholino were analysed for 

the expression domains of marker genes by 

whole mount in situ hybridization. In each 

section (A-F), wild-type (WT) embryos are 

depicted on the left and lpp morphants (Lpp-

MO) on the right. (A) Gsc, shield stage, animal 

pole view, dorsal to the right. (B,B’) ntl (∆), dlx-3 

(*) and hgg1 (O), tailbud stage, dorsal views (B) 

and animal pole views (B’) of the same embryo. 

(C) MyoD, tailbud stage, dorsal view. (D) Papc, 

two-somite stage, dorsal view. (E) Chordin, 

shield stage, dorsal view. (F) Bmp4, shield stage, 

animal pole view, dorsal to the right. 
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4.1.4  Lpp is required for efficient dorsal convergence 

To explore the cellular motility defect underlying the C&E phenotype after lpp 

knockdown, time-lapse analysis was performed. Paths of individual paraxial 

mesodermal cells were determined for wild-type (n = 60 cells from 2 embryos) and 

Lpp-MO/ATG-injected (n = 60 cells from 2 embryos) embryos during the previously 

reported period of peak dorsal migration during mid to late gastrulation [148] 

(Figure 15A,B). Analysis of total cell speeds (accounting for movement in all 

directions) revealed no significant difference between wild-type and Lpp-morphant 

cells (p = 0.18) (Figure 15E). In contrast, the net dorsal speed (accounting for dorsal 

movement) of Lpp-morphant cells was reduced to only 50% of the wild-type net 

dorsal speed (p = 1.0x10
-8

) (Figure 15F). Paraxial cells in wild-type embryos moved 

dorsally with little change in direction (Figure 15C). In contrast, although the net 

paths of paraxial cells from Lpp-morphant embryos were directed dorsally, these 

cells appeared to change direction more frequently and consequently migrated 

toward the dorsal direction in a less effective way (Figure 15D). These results 

indicate that impaired dorsal cell movement underlies the C&E defect after lpp 

knockdown. 
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Figure 15: Lpp function is required for efficient dorsal convergence. Dorsal views of (A) wild-type 

(WT) and (B) Lpp-MO/ATG (5 ng) injected embryos at tailbud stage (boxes highlight the paraxial 

region, which was the focus of the migration analysis). (C, D) Cell tracks of paraxial cells from (C) wild-

type and (D) Lpp-MO/ATG injected embryos extracted from Normarski time-lapse images. Each graph 

shows representative data obtained from individual embryos. Insets are enlarged tracks of three 

representative cells. Abbreviations: AP, anteroposterior axis; ML, mediolateral axis. (E) No significant 

(p = 0.19) difference in total speed (µm/hr) could be detected between wild-type and Lpp-MO/ATG 

injected embryos, (F) whereas net dorsal speed after Lpp-MO/ATG injection was significantly (p = 

1.1x10
-8

) reduced. (E, F) Graphs represent average data from 60 cells from 2 embryos for each 

condition; error bars represent standard errors of the mean. 
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4.1.5  Expression of lpp is dependent on Wnt/PCP signalling 

The observed disruption of C&E after morpholino knockdown of Lpp function is 

strikingly similar to phenotypes reported for silberblick/wnt11 loss-of-function 

zebrafish mutants disrupting PCP signalling [144]. Recently, it was shown in vitro in 

human iliac vein SMCs that LPP expression is dependent on RhoA/ROK signalling [9]. 

RhoA and its effector Rho kinase 2 (Rok2) are downstream mediators of 

noncanonical Wnt11 in zebrafish [146, 149]. Together, these findings raise the 

possibility that Lpp acts downstream of Wnt11 and Rok2 to regulate C&E during 

zebrafish gastrulation. 

To test whether lpp expression could be regulated by noncanonical Wnt11 signalling 

in zebrafish, we determined the amount of lpp mRNA after knockdown of Wnt11. 

Quantitative RT-PCR revealed a significant (p = 0.021) reduction of lpp mRNA levels 

in zebrafish injected with Wnt11-MO, compared to lpp levels in wild-type controls 

(Figure 16). A similar result was obtained after injection of RNA encoding a 

dominant-negative form of zebrafish Rok2 (dnRok2) (p = 0.013) (Figure 16). 

Significant reduction of lpp mRNA levels was also observed as a result of wnt11 

overexpression (p = 0.006) (Figure 16), consistent with observations that both gain 

and loss of morphogenetic Wnt11 function impairs gastrulation [150]. Furthermore, 

both wnt11 and rok2 mRNA levels remained unchanged after injection of Lpp-

MO/ATG (5 ng) or Lpp-MM/ATG (5 ng), indicating that Lpp acts downstream of 

wnt11 and rok2 (data not shown). Together, these results support the idea that 

expression of lpp in zebrafish is, directly or indirectly, regulated by noncanonical 

Wnt/PCP signalling.  
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Figure 16: lpp mRNA levels are reduced in Wnt11 morphants and in embryos overexpressing Wnt11 

or a dominant negative form of Rho kinase 2. Zebrafish embryos were injected with Wnt11-MO (2 

ng), wnt11 RNA (100 pg) or dnRok2 RNA (100 pg). Embryos showing clear C&E defects at tailbud stage 

were selected and total RNA was extracted. Quantitative RT-PCR with primers for lpp showed 

reduced levels of lpp mRNA in all three conditions (*, p<0.05; **, p<0.01). n, total number of embryos 

per condition from four independent experiments. 

 

4.1.6  Lpp genetically interacts with scrib and trilobite during C&E movements 

A genetic interaction was previously shown in mice between Scrib and the PCP gene 

Vangl2 [95, 96], implicating Scrib in the regulation of PCP. Recently, the genetic 

interaction between these genes was also established for their orthologues in 

zebrafish, scrib and trilobite respectively [99]. 

A direct interaction between the C-terminus of human LPP and the PDZ domains of 

human SCRIB was shown previously [100]. Since theoretically, the C-terminus of 

zebrafish Lpp (-TDL) fulfils all known requirements for binding to Scrib-type PDZ 

domains, i.e. a hydrophobic amino acid at position 0 and a serine or threonine at 

position –2 [151] (Figure 10), we investigated whether this interaction also exists 

between Lpp and Scrib in zebrafish. To verify this experimentally, we performed GST 

pull-down analysis. An in vitro translated Scrib fragment containing all four PDZ 

domains (Scrib-PDZWT) was tested for binding to GST-Lpp-LTWT, GST-Lpp-LTL557A or 

GST alone. GST-Lpp-LTWT contains 40 amino acids of the pre-LIM region, the three 

LIM domains and the wild-type C-terminal tail of zebrafish Lpp. GST-Lpp-LTL557A is 

identical to GST-Lpp-LTWT except for a point mutation converting leucine
557

 (position 

0) into alanine. All GST-fusion proteins, as well as GST alone could be robustly 

expressed in E. coli (Figure 17A). As shown in Figure 17B, Scrib-PDZWT interacted 
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specifically with the wild-type Lpp protein but not with its mutated form or with GST 

alone. These results are consistent with a specific and direct interaction between 

Lpp and Scrib in zebrafish. 

To assess whether Lpp and Scrib control C&E movements together, we performed 

genetic interaction experiments. Lpp-MO/ATG and a Scrib-morpholino (Scrib-MO) 

were titrated to suboptimal doses and co-injected to knockdown both proteins at 

the same time. As shown in Figure 17C, separate injection of suboptimal doses of 

either morpholino led to no significant defects, compared to uninjected controls. 

However, injecting both morpholinos together resulted in C&E defects in about 50% 

of the injected embryos. The severity of these defects was comparable to those 

observed in embryos injected with optimal amounts (5 ng) of Lpp-MO/ATG or Scrib-

MO that induce a phenotype in most (>90%) of the injected embryos. These results 

indicate that lpp and scrib genetically interact and, since they interact physically, 

that they act in the same pathway for the regulation of C&E.  

Since scrib is known to genetically interact with trilobite in zebrafish [99], we also 

assessed whether there is a genetic interaction between lpp and trilobite. We co-

injected suboptimal doses of the Lpp-MO/ATG and a morpholino against trilobite 

(Tri-MO) and counted the number of embryos showing clear C&E defects. Although 

the suboptimal dose of Tri-MO still resulted in mild defects of C&E movements, co-

injection with the suboptimal dose of Lpp-MO/ATG caused severe C&E defects in 

more than 90% of the embryos (Figure 17D).  

Overall, these results indicate that lpp, scrib and trilobite genetically interact for the 

regulation of C&E during zebrafish gastrulation. 
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Figure 17 (previous page): lpp genetically interacts with scrib and trilobite for the regulation of C&E 

during zebrafish gastrulation.(A) GST fusion proteins, as indicated, and GST alone were expressed in 

E. coli, purified and analysed by SDS-PAGE and GelCode Blue Stain Reagent staining. All proteins were 

expressed well. Protein markers are as indicated. (B) All four PDZ domains of wild-type zebrafish Scrib 

(AA 700-1517) were synthesized in vitro and 
35

S-labeled. Labeled proteins were incubated with 

immobilized GST, GST-Lpp-LTWT or GST-Lpp-LTL557A and allowed to interact overnight at 4°C. Bound 

proteins were eluted in sample buffer, separated by SDS-PAGE and visualized by autoradiography. 

The amount of synthesized protein loaded as a reference on the gel corresponds to 10% of the input 

used in each binding experiment. (C) Suboptimal doses (s.o.) of Lpp-MO/ATG (1 ng) or Scrib-MO (1 

ng) were injected separately or were co-injected in the one- to two-cell stage; the phenotypes were 

scored at the five-somite stage and compared to embryos injected with optimal doses (o.) of either of 

the morpholinos (Lpp-MO, 5 ng; Scrib-MO, 5 ng). Phenotypes scored were: normal, C&E defects, and 

defects other than C&E defects (‘other defects’). (D) Suboptimal doses (s.o.) of Lpp-MO/ATG (1 ng) or 

Tri-MO (0.25 ng) were injected separately or were co-injected in the one- to two-cell stage. The 

phenotypes were scored at 12 hpf and compared to embryos injected with optimal doses (o.) of 

either of the morpholinos (Lpp-MO, 5 ng); Tri-MO, 4 ng). Phenotypes scored were: normal or mild 

C&E defects (C&E+/-), moderate (C&E+) or strong (C&E++) C&E defects, and defects other than C&E 

defects (‘other defects’). Pictures in (C) and (D) show for each condition embryos representative for 

the phenotype of the largest group(s). Abbreviations: NI, uninjected; o., optimal; s.o., suboptimal. n, 

total number of embryos per condition from two independent experiments. 
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4.2  Study of the biological function of Lpp in Lpp knockout mice 

Although zebrafish has emerged as a valuable animal model for the study of gene 

function in vivo, one should be cautious with extrapolating results obtained in 

zebrafish to human physiology. Mice have more genes in common with human than 

zebrafish do, and for this reason they remain an indispensable tool for studying gene 

function. Therefore, in a second approach towards identifying the biological function 

of LPP, we studied the consequences of loss of Lpp function in mice.  

4.2.1 Targeted disruption of the mouse Lpp gene 

At the start of this PhD, four Lpp
+/-

 chimeric male mice were available, of which 

three showed a high degree of chimerism (50-80%). The strategy by which these 

chimeras were obtained was described previously [152]. Briefly, a transcription stop 

cassette was introduced into the first coding exon (exon 5) of mouse Lpp, directly 

after the translation start site, blocking the transcription of the Lpp gene from its 

own promoter (Figure 19A). 

Initially, the four chimeric males were bred with wild-type C57BL/6J female mice to 

obtain heterozygous offspring in a 50% C57BL/6J background. However, due to 

breeding difficulties with the C57BL/6J females and simultaneously ageing of the 

chimeras, we were forced to use Swiss females instead. Genomic tail tip DNA was 

extracted from all offspring obtained (a total of 265 mice), and was checked for the 

presence of the targeted allele using primers amplifying an 800 bp fragment of the 

LacZ reporter gene (white arrows in Figure 18A). Out of the four chimeric males, one 

exhibited germline transmission of the Lpp knockout allele, giving birth to two male 

Lpp heterozygous mice out of a total of 138 pups born.  

Since targeted 129Svj ES cells were originally used for generating the chimeras, the 

genetic background of the obtained Lpp heterozygous mice was a mixture of 129Svj 

and Swiss. Swiss, however, is an outbred strain, and it is well known that mutations 

present in outbred strains can interfere with the manifestation of the phenotype. 

Therefore, we backcrossed our mice into an inbred background such as C57BL/6J, 

before studying the phenotype of the Lpp knockout. One of the two mixed 
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heterozygous founders was crossed with pure-inbred wild-type C57BL/6J females, 

giving raise to heterozygous offspring in a 50% C57BL/6J background. These mice 

were further backcrossed for four more generations, resulting in virtually congenic 

Lpp heterozygous mice in a 96.9% C57BL/6J background. The latter were 

intercrossed to obtain Lpp knockout mice in the same background (96.9% C57BL/6J), 

which were used for all further experiments.  

The progeny of the Lpp
+/-

 intercrosses were genotyped by either Southern blot 

(Figure 18B) or PCR (Figure 18C) analysis, as described in the ‘Experimental 

Procedures’ section (see section 3.2.5). 

 

 

Figure 18: (A) Schematic representation of the Lpp knockout strategy (not drawn to scale). The Lpp 

targeting construct contains a 1.7 kb 5’ homologous arm and a 5.4 kb 3’ homologous arm. These 

homologous arms flank the LacZ reporter gene that is inserted in-frame with the translational start 

site of Lpp, a transcription stop cassette (STOP), and the positive selection marker PGK-Neo (Neo). 

PGK-Neo is flanked by two LoxP sites (black triangles). A negative selection marker (TK) was inserted 

outside the 5’ homologous arm. (B) Southern blot analysis to identify Lpp
+/+

, Lpp
+/-

 and Lpp
-/-

 mice. 

Digestion of genomic tail tip DNA with BglII and subsequent hybridization with a 5’ external probe 

(see black boxes in A) detects a 13.7 kb wild-type fragment and a 7.4 kb fragment of the mutant 

allele. (C) PCR analysis of genomic tail tip DNA to identify Lpp
+/+

, Lpp
+/- 

and Lpp
-/-

 mice. A 1 kb 

fragment of the wild-type exon 5 is detected in both Lpp wild-type and heterozygous knockout mice 

(primers are depicted as black arrows in Figure 19A); an 800 bp fragment of the LacZ gene is detected 

in both the Lpp knockout and heterozygous knockout mice (primers are depicted as white arrows in 

Figure 19A). 
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4.2.2 Lpp knockout mice and Mendelian genetics 

Before the backcrosses into the C57BL/6J background, the progeny of the Lpp
+/-

 

intercrosses displayed a normal Mendelian ratio (Table 1A). After the backcrosses, 

however, the number of Lpp knockout mice born was less than expected by 

Mendelian genetics (Table 1B), indicating that in some cases loss of Lpp might result 

in embryonic lethality. Interestingly, the reduced number of Lpp
-/-

 mice affected 

mainly the female population (17% Lpp
-/-

 in the female population, instead of the 

expected 25%), while the number of male Lpp
-/-

 mice approached the normal 

Mendelian ratio (24% Lpp
-/-

 in the male population, which is close to the expected 

25%).  

 

Table 1: Genotypes of progeny resulting from heterozygous Lpp
+/-

 intercrosses before (A) and after 

(B) backcross into the C57BL/6J background. 

 

4.2.3 Robust downregulation of Lpp transcripts and protein in Lpp knockout mice 

To demonstrate that Lpp protein expression is downregulated robustly in Lpp 

knockout mice, tissue extracts from Lpp
+/+

, Lpp
+/-

 and Lpp
-/-

 adult mice were analysed 

by Western blot analysis. Alternatively, quantitative reverse-transcriptase PCR (qRT-

PCR), with primers amplifying a fragment at the exon 5 – exon 6 boundary, was used 
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to detect the presence of Lpp transcripts in various tissues from Lpp
+/+

, Lpp
+/-

 and 

Lpp
-/-

 adult mice. No Lpp protein was detected in several tissues isolated from Lpp
-/-

 

mice while robust protein bands were visible after Western blot analysis of tissues 

from Lpp
+/-

 and Lpp
+/+

 mice (Figure 19A). qRT-PCR showed the robust 

downregulation of Lpp transcripts in Lpp
-/- 

MEFs (data not shown) and adult tissues 

(Figure 19B), and, in addition, a clear reduction of Lpp transcripts was detected in 

tissues from Lpp
+/-

 mice (Figure 19B). 

 

 

Figure 19: Confirmation of the robust downregulation of Lpp protein by Western blot analysis using 

the LPP2 antibody (A) and of Lpp transcripts by qRT-PCR (B).  
 

4.2.4 Expression of Lpp during mouse embryonic development and in adult mice 

We made use of the LacZ reporter gene, inserted in-frame with the translation start 

codon of Lpp in the targeting construct (Figure 18A), to examine the pattern of Lpp 

gene expression. Whole-mount staining for β-galactosidase activity with the 

substrate X-Gal was performed on E12.5 Lpp
+/-

 embryos. E12.5 Lpp
+/+

 embryos were 

used as negative control (Figure 20B). Although the whole-mount X-gal staining 

appeared ubiquitous in Lpp
+/-

 embryos (Figure 20A), paraffin sectioning of the 

stained embryos revealed stronger staining in the heart and intersomitic regions 

(Figure 20C). Also, within the intestine that protrudes from the physiological 
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umbilical hernia at this stage of embryonic development, a layer of cells that are 

likely to be SMCs was stained (Figure 20C’). We also performed 

immunohistochemistry on paraffin sections of E13.5 embryos using the MAP2 

antibody. Although slight staining was present in the whole section, a similar 

expression pattern as seen after X-gal staining was obtained (Figure 20 D,E). 

 

 

Figure 20: Spatial expression pattern of Lpp in mice. (A,B) Whole-mount X-gal staining of E12.5 Lpp
+/-

 

(A) and Lpp
+/+

 (B) embryos. (C) Sagittal paraffin section of whole-mount X-gal stained E12.5 embryo. 

X-gal staining is visible in the heart (black arrow), intersomitic regions (white arrows) and intestine 

(grey arrow). (C’) Close-up of the presumable SMC staining in the intestine that protrudes from the 

physiological umbilical hernia. (D,E) Immunohistochemistry using the MAP2 antibody on sagittal 

paraffin sections of E13.5 embryos reveals clear staining in the heart (D) and in the presumable SMC-

layer of the intestine (black arrow) (E). Abbreviations: A, atrium; V, ventricles; E, embryonic day. 

 

The temporal expression pattern of Lpp was analysed by qRT-PCR. During the stages 

of embryonic development that were examined (E10.5, E12.5 and E15.5), Lpp is 

expressed at a more or less constant level (Figure 21A). In adult mice (41 weeks of 

age), clear differences in expression were observed between the various tissues that 

were analysed, with Lpp transcripts being most abundant in stomach, colon, small 

intestine, lung and kidney, and to a lesser extent in heart, spleen, testis and liver 

(Figure 21A). Also, expression of Lpp in most of the examined adult tissues was 

clearly higher than in the examined embryonic stages (Figure 21A). 
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Figure 21: qRT-PCR analysis of Lpp expression. (A) Expression of Lpp transcripts during different 

stages of embryonic development and in various tissues of adult mice. (B) A short Lpp transcript is 

expressed very highly in testis, while low levels are detected in E12.5 and E15.5 embryos and in adult 

spleen and small intestine (*). Abbreviations: E, embryonic day. 

 

4.2.5 A short nuclear form of Lpp is expressed almost exclusively in testis under the 

control of an alternative promoter 

The DBTSS is a database of transcriptional start sites, based on experimentally 

determined 5’-end sequences of full-length cDNAs [153]. By screening this database, 

an alternative transcriptional start site of the mouse Lpp gene was found that was 

located in intron 7 (Erik Larsson, University of Göteborg, personal communication). 

The corresponding transcript (Lpp-short) was derived from murine adult male testis. 

Closer examination of the transcript revealed two novel exons (7b and 7c), of which 

exon 7b appeared to be used as the first exon, which is then successively spliced to 

exons 7c and 8. In Genbank, mouse ESTs containing exons 7b and/or 7c were 

exclusively derived from testis, corresponding rat ESTs were also only testis-derived, 

while corresponding human ESTs were found in brain and testis (Marleen Petit, 

unpublished results). This Lpp-short transcript is predicted to be expressed from an 
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alternative promoter located immediately 5’ of exon 7b. Figure 22 shows the 

genomic structure of the mouse Lpp and Lpp-short genes.  

 

 
 

Figure 22: Genomic structure of the mouse Lpp gene (not drawn to scale). The protein coding 

regions are represented by black, grey and arched boxes, the noncoding regions by white boxes. 

Below, schematic representations of the mouse Lpp (mLpp) and Lpp-short (mLpp-short) proteins are 

shown. The positions of the exons encoding various parts of these proteins are indicated by dotted or 

striped lines. Exons that encode only the mLpp protein are depicted as black boxes, exons encoding 

only mLpp-short are depicted as grey boxes, and exons encoding both mLpp and mLpp-short are 

depicted as shaded boxes. 

 

We performed qRT-PCR of the short form (with primers amplifying a fragment at the 

exon 7b – exon 7c boundary) on cDNA from different stages of mouse embryonic 

development and various adult tissues, revealing a very high expression in testis only 

(Figure 21B). In the mouse embryo (E12.5 and E15.5) and in the adult spleen and 

small intestine, a low expression of Lpp-short was detected (Figure 21B). In MEFs, 

the short form of Lpp was present but almost undetectable (data not shown).  

Expression in CV-1 cells of the corresponding short protein of human LPP coupled to 

GFP, showed that this short form localizes mainly in the nucleus (Figure 23B), 

whereas the long form localizes in focal adhesions (Figure 23A) (Marleen Petit, 

unpublished results). These results are compatible with the absence of a NES in the 

short form of LPP. The focal adhesion localization of GFP-LPP-short is probably due 

to overexpression artefacts. 
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Figure 23: Subcellular localization of GPF-coupled human LPP isoforms in CV-1 cells. The long form 

of human LPP (LPP) localizes in focal adhesions (A), whereas the alternative short form (LPP-short) is 

detected mainly in the nucleus (B). (Marleen Petit, unpublished results) Abbreviations: AA, amino 

acids. 

 

To confirm that this short transcript is expressed via an alternative promoter rather 

than originating from alternative splicing, we used qRT-PCR to analyse the 

expression of Lpp-short transcripts in Lpp
+/+

 and Lpp
-/-

 mouse testis. If Lpp-short is a 

splice-variant of the long form of Lpp, no Lpp-short transcripts should be present in 

the Lpp
-/-

 testis since transcription of the long form of Lpp is blocked in our Lpp 

knockout model. On the other hand, if Lpp-short expression is controlled by the 

predicted alternative promoter, which is located downstream of the transcription 

stop cassette in the targeted allele, transcripts should still be present in the Lpp
-/-

 

testis. As shown in Figure 24A, expression of the short transcript remained 

unchanged in Lpp
-/-

 testis, indicating that this transcript is expressed via an 

alternative promoter.  

Additionally, we generated a construct expressing the short form of mouse Lpp and 

expressed it in HEK293T cells to test the available LPP-antibodies and to find out at 

what height Lpp-short migrates in a polyacrylamide gel. We showed previously that 

all of the available antibodies against human LPP recognize mouse Lpp with high 

specificity (data not shown), and now they all appeared to recognize Lpp-short as 

well (data not shown). The transfected Lpp-short protein migrates at about 55 kDa 

(Figure 24B, lane 1). At the same height, a faint band is seen in both Lpp
+/+

 and Lpp
-/-

 

MEFs (Figure 24B, lane 3 and 4), again indicating that Lpp-short is still present in the 

Lpp knockout and that it is therefore expressed from an alternative promoter.   
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Figure 24: Expression of the short form of Lpp. (A) Lpp-short transcripts are present both in Lpp
+/+

 

and Lpp
-/-

 testis, the long form of Lpp (Lpp) is absent in Lpp
-/-

 testis. (B) Western blot analysis of the 

long form (Lpp) and the short form (Lpp-short) of Lpp using the LPP2 antibody. From left to right: lane 

1, HEK293T cells transfected with a construct expressing Lpp-short (pHVE18); lane 2, HEK293T cells 

not transfected (NT); lane 3, Lpp
+/+

 MEF lysate; lane 4, Lpp
-/-

 MEF lysate.  

 

4.2.6 Lpp knockout mice are viable and fertile 

Although we observed a partial lethality of Lpp
-/-

 embryos in Lpp
+/-

 crosses (section 

4.2.2), the Lpp knockouts that were born from these crosses showed no increased 

mortality compared to wild-type and heterozygous littermates, and reached 

adulthood without displaying any obvious abnormalities. Moreover, Lpp
-/-

 animals 

were able to mate and produced offspring, indicating that Lpp function is not 

essential for either male or female fertility. However, we had the impression that 

when Lpp knockout males were crossed with Lpp
+/-

 females, they gave less offspring 

and at a lower frequency compared to Lpp
+/-

 males. For this reason, we decided to 

investigate the fertility of the Lpp
-/-

 males in more detail.  

During spermatogenesis, maturation of immature spermatogonia occurs while they 

migrate through the wall of the seminiferous tubules in the testis, to end up in the 

lumen as almost mature spermatozoa, which undergo further maturation in the 

epididymis. Since Lpp is believed to be involved in the regulation of cell migration, 

we wondered whether something could be wrong with the sperm production of the 

Lpp knockout males. However, neither histology of the epididymis and the 

seminiferous tubules nor the amount of mature sperm cells stored in the 

epididymis, appeared to be different between Lpp knockout and wild-type males 

(Figure 25). 
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Figure 25: Hematoxilin / eosin staining of the testis and epididymis of Lpp
+/+

 and Lpp
-/-

 males (age 

14 weeks). Abbreviations: ST, seminiferous tubules in the testis; L, Leydig cells; Sp, spermatogonia; 

ES, early spermatids; LS, late spermatids; S, mature spermatozoa stored in the lumen of the 

epididymis. 

 

Since Lpp is expressed in SMCs and these cells are abundantly present in the corpus 

cavernosum, we wondered whether Lpp
-/-

 male mice suffered from penile erection 

disturbances with less frequent mating as a consequence. Therefore, in a second 

approach to investigate the fertility of Lpp knockout males, we crossed five Lpp
-/-

 

males and five Lpp
+/+

 male littermates with ten wild-type C57BL/6J females for five 

months. The couples were put together during the night. We observed their mating 

behaviour during three months by checking plugs in the morning, but no significant 

difference in number of matings was observed (Table 2). Additionally, we scored the 

number of litters and litter sizes during those three months and during two 

additional months in which the couples were put together 24h/24h. Again, no clear 

differences could be observed between wild-type and Lpp knockout males (Table 2), 

and we concluded that Lpp
-/-

 male fertility was normal.  
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Table 2: Study of the fertility of Lpp
-/-

 male mice. Lpp
-/-

 and Lpp
+/+

 littermates were crossed with wild-

type C57BL/6J females for five months, during which the number of matings (plugs), the number of 

litters and the litter sizes were recorded. 

 

Despite the fact that fertility of the Lpp knockout males was proven to be normal, 

Lpp
-/-

 matings clearly didn’t produce as much offspring as matings between wild-

type littermates (Table 3). Five Lpp
+/+

 and five Lpp
-/-

 crosses (Lpp
+/+

 and Lpp
-/-

 had the 

same genetic background) were set up for three months and during this period of 

time, the Lpp
-/-

 matings produced 46% less offspring than the matings between wild-

type littermates (Table 3). Since this reduction is much higher than the previously 

observed 20% reduction of Lpp
-/-

 offspring from the Lpp
+/-

 crosses (Table 1B), we 

reasoned that there had to be an additional problem with the female knockouts. In 

addition, the number of offspring from the Lpp
-/-

 x Lpp
-/-

 crosses that survived after 

birth and reached adulthood was almost 50% lower compared to the number of 

offspring from the Lpp
+/+

 x Lpp
+/+

 crosses (Table 3).  

 

 

Table 3: Less offspring is produced from Lpp
-/-

 crosses than from crosses between Lpp
+/+

 littermates. 

The breeding couples were put together for three months, during which the litter sizes were recorded 

(No. of mice after birth). The number of mice that reached adulthood (i.e. at least the age of 8 weeks 

and still alive) was recorded as well. All of the mice that did not reach adulthood died soon after 

birth. 

 

During later experiments, aberrant pregnancies were observed frequently in females 

from Lpp
-/-

 x Lpp
-/- 

crosses. A total of three Lpp
-/-

 females were dissected during 
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pregnancy. In one female, two resorbed embryos were present out of a total of 9 

embryos at E13.5. In addition, we observed one female of which all embryos (E15.5) 

had died in the uterus and appeared to have gone into necrosis. A third pregnant 

Lpp
-/-

 female had only two embryos at E11.5, which is strikingly lower than the 

average litter size of 6 to 8 for C57BL/6J mice. 

From the above results, we can conclude that the reduced progeny from Lpp
-/-

 x  

Lpp
-/-

 matings is caused by a combination of the Lpp
-/-

 genotype of the embryos itself 

and by (an) additional problem(s) at the level of the Lpp
-/-

 mothers. Possible 

problems include reduced fertility of the Lpp
-/-

 females or physiological 

abnormalities during pregnancy, but also abnormal behaviour with reduced 

attention for their pups after birth. 

4.2.7 Expression of zyxin and TRIP6 is not upregulated in Lpp knockout MEFs 

Although there is clearly a link between the loss of Lpp and the presence of certain 

developmental and reproductional problems (see section 4.2.6), adult Lpp knockouts 

still look healthy and normal. The shared architectural features and subcellular 

localization of zyxin family proteins, however, suggest that they may have 

overlapping functions in vivo. As a result, the lack of further abnormalities in the Lpp 

knockout mice could be attributed to a compensatory mechanism, where 

upregulation of Lpp family members masks the effect of elimination of Lpp 

expression. We therefore examined whether the expression of zyxin and TRIP6, the 

two most closely related family members of Lpp, is elevated in Lpp knockout MEFs. 

However, qRT-PCR revealed no difference between the relative expression levels in 

MEFs of both zyxin and TRIP6 transcripts after loss of Lpp function (Figure 26A). In 

addition, Western blot analysis showed that protein levels weren’t altered either 

(Figure 26B).  
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Figure 26: Expression of Lpp family members. (A) qRT-PCR revealing equal expression of zyxin and 

TRIP6 transcripts in wild-type Lpp
+/+

 and knockout Lpp
-/-

 MEFs. (B) Western blot analysis revealing no 

difference in zyxin and TRIP6 protein expression levels between Lpp
+/+

 and Lpp
-/-

 MEFs. Abbreviations: 

WT, wild-type; KO, knockout.   

 

4.2.8 Reduced expression of Scrib, PR130 and α-actinin in Lpp knockout MEFs 

We also analysed the expression of the known interaction partners of Lpp in Lpp
+/+

 

and Lpp
-/-

 MEFs with qRT-PCR. Whereas the expression of VASP and palladin 

remained unchanged after loss of Lpp function, expression of Scrib and α-actinin 

was reduced significantly (p = 0.03 and p = 0.04, respectively) (Figure 27). PR130, a 

B” regulatory subunit of protein phosphatase 2A (PP2A), was recently found to 

interact with Lpp (Veerle Janssens et al., unpublished results), and qRT-PCR revealed 

that PR130 expression was reduced significantly as well in Lpp
-/-

 MEFs (p = 1.5x10
-5

) 

(Figure 27).  

 

 

Figure 27: Relative mRNA expression levels of Lpp interaction partners in Lpp wild-type (Lpp
+/+

) and 

knockout (Lpp
-/-

) MEFs. * p < 0.05; ** p < 0.01.  
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4.2.9 Lpp knockout MEFs show reduced migration capacity and viability compared 

to wild-type MEFs 

In zebrafish, we found a role for Lpp in the regulation of polarized cell migration 

during C&E movements (see section 4.1.4 and [154]). Previously, Ajuba
-/-

 primary 

MEFs were shown to exhibit reduced migration in an in vitro wound-healing assay 

and in a Boyden chamber migration assay [62]. We wanted to asses whether Lpp
-/-

 

MEFs show impaired migration too, and therefore we performed an in vitro wound-

healing assay of early passage MEFs in culture. 

We used two-well chambers with coverglass bottoms to grow the Lpp
+/+

 and Lpp
-/-

 

MEFs side-by-side and to view them with an inverse microscope. Due to problems 

with growing primary MEFs till confluence, we had to coat the chambers with 

fibronectin prior to seeding the cells. With a sterile P1000 tip, a straight scratch was 

made in the confluent cell layer, and closure of the ‘wound’ was recorded for 24 

hours (Figure 28A). By 24 hours after wounding, about 50% less Lpp
-/-

 MEFs had 

migrated into the wound compared to the Lpp
+/+

 MEFs (Figure 28B), indicating that 

the knockout MEFs displayed reduced wound repair. Moreover, we had the 

impression that Lpp
-/-

 MEFs didn’t migrate slower but rather that they migrated in 

more random directions, suggesting a similar defect as seen for the zebrafish 

paraxial mesodermal cells after lpp knockdown (see section 4.1.4).  
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Figure 28: In vitro wound healing assay. (A) Images of a scratch-wound assay of Lpp wild-type and 

knockout MEFs over a 24 hours time course. MEFs were grown to confluence, a scratch was made in 

the confluent layer with a P1000 tip, and closure of the wound was recorded. (B) The number of cells 

that had migrated into the wound was counted after 12 hours and after 24 hours (n = 2). 

Abbreviations: MEF, mouse embryonic fibroblast; WT, wild-type; KO, knockout; n, number of assays. 

 

When growing the MEFs, we had the impression that the Lpp
-/-

 MEFs died faster 

compared to the Lpp
+/+

 MEFs. To investigate a possible viability defect of the Lpp
-/-

 

MEFs, we performed two independent assays.  The Quick cell proliferation assay is 

based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular 

mitochondrial dehydrogenases. By measuring the amount of formazan dye formed, 

the assay indirectly determines the amount of mitochondrial activity, which is a 

measure for the presence of viable cells. As shown in Figure 29A, starting from equal 

amounts of cells, about 30% less viable Lpp
-/-

 MEFs were present after 48 hours 
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compared to the Lpp
+/+

 MEFs. To confirm this result, a second assay was performed: 

the CellTiter-Glo


 luminescent cell viability assay generates a luminescent signal that 

is proportional to the amount of ATP present in cells, which is in turn directly 

proportional to the number of viable cells present in culture.  After 48 hours, a 

significant reduction of 20% was detected in the amount of viable cells in wells 

containing Lpp
-/-

 MEFs compared to wells containing Lpp
+/+

 MEFs (Figure 29B). In 

conclusion, the results of both assays indicate that the knockout MEFs show reduced 

viability compared to wild-type litter-matched MEFs. 

  

 
 

Figure 29: In vitro cell viability assays. (A) Quick cell proliferation assay. Two independent assays 

were performed and absorbance was measured in a total of 132 wells per condition (p = 9.1x10
-14

); 

(B) CellTiter-Glo


 luminescent cell viability assay.  Luminescence was measured in a total of 45 wells 

per condition (p = 5.2x10
-6

). 
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4.3  Study of the role of Lpp during atherosclerosis in Lpp/ApoE-

deficient mice 

LPP was previously shown to be involved in smooth muscle cell migration [9], a 

process that is known to contribute to the development of atherosclerosis. In a third 

part of this thesis, we used our Lpp knockout mouse model to study the role of Lpp 

during atherosclerosis.  

4.3.1 Generation of Lpp/ApoE double knockout mice 

A frequently used mouse model to study atherosclerosis is the apolipoprotein E 

(ApoE) knockout mouse (section 1.7.2). To investigate the possible role of Lpp in the 

pathogenesis of atherosclerosis, we crossed our Lpp knockout mouse with the ApoE 

knockout in order to generate an Lpp/ApoE double knockout. The breeding scheme 

that was followed to generate Lpp
-/-

/ApoE 
-/-

 mice and control mice (Lpp
+/+

/ApoE 
-/-

, 

Lpp
+/+

/ApoE 
+/+

) in the same genetic background is depicted in Figure 8 in the 

“Experimental procedures” section. We started with the first crosses in March 2007; 

the first Lpp/ApoE knockout was born in January 2008.  

In order to get statistically usable results, 6-10 sex-matched mice are needed for this 

type of study. Unfortunately, due to time restrictions, we were not able to reach 

these amounts. Therefore, we decided to perform a pilot study using the 5 male and 

8 female mice available at that time (Table 4). We were aware of the fact that these 

numbers are far too low to generate statistical reliable results. However, we 

reasoned that a possible strong difference between the different genotypes would 

be detectable and would already give a first indication of the importance of the 

involvement of Lpp in atherosclerosis. A second problem we faced was that not a 

single Lpp
+/+

/ApoE 
-/-

 mouse was obtained from cross 3B (Figure 8). Since previous 

experimental data suggested that there is no clear phenotypic difference between 

Lpp
+/-

 and Lpp
+/+

 mice (see section 4.2.3 and 4.2.6), we used Lpp
+/-

/ApoE 
-/-

 instead as 

ApoE knockout controls. 
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Table 4: Numbers, sexes and genotypes of the mice used in the atherosclerosis study. Lpp
-/-

/ApoE 
-/-

, 

Lpp/ApoE double knockout; Lpp
+/-

/ApoE 
-/-

, ApoE knockout control; Lpp
+/+

/ApoE 
+/+

, wild-type control. 

 

4.3.2 Study of the atherosclerotic burden in Lpp/ApoE knockout aortas  

To investigate whether endogenous Lpp plays a role in atherosclerotic plaque 

formation, we analysed the atherosclerotic burden in the aortic arch and descending 

thoracic aorta of Lpp/ApoE double knockout (Lpp
-/-

/ApoE 
-/-

), ApoE knockout control 

(Lpp
+/-

/ApoE 
-/-

) and wild-type control (Lpp
+/+

/ApoE 
+/+

) mice that were fed a 

cholesterol-rich diet. Since only a small number of mice were available, we decided 

to look only at the plaque area in the aortic arch and the thoracic aorta, and not to 

investigate the plaques in more detail at the histological level. 

After 12 weeks of diet, no significant difference was observed between the mean 

total plaque areas of Lpp
-/-

/ApoE 
-/-

 and Lpp
+/-

/ApoE 
-/-

 mice (Figure 30). Also plaque 

size, amount of plaques and distribution of the plaques appeared not to differ 

significantly, with the largest plaques still localizing in the aortic arch (Figure 31). 

 

 

Figure 30: Atherosclerotic plaque burden in Lpp/ApoE double knockout (Lpp
-/-

/ApoE
-/-

), ApoE 

knockout control (Lpp
+/-

/ApoE
+/+

) and wild-type control (Lpp
+/+

/ApoE
+/+

) aorta segments. 
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Figure 31: En face Oil Red O staining of aorta segments. (A) Schematic drawing of the aorta segment 

in which the atherosclerotic burden was analysed. (B-D) Representative en face ORO-stained aorta 

segments pinned down on paraffin plates. Atherosclerotic plaques are stained in red. (B’-D’) Close-up 

of the aortic arches of the segments shown in B-D. Abbreviations: AA, aortic arch; TA, thoracic 

descending aorta; IA, innominate artery; LCA, left carotid artery; RCA, right carotic artery; LSA, left 

subclavian artery; RSA, right subclavian artery; ORO, Oil Red O. 

 

4.3.3 Cholesterol levels in Lpp/ApoE double knockout mice and controls 

Prior to isolation of the aortas, we took blood from each mouse to determine 

cholesterol levels. The serum cholesterol levels were determined at the Department 

of Laboratory Medicine (UZ Leuven) under the supervision of Mathieu Gerits. For 

both males and females, no difference was observed between the cholesterol levels 

in Lpp
-/-

/ApoE 
-/-

 and Lpp
+/-

/ApoE 
-/-

 mice (Figure 32).  

In addition, we looked at the amounts of HDL- and LDL-bound cholesterol. LDL 

transports cholesterol to all parts of the body and reflects the so-called ‘bad 

cholesterol’, whereas HDL (the ‘good cholesterol’) removes the excess of cholesterol 

and brings it to the liver where it is converted into bile salts that are used for the 

digestion of fat. A high level of HDL protects against cardiovascular diseases, while 
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low HDL cholesterol levels increase the risk for heart disease. LDL-levels were high in 

both Lpp
-/-

/ApoE
-/-

 and Lpp
+/-

/ApoE
-/-

 mice compared to wild-type mice. HDL-levels 

were lower than LDL-levels in both Lpp
-/-

/ApoE
-/-

 and Lpp
+/-

/ApoE
-/-

 mice, while HDL-

levels are higher than LDL-levels in wild-type mice that are fed the same diet. 

Triglyceride-levels differed not significantly between the different genotypes. 

 

 

 
 

Figure 32: Cholesterol levels in Lpp
+/+

/ApoE
+/+

,Lpp
+/-

/ApoE
-/-

 and Lpp
-/-

/ApoE
-/-

 mice. Abbreviations: 

HDL, high density lipoproteins; LDL, low density lipoproteins. 
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5.1  Lpp is involved in Wnt/PCP signalling and acts together with 

Scrib to mediate convergence and extension movements during 

zebrafish gastrulation 

(This part is published in: Hilke Vervenne et al., Dev Biol 2008; 320: 267-77. with minor 

modifications) 

 

During vertebrate gastrulation and neurulation, C&E reflects the medial migration 

and intercalation of mesodermal and neurectodermal cells. These movements are 

directed by lamellipodia on the medial and lateral faces of these cells and by the 

organized deposition of extracellular matrix fibrils [114, 155], and lead to a 

significant elongation of the body axis. Such aligned cell behaviors require 

reorganization of the cytoskeleton and modulation of cell adhesion. LPP, which 

localizes at sites of cell adhesion and interacts with cytoskeletal proteins such as α-

actinin and VASP, is a good candidate for being involved in these processes. 

Therefore, in a first approach to unravel the biological role of LPP, we used the 

morpholino knockdown technique to downregulate the expression of the LPP 

orthologue in zebrafish. 

 

Our results indicate that Lpp plays a significant role in the regulation of C&E during 

zebrafish gastrulation. The temporal expression pattern of lpp, with highest 

expression in the early stages of zebrafish development, provides a first hint for its 

function during gastrulation. Moreover, we show that both morpholino-based 

knockdown and to a lesser degree overexpression led to a shortened body axis 

phenotype, a phenomenon also observed for other genes involved in gastrulation 

movements [150]. Importantly, lpp morphants display embryonic defects similar to 

those when C&E is disrupted, such as reduced elongation of the body axis, broader 

and compressed somites and shorter and broader notochord, all of which are 

reminiscent of the phenotype of noncanonical Wnt signalling mutants [99, 144, 146, 

149, 156]. Time-lapse analysis showed that the total migration speed of paraxial cells 

was not significantly different between wild-type and Lpp-MO injected embryos. In 

contrast, net dorsal speed appeared to be strongly reduced after knockdown of lpp 
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because of a failure of cells to move along straight paths. These results suggest that, 

during zebrafish gastrulation, Lpp is involved in cytoskeletal reorganization and 

subsequent mediolateral elongation, which controls the dorsal direction of 

migration rather than migration per se. Mediolateral elongation is also required for 

cells to intercalate at the dorsal midline. Although defective cell intercalation can be 

responsible for C&E defects as well, the observed reduced dorsal convergence, 

before the cells reach the dorsal midline to intercalate, suggests that the first defect 

after knockdown of lpp is at the level of polarized migration. Lpp, being linked to 

cytoskeletal proteins such as VASP and α-actinin, is a good candidate for being 

involved in cytoskeletal reorganization. Likewise, an important role in the 

redistribution of the actin cytoskeleton was previously suggested for the interaction 

between VASP and zyxin [47, 157]. Also, the interaction between Lpp and Scrib 

suggests that Lpp is involved in the regulation of cell polarity, which in turn is 

necessary for directional cell migration. 

 

In Xenopus and zebrafish, a noncanonical Wnt signalling pathway constitutes the 

vertebrate PCP pathway and regulates mediolateral cell polarization underlying C&E 

[158, 159]. A known downstream effector of noncanonical Wnt11 in zebrafish is 

RhoA, a small GTPase of the Rho family [149]. Rho small GTPases play pivotal roles in 

cytoskeletal rearrangement, leading to a wide variety of cellular and developmental 

properties including changes in cell morphology and motility, cell adhesion, 

transcriptional regulation, differentiation and cell proliferation [160, 161]. A 

downstream effector of RhoA that partially mediates this action is the Rho-

associated kinase (ROK). Two vertebrate isoforms of ROK have been identified: 

ROK1, which was first identified in human [162], and ROK2, which was first identified 

in mice and is also known as ROKα [163] and Rho kinase [164]. In zebrafish, only the 

ROK2 isoform (Rok2) has been described so far [165]. The protein was found to act 

downstream of Wnt11 to mediate cell polarity and effective C&E movements in 

zebrafish [146]. Here, we show that knockdown or overexpression of Wnt11 results 

in a significant reduction of lpp mRNA levels, suggesting that lpp expression is at 

least partially regulated by noncanonical Wnt signalling in zebrafish. Moreover, 

overexpression of dominant-negative Rok2 also resulted in reduced lpp mRNA levels, 
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indicating that Lpp acts downstream of RhoA/Rok2. In this regard it is interesting to 

mention that in vitro experiments in human derived SMCs also show that LPP 

expression is RhoA/ROK dependent [9], suggesting that RhoA/ROK regulation of LPP 

expression is conserved among vertebrates. The observation that lpp mRNA levels 

are reduced after both knockdown and overexpression of wnt11 is in agreement 

with previous reports that knockdown as well as overexpression of wnt11 in 

zebrafish results in C&E defects [144]. These results are also consistent with an in 

vivo experiment in zebrafish embryos, in which overexpression of wnt11 results in 

cytoplasmic localization and, therefore, inactivation of Rok2 [146].  

 

Scrib is a member of the LAP (leucine-rich repeat and PDZ) family of proteins that is 

involved in the regulation of cell adhesion, cell shape and cell polarity [90]. Scrib was 

previously identified as a PCP gene in mice through its genetic interaction with 

Vangl2. Recently, this genetic interaction was also established in zebrafish, and it 

was shown that maternal expression of Scrib is required for C&E movements during 

gastrulation [99]. One proposed explanation for this interaction is that the observed 

apical localization of all core PCP proteins is dependent on Scribble-based 

apical/basal cell polarity [166]. In humans, a direct interaction between LPP and 

SCRIB was shown previously [100], but so far, no studies have been performed to 

address the possible functionality of this interaction. We have now shown that Lpp 

and Scrib physically interact in zebrafish as well, and moreover, we show that they 

interact genetically for the regulation of C&E. As such, for the first time, we provide 

evidence for a developmental role of the Lpp-Scrib interaction. The genetic 

interaction observed between lpp and trilobite, is likely to be a consequence of the 

Lpp-Scrib interaction. 

 

Conclusion 

Human LPP localizes to cell adhesion sites where it interacts with α-actinin, VASP 

and Scrib. It is therefore likely to play a role in mediating events such as cytoskeletal 

reorganization and modulation of cell adhesion, processes that are indispensable for 

the establishment of mediolateral elongation and polarized cell migration. All of 
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these binding sites are conserved in zebrafish Lpp, providing a possible mechanism 

through which downregulation of lpp expression could account for the observed 

C&E defects. The results described in this part of the thesis indicate that expression 

of lpp in zebrafish is dependent on noncanonical Wnt/PCP signalling and that it plays 

a crucial role during early zebrafish embryogenesis in the regulation of C&E. More 

specifically, we demonstrate that knockdown of lpp leads to a reduced ability of cells 

to move in an oriented manner, leading to reduced dorsal convergence and 

consequently C&E defects. In addition, we show that Lpp and the PCP protein Scrib 

interact genetically as well as physically and, as such, that they act in the same 

pathway for the regulation of C&E during zebrafish gastrulation. 
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5.2  Targeted disruption of the mouse Lpp gene 

In the first part of this thesis, we found an essential role for Lpp in the regulation of 

polarized migration during zebrafish gastrulation. In a second approach toward 

defining an in vivo function for Lpp in a context more closely related to human 

physiology, we used a higher vertebrate animal model and studied the loss of Lpp 

function in mice.  

 

Four chimeric mice, containing the targeted Lpp allele in part of their cells, were 

available by the start of this thesis. After extensive breeding of these four chimeras 

with wild-type Swiss female mice, one chimera turned out to be germline-

transmitting the targeted Lpp allele. However, breeding with this chimera resulted in 

the birth of only two Lpp heterozygous mice out of a total of 138 pups, suggesting 

that the targeted ES cells had contributed only poorly to the germline.  

At birth, both of the male Lpp
+/-

 mice were remarkably smaller than their 

littermates, which initially suggested that partial loss of Lpp already results in 

abnormalities. However, growth curves of one of these Lpp
+/-

 founders and its Lpp
+/+

 

littermates showed that the heterozygous mouse reached the same weight as its 

wild-type littermates at 20 days after birth. Moreover, growth curves of the Lpp
+/-

 

and Lpp
+/+

 progeny (F1) of the two heterozygous founders crossed with wild-type 

Swiss females showed no difference in weight from birth on. The disappearance of 

the smaller phenotype, however, could be due to the increased percentage of the 

Swiss genetic background of the F1 mice. It is well known that the phenotype 

resulting from the loss of a gene can vary due to the presence of genetic modifiers 

[167]. Both outbred and inbred strains have these genes, but in inbred strains, all 

animals are virtually identical and contain the same modifier genes. This is not the 

case in outbred strains such as Swiss, where each mouse differs from the other and, 

as a consequence, the phenotype might differ from mouse to mouse as well. To 

avoid this problem, we backcrossed one of the heterozygous founders into the 

inbred C57BL/6J background for five generations, and used the resulting 96.9% 
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C57BL/6J Lpp
+/-

 mice to generate Lpp knockout mice in virtually the same genetic 

background.  

Apart from the developmental and reproductive problems in the Lpp
-/-

 females, the 

lack of any further abnormalities in the Lpp knockouts was remarkable when 

compared to the severe phenotype seen in zebrafish after lpp knockdown (see 

section 4.1). Knockdown of the PCP genes scrib and trilobite results in similar C&E 

defects as seen after knockdown of lpp [99, 156]. Mice that lack either Scrib or 

Vangl2 function suffer from craniorachischisis [95, 98], a severe condition reflecting 

a complete open neural tube due to a failure of C&E movements of cells in the 

midline of the early neural tube. In addition, the Vangl2 mutant ‘Looptail’ mouse 

shows a defect of polarization and migration of myocardializing cells into the 

outflow tract cushions of the heart [97, 168, 169]. These severe conditions are in 

striking contrast with the macroscopically normal and healthy Lpp knockout mice. A 

possible explanation could be that Lpp has more unique functions in zebrafish, 

whereas in higher vertebrates such as mice, there is an overlap between the 

functions of Lpp and its family members. It has to be menioned, however, that the 

Lpp knockout mice were not yet examined for the presence of more subtle PCP 

phenotypes such as defects in hair bundle orientation in the inner ear or in hair 

follicle orientation in the skin.  

 

As is shown in Table 5, LPP and its closest related family members zyxin and TRIP6 

share some interaction partners, which is, apart from their similar protein structure, 

an extra indication that these proteins share one or more functions. Hoffman et al. 

[41] suggested that the lack of a phenotype in the zyxin knockout could result from a 

compensatory mechanism involving an upregulated expression of related proteins 

with overlapping functions. Although they didn’t detect an upregulation of Lpp and 

TRIP6 expression in zyxin
-/-

 tissues, they found that all of the wild-type tissues 

examined displayed expression of at least two zyxin family members, and suggested 

that the presence of multiple family members could contribute to the survival of the 

mice. Similarly, we did not observe an upregulation of zyxin and TRIP6 after loss of 

Lpp, so perhaps the lack of further abnormalities in the Lpp knockout could be 

contributed to the expression of multiple family members as well. 
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Table 5: Overview of the known ‘interactions’ (+) and ‘no interactions’ (-) between LPP family 

members and LPP interaction partners. Empty boxes represent interactions that were not yet tested. 

 

By qRT-PCR we revealed the very high expression in testis of an alternative short 

transcript of Lpp, and we demonstrated that expression of this short transcript is 

controlled by an alternative promoter. The predicted alternative promoter is located 

3’ from the transcription stop cassette in the targeted allele. An important 

consequence of this location is that the Lpp
-/-

 mice are only partially knocked out, 

with the short nuclear form of Lpp still being expressed. The presence of this short 

form could also contribute to the fact that no severe phenotype is seen in the Lpp 

knockout. In mice only four ESTs were found so far from this alternative transcript 

and these were all found in testis only. Accordingly, we only detected high 

expression of Lpp-short in testis, and hardly any expression in other tissues. Since 

fertility of the male Lpp
-/-

 mice is normal and Lpp-short is still present in the testes of 

Lpp
-/-

 males, it may be possible that Lpp-short plays an important role in sperm 

production or functioning of the testes. 

Given the restricted expression of Lpp-short in testis, it may be unlikely that Lpp-

short fulfils functions that are essential for viability. On the other hand, it is still 

possible that Lpp-short is expressed in more tissues during particular developmental, 

physiological or pathological conditions, and that it plays an important role in these 

situations. The only way to exclude one of these possibilities, however, is to 

generate a knockout mouse that lacks both the long and the short form of Lpp.    

 

After backcrossing the Lpp
+/-

 founder into the inbred C57BL/6J genetic background, 

the number of Lpp knockout mice born from Lpp
+/-

 x Lpp
+/-

 matings was less than 

expected by Mendelian genetics, indicating that in some cases loss of Lpp results in 
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embryonic lethality. Remarkably, this reduced number of Lpp
-/-

 mice appeared to 

affect only the female population. The reason for this sex-dependent embryonic 

lethality was, however, not studied in more detail in this thesis.  

 

In Lpp
+/-

 mouse embryos, we observed clear Lpp-promoter-driven LacZ expression in 

the heart but not in the other organs, while in the adult heart, Lpp transcripts are 

less abundant than in most of the other tissues tested. The clearly stronger 

expression of Lpp in the embryonic heart may suggest that Lpp plays a role during 

embryonic heart development. In this regard, it is interesting to note that very high 

levels of Scrib expression were detected in myocardial cells migrating into the 

cushion mesenchyme during myocardialization of the outflow tract (OFT) in E11.5 

wild-type mice but not in Wnt11
-/-

 mice [173]. The Wnt/PCP pathway was suggested 

to be an excellent candidate signalling pathway to regulate this directional 

movement [174]. Like we showed in zebrafish for the dorsal migration of paraxial 

mesodermal cells, the Lpp-Scrib interaction could be involved also in the polarized 

migration of cells during muscularisation of the OFT, which ultimately leads to the 

separation of the ventrical outlet into the aorta and the pulmonary artery. Defects of 

myocardialization can result in OFT malformations such as double-outlet right 

ventricle, due to an inadequate septation of the ventrical outlet [97]. Although Lpp
-/-

 

mice appear to be healthy under normal conditions, a (mild) heart defect could be 

present in a latent way. If so, then consequences of eliminating the Lpp gene may 

emerge if these animals are challenged by physical stress.  

 

In zebrafish, we found a role for Lpp in the regulation of polarized cell migration 

during C&E movements (see section 4.1.4 and [154]). Previously, Ajuba
-/-

 primary 

MEFs were shown to exhibit reduced migration in an in vitro wound-healing assay. 

The wound-healing assay is a simple and inexpensive method to study directional 

cell migration in vitro. The method mimics cell migration during wound healing in 

vivo whereby cells adjacent to the damaged area migrate toward the wound in a 

polarized manner. We performed an in vitro wound-healing experiment with early 

passage Lpp
-/-

 and Lpp
+/+

 MEFs, and we showed that loss of Lpp function results in an 

aberrant directed migration of the MEFs. During these experiments, we noticed that 
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even the wild-type MEFs weren’t able to fully close the wound. However, due to 

problems with growing the MEFs on the coverglass bottom of the two-well 

chambers, we were forced to coat the chambers with fibronectin prior to seeding 

the cells. When making a scratch-wound with a P1000 tip, likely some of the 

fibronectin was removed as well, explaining why also the Lpp
+/+

 MEFs exhibited an 

inability to fully close the wound. 

In addition, we showed that loss of Lpp results in a reduced viability of 20 to 30%. 

The reduced number of viable cells can be caused by increased cell death, either or 

not accompanied by a proliferation defect. Proliferation of cells requires these cells 

to divide. In turn, cytoskeletal dynamics are necessary for cell division to occur. Lpp 

interacts with several proteins that are well known to be involved in actin dynamics; 

knockout of Lpp could therefore result in defective cytoskeletal reorganisation and 

reduced proliferation. 

 

In Lpp knockout MEFs, a significant reduction was seen of the expression of Scrib, α-

actinin and PR130, three LPP interaction partners. One possible explanation is that 

Lpp, which transiently localizes into the nucleus, regulates the expression of some of 

its interaction partners. Absence of Lpp would therefore result in a reduced 

expression of these proteins. Alternatively, the presence of Lpp in the cell could 

trigger specific signals that encourage other transcription factors to bind to the 

promoter regions of Lpp interaction partners and increase their expression.  

In addition, we noticed that the amount of Lpp transcripts in the Lpp
+/-

 tissues is less 

than 50% of the amount detected in Lpp
+/+

 tissues. This could indicate that Lpp 

stimulates its own expression via a feedback mechanism, reflecting an additional 

reason for the transient localization of Lpp into the nucleus. 

 

Conclusion 

We generated an Lpp knockout mouse strain to investigate the biological function of 

Lpp. Apart from the developmental and reproduction defects observed in Lpp
-/-

 

females, no clear macroscopic abnormalities were seen in the Lpp knockout mice – 

an observation which is in striking contrast to the severe C&E defects in zebrafish 
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embryos after lpp knockdown. We did, however, manage to identify some additional 

defects that provide us with clues about (an) in vivo function(s) for Lpp. 

Many of the known interaction partners of LPP are somehow involved in 

cytoskeletal reorganisation, modulation of cell adhesion or establishment of cell 

polarity, processes that are all required for the directed migration of cells. We 

observed a reduced capacity of Lpp knockout MEFs to migrate in an oriented 

direction, again confirming the involvement of Lpp in directed migration. In addition, 

we showed that loss of Lpp results in a reduced viability of the Lpp
-/-

 MEFs. 

Finally, we demonstrated that loss of Lpp function leads to a reduced expression of 

Scrib, α-actinin and PR130, suggesting that Lpp is, directly or indirectly, involved in 

the regulation of the expression of these proteins. 

 

Future directions 

If indeed the lack of a more severe phenotype can be attributed to the presence of 

multiple Lpp family members sharing overlapping functions, generation of double or 

even triple knockout mice could overcome this intriguing matter. Since LPP and 

TRIP6 share the highest degree of homology of all zyxin family members, Trip6 

would be the first candidate to knock out in combination with Lpp. If no extra 

abnormalities are seen in the Lpp/Trip6 knockout compared to the Lpp knockout, 

then generation of an Lpp/Trip6/zyxin triple knockout mouse strain would be 

appropriate. In addition, studying an Lpp/zyxin double knockout could allow us to 

differentiate between the overlapping functions of Lpp and Trip6 on the one hand 

and Lpp and zyxin on the other hand. Ideally, of course, a new Lpp knockout should 

be generated as well in which both the long and the short form of Lpp are absent. 

As far as the study of the available Lpp knockout is concerned, it would be 

interesting to examine the fertility of Lpp
-/-

 females in more detail, and to investigate 

the presence of possible other (pregnancy-related) defects in the Lpp
-/-

 female mice. 

Also, more pregnant females from Lpp
-/-

 crosses should be sacrificed. In this way, the 

amount of resorbed embryos as well as the embryonic day at which the embryos die 

could be defined, and the cause of embryonic death could be investigated. 
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The expression of Lpp in the embryonic heart suggests a function for Lpp during 

heart development. Since the apparently healthy Lpp
-/-

 mice may still suffer from a 

(mild) latent heart defect, it would be valuable to subject these mice and wild-type 

littermates to physical stress and to evaluate and compare their performances. 

Finally, given the involvement of Lpp in PCP, as was shown in the zebrafish model, it 

would be interesting to investigate the presence of potential PCP phenotypes in the 

Lpp knockout mouse. Not only will it be valuable to investigate if e.g. neural tube 

defects are the cause of the partial embryonic lethality, but also to look for the 

presence of more subtle PCP defects in adult knockout mice such as in hair bundle 

orientation in the inner ear and in hair follicle orientation in the skin. 
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5.3  Study of the role of Lpp during atherosclerosis in Lpp/ApoE-

deficient mice 

 

Lpp is highly expressed in vascular SMC, and it is involved in the regulation of SMC 

migration [7-9]. During the process of atherosclerotic plaque formation, the 

migration of SMCs from the tunica media to the intima is a crucial step in the 

progression of the plaques. An important mediator of this process is Ang II [126]. 

Recently, Ang II was found to enhance expression of LPP and its interaction partner 

palladin in human iliac vein SMCs, which in turn promoted cell migration and 

spreading [110].  

 

The findings above encouraged us to study the potential role of Lpp during the 

pathogenesis of atherosclerosis. We generated an Lpp/ApoE double knockout strain, 

and subjected these mice to a cholesterol-rich Western diet for a period of 12 

weeks, after which we dissected the aortas and stained them ‘en face’ with Oil red 

O. In addition, aortas were dissected from ApoE knockout control and wild-type 

control mice that were given the Western diet for the same period of time. 

Due to time restrictions, however, the initial study setup showed some 

shortcomings. First of all, no Lpp
+/+

/ApoE
-/-

 control mice in the same genetic 

background as the double knockout were obtained from cross 3B (Figure 8). 

However, since previous results suggested that there is no difference between Lpp
+/-

 

and Lpp
+/+

 mice, we were able to use Lpp
+/-

/ApoE
-/-

 mice instead. A second 

shortcoming was the low number of mice available from each gender and genotype 

(Table 4), which was too low to obtain statistically reliable results. We reasoned, 

however, that a clear difference in plaque burden between the different genotypes 

would be detectable, and would already give a first indication about the 

involvement of Lpp in the process of atherosclerotic plaque formation.    

 

The only thing we can conclude from these first experiments is that, at least at the 

age of 15 weeks and after 12 weeks of cholesterol-rich diet, there is no significant 

difference between Lpp
+/-

/ApoE
-/-

 and Lpp
-/-

/ApoE
-/-

 mice regarding both the size of 
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the total plaque area and the cholesterol levels. Not only the total plaque area, but 

also the mean size and the distribution of the plaques throughout the aorta appear 

to be the same between both genotypes.  

 

It is possible, however, that the effect of the absence of Lpp in the double knockout 

is only clear at older age and/or after a longer period of Western diet. Studying 

plaque burden in older mice would also be easier since plaques are larger and better 

defined than in younger mice. In addition, the large variation of the results (for both 

total plaque area and cholesterol levels) within a single group of mice sharing the 

same sex and genotype, indicates that it is absolutely necessary to increase the 

number of mice per group in order to draw any final conclusions. Also, it remains 

still possible that there are differences between the plaques of Lpp
+/-

/ApoE
-/-

 and 

Lpp
-/-

/ApoE
-/-

 mice at the histological level, such as for example the number of SMCs 

present in the plaque, the thickness of the fibrous caps or the macrophage 

accumulation. 

  

Conclusion 

From our experiments we can conclude that, at 15 weeks of age and after 12 weeks 

of Western diet, presence or absence of Lpp is not related to the macroscopically 

visible atherosclerotic burden. Also, no differences in cholesterol levels are seen, 

indicating that Lpp is not important for the dietary uptake or the biliary excretion of 

cholesterol, or the functioning of the high and low density lipoproteins that 

transport the cholesterol. However, due to the low number of mice per study group, 

none of these conclusions can be considered as final. 

 

Future directions 

The experiment should be repeated on larger groups of sex- and genotype-matched 

mice, and the cholesterol-rich diet should be administered for a longer period of 

time, e.g. 25 weeks. Also, ideally, ApoE knockout controls that are Lpp wild-type 

should be used rather than Lpp
+/-

/ApoE
-/-

 mice. 
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In addition, besides macroscopic analysis of the atherosclerotic plaque burden, it will 

be interesting to take a closer look at the plaques at the histological level and check 

them for the presence of differences in types and number of cells present in the 

plaques. 
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In this thesis, we searched for the biological function of the LPP protein by using two 

distinct animal models. Results from both our studies in the zebrafish and in the 

mouse model, indicated that Lpp is involved in in vivo cell migration, and, more 

specifically, that it regulates directed cell migration. Knockout of Lpp in mice, 

however, led to only a subtle phenotype, whereas zebrafish embryos showed severe 

gastrulation defects after morpholino knockdown of lpp.  

A possible explanation for this paradox might be the presence of functional 

redundancy between members of the zyxin protein family in mice. But then again, 

why would this compensatory mechanism not occur in zebrafish? In Drosophila, the 

zyx102 protein represents the zyxin, LPP and TRIP6 proteins in vertebrates. Absence 

of zyx102 in Drosophila would therefore logically result in a more severe phenotype 

than absence of either zyxin, LPP or TRIP6 in a vertebrate model. Although all three 

proteins have orthologues in zebrafish, could it still be that the zebrafish Lpp 

orthologue is responsible for certain functions that are taken over by either zyxin or 

TRIP6 in the mouse? The NES of the potential zyxin orthologue, for example, is only 

poorly conserved between human and zebrafish, whereas the NES of the LPP 

orthologue is conserved a 100%. Assuming that the nuclear localization of zyxin is an 

important feature for the proper functioning of this protein, it may indeed be 

possible that zebrafish zyxin performs less functions than its orthologue in human. 

Also, although the translation start site of Lpp-short in human and mouse is 

conserved in zebrafish, we could not find any ESTs for an alternative short form of 

Lpp in zebrafish. If Lpp-short, which is still expressed in our Lpp knockout model, 

performs certain functions that, in zebrafish, are carried out by the long form of Lpp, 

this might be another explanation adding to the striking difference in phenotype 

seen between our zebrafish and our mouse model. 

We found a link between Lpp and noncanonical Wnt signalling, but the main 

question remains to what role exactly Lpp plays during the establishment of planar 

cell polarity (PCP). Figure 33 summarizes the previously known data, the main 

findings in our zebrafish model, and the hypotheses that evolved from these 

findings. The subcellular localization of Lpp and its interaction with VASP, α-actinin 

and palladin, suggest that this protein is involved in cytoskeletal reorganization and 

cell migration. Moreover, Lpp interacts with Scrib, and this interaction is likely to be 
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important for the establishment of cell polarity. Cytoskeletal reorganization and cell 

polarization are both indispensable for mediolateral elongation of cells and 

subsequent directed migration, an essential element of PCP.  

 

 
 
Figure 33: Lpp and planar cell polarity: summary of the findings and resulting hypotheses. 

Abbreviations: Rok2, Rho kinase 2; MRTF, myocardin-related transcription factor; SRF, serum 

response factor; FA, focal adhesion. 

 

We also found in zebrafish that expression of Lpp is in part regulated downstream of 

Rok2 in the noncanonical Wnt signalling pathway. The RhoA/Rho kinase pathway is 

known to regulate the transcription of many SMC marker genes via myocardin and 
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myocardin-related transcription factors which bind to serum response factor (SRF) 

and stimulate SRF-dependent transcription. Recently, it was shown that smooth 

muscle expression of mouse Lpp is mediated by an alternative intronic promoter 

that is regulated by SRF/myocardin via binding of SRF to a CArG box within this 

promoter region [10]. This CArG box is conserved in zebrafish, providing the 

possibility that expression of Lpp during PCP is SRF-dependent (Figure 33).  

Finally, what about the role of Lpp during atherosclerosis? Although we were not 

able to show a macroscopic effect of the absence of Lpp on atherosclerotic plaque 

formation, the involvement of Lpp in noncanonical Wnt signalling provides an extra 

reason to assume that Lpp plays a role during this process. Recently, it was shown 

that Wnt5a, a ligand of the noncanonical Wnt signalling pathway, is expressed in 

human and murine atherosclerotic lesions [175]. The authors suggested that Wnt5a 

acts on SMCs, perhaps by providing a signal for their proliferation and/or migration. 

If Lpp expression is also regulated by Wnt5a activation of the noncanonical Wnt 

signalling pathway, this would mean that more Lpp is expressed in atherosclerotic 

lesions. As a consequence, absence of Lpp might result in a reduced progression of 

atherosclerotic plaques. Repeating the experiment on more and older mice, and 

microscopic examination of the lesions, would therefore be valuable.    

 

We can conclude by saying that, although many question marks remain to be 

resolved, we were able to provide a global frame into which the in vivo role of LPP 

can be placed. The most important and novel finding was the link between Lpp and 

planar cell polarity in zebrafish. For future research, it will therefore be intriguing to 

try to extrapolate these findings to mammals by further and more detailed 

examination of the Lpp knockout mouse model, and to search for a possible role for 

Lpp/PCP during atherosclerosis.  
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Summary 

 115 

The LPP (LIM domain containing preferred translocation partner in lipoma) gene was 

identified in 1996 as the most frequent translocation partner of HMGA2 (high 

mobility group A2) in a subgroup of lipomas, which are benign tumours of adipose 

tissue. Lipomas are one of the most common mesenchymal tumour types in 

humans. In the years after its discovery, LPP was also demonstrated to be 

rearranged in a number of other soft tissue tumours, and in a case of acute 

monoblastic leukaemia. In addition, two independent laboratories identified LPP as 

a novel smooth muscle cell (SMC) marker and, in a follow-up study, LPP was shown 

to regulate SMC migration in vitro.  

LPP is a member of the zyxin family of proteins, of which zyxin and TRIP6 share the 

highest degree of homology with LPP. All of these proteins have multiple protein-

protein interaction domains including three C-terminally located LIM domains. LPP 

localizes in focal adhesions, which are sites of membrane attachment to the 

extracellular matrix, and in cell-cell contacts. It interacts with VASP (vasodilator-

stimulated phosphoprotein) and α-actinin, both of which localize at cell adhesion 

sites. LPP is also transiently present in the nucleus, where it acts as a coactivator of 

the ETS-domain transcription factor PEA3. Palladin, an actin-associated protein, also 

binds LPP and both proteins play an active role in the adhesion turnover of migrating 

SMCs.  

Another known interaction partner of LPP in human is SCRIB, a functional 

homologue of the Drosophila melanogaster tumour suppressor Scribble, which 

resides in cell-cell contacts, and is involved in the control of cell adhesion, cell shape 

and cell polarity. Scrib is implicated in the regulation of planar cell polarity (PCP) in 

vertebrates. The PCP pathway refers to a conserved signalling pathway that 

regulates the coordinated movements and orientation of cells or structures within 

the plane of an epithelium. Among those movements are convergence and 

extension (C&E), processes that occur during gastrulation and result in elongation 

and narrowing of the embryonic body axis. These cell movements are impaired after 

knockdown of scrib in zebrafish.  

Up until now, no function has been contributed to the LPP-SCRIB interaction. 
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Although a lot of data have been gathered about the LPP protein during the past 

decade, nothing is known yet about its biological function in the complex context of 

a complete organism. Therefore, we aimed at developing and studying animal 

models in which the LPP orthologue is functionally inactivated or downregulated 

 

In a first attempt to elucidate the in vivo function of LPP, we used the morpholino 

knockdown technique to downregulate expression of the LPP orthologue (Lpp) in 

zebrafish. We specifically aimed at identifying a possible role for LPP in the 

regulation of PCP, and at finding a function for the LPP-Scrib interaction. Indeed, 

knockdown of Lpp in zebrafish resulted in C&E defects, and we showed that a 

reduced ability of cells to migrate dorsally is at the basis of this phenotype. In 

addition, we proved that Lpp and Scrib genetically and physically interact in 

zebrafish, and that they cooperate for the mediation of C&E. As such, for the first 

time a possible function is described for the LPP-SCRIB interaction. 

 

Genetic manipulation of many focal adhesion proteins has been shown to result in 

defects of cell adhesion, cell spreading and migration. At the start of this PhD, four 

chimeric Lpp
+/-

 mice were available, so the second aim of this thesis was to generate 

an Lpp knockout line and to study these knockout mice for the presence of 

abnormalities during these processes.  

Lpp knockout mice were viable and fertile, and showed no obvious macroscopic 

abnormalities. However, the number of female Lpp knockouts born from 

heterozygous crosses was less than expected by Mendelian genetics, suggesting a 

partial embryonic lethality of Lpp
-/-

 female embryos. In addition, in Lpp
-/-

 x Lpp
-/-

 

crosses, the number of mice born was about 50% reduced compared to Lpp
+/+

 x 

Lpp
+/+

 crosses. Since fertility appeared to be normal in Lpp knockout males, these 

observations suggest the presence of a female fertility phenotype in Lpp
-/-

 mice. 

Lpp
-/-

 mouse embryonic fibroblasts (MEFs) show a reduced viability and directed 

migration capacity compared to Lpp
+/+

 MEFs. In addition, we showed that loss of Lpp 

leads to a reduced expression of its interaction partners Scrib, α-actinin and PR130, 

suggesting that Lpp is, directly or indirectly, involved in the regulation of the 

expression and/or stability of these proteins. 
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LPP was previously shown to be involved in smooth muscle cell migration, a process 

that is known to contribute to the development of atherosclerosis. In a third part, 

we therefore generated an Lpp/ApoE double knockout mouse model to study the 

role of Lpp during atherosclerosis.  

The preliminary results of our experiments showed no difference in amount, size or 

distribution of the plaques between Lpp/ApoE double knockouts and ApoE 

knockouts controls. Cholesterol levels were unchanged as well. However, more mice 

will have to be studied to obtain statistically reliable results before being able to 

draw final conclusions about the role of Lpp in atherosclerosis. 

 

In conclusion, a main role in cell migration can be attributed to Lpp. More 

specifically, we showed both in zebrafish and in mouse that loss of Lpp leads to a 

clearly reduced ability of cells to migrate in a specified direction. Strikingly, however, 

loss of this function leads to severe defects of C&E during zebrafish gastrulation, 

whereas the expression of the phenotype is only mild in Lpp knockout mice. It is 

therefore likely that Lpp family members in mice possess overlapping functions and 

in this way compensate for the loss of Lpp. The generation of double or triple 

knockout mice in the future could provide an answer to this intriguing matter. 
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In 1996 werd het LPP (LIM domain containing preferred translocation partner in 

lipoma)-gen geïdentificeerd als de meest frequente translocatiepartner van HMGA2 

(high mobility group A2) in een subgroep van lipomen. Lipomen zijn goedaardige 

vetweefseltumoren, en zijn een van de meest voorkomende tumoren van 

mesenchymale oorsprong in de mens. Tijdens de daarop volgende jaren werd het 

getrunceerde LPP-gen gedetecteerd in verschillende andere ‘soft tissue’ tumoren en 

in een geval van acute monoblastische leukemie. Twee onafhankelijke laboratoria 

identificeerden LPP bovendien als een eiwit dat sterk tot expressie komt in gladde 

spiercellen, en in een aanvullende studie werd in vitro aangetoond dat LPP 

betrokken is bij de regulatie van gladde spiercel migratie. 

LPP behoort tot de zyxin familie van eiwitten, waarvan zyxin en TRIP6 de meeste 

gelijkenissen vertonen met LPP. Al deze eiwitten bezitten meerdere eiwit-eiwit 

interactiedomeinen, waaronder drie carboxy-terminaal gelegen LIM domeinen. In de 

cel lokaliseert LPP ter hoogte van focale adhesies, i.e. plaatsen waar het 

celmembraan contact maakt met de extracellulaire matrix, en in cel-cel contacten. 

LPP interageert met VASP (vasodilator-stimulated phosphoprotein) en α-actinine, 

twee eiwitten die lokaliseren op plaatsen van celadhesie. Daarnaast is LPP ook 

transient aanwezig in de kern, waar het fungeert als een co-activator van de ETS-

domein transcriptiefactor PEA3. Palladine, een eiwit geassocieerd met 

actinefilamenten, kan eveneens binden aan LPP en er werd aangetoond dat beide 

eiwitten een actieve rol spelen in de adhesie turnover van migrerende gladde 

spiercellen. 

Een andere gekende interactiepartner van LPP in de mens is SCRIB. SCRIB is een 

functioneel homoloog van de Drosophila melanogaster tumorsuppressor Scribble, 

een eiwit dat lokaliseert in cel-cel contacten en dat betrokken is bij de controle van 

adhesie, vorm en polariteit van de cel. Recent werd aangetoond dat Scrib deel 

uitmaakt van de regulatie van ‘planar cell polarity’ (PCP) in vertebraten. PCP wordt 

gereguleerd door een geconserveerde signaaltransductiecascade, die de 

gecoördineerde bewegingen en oriëntatie van cellen of structuren binnen het vlak 

van een epitheel, waaronder bijvoorbeeld convergentie en extensie (C&E), medieert. 

C&E is een proces dat plaatsvindt tijdens de gastrulatie en resulteert in het 
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verlengen en versmallen van de embryonale lichaamsas. Knock-down van Scrib in de 

zebravis leidt tot C&E-defecten, met een kortere en bredere lichaamsas tot gevolg.  

Een functie voor de LPP-SCRIB-interactie werd tot op heden nog niet geïdentificeerd. 

 

Hoewel tijdens het voorbije decennium veel informatie werd verzameld over LPP, is 

er nog steeds niets geweten over de biologische functie van LPP in de complexe 

context van een volledig organisme. Om de in vivo functie van LPP te achterhalen, 

hebben we gebruik gemaakt van diermodellen waarin het LPP-ortholoog functioneel 

werd geïnactiveerd of gedownreguleerd.  

 

In een eerste benadering hebben we een morfolino-gemedieerde ‘knock-down’ 

uitgevoerd van het LPP-ortholoog (Lpp) in zebravis embryo’s. Bij de analyse van het 

fenotype hebben we ons specifiek geconcentreerd op het identificeren van een 

mogelijke rol voor LPP in de regulatie van PCP, en op het zoeken van een mogelijke 

functie voor de LPP-SCRIB-interactie. We hebben kunnen aantonen dat knock-down 

van Lpp in de zebravis resulteert in typische C&E-defecten, en we hebben bewezen 

dat een verminderde dorsale migratiecapaciteit aan de basis ligt van dit fenotype. 

Bovendien toonden we ook aan dat Lpp en Scrib genetisch en fysisch interageren in 

de zebravis, en dat beide eiwitten samenwerken voor de regulatie van C&E. Op deze 

manier hebben we voor de eerste keer een mogelijke functie voor de LPP-SCRIB-

interactie beschreven. 

 

Genetische manipulatie van heel wat focale adhesie eiwitten resulteert in defecten 

van celadhesie, -spreiding en -migratie. Bij het begin van dit doctoraat waren vier 

Lpp
+/-

 chimere muizen aanwezig, en het tweede doel van dit project was dan ook het 

genereren van een Lpp-knockout muizenlijn en het bestuderen van deze muizen op 

de aanwezigheid van defecten tijdens bovenvermelde processen. 

Lpp-knockout-muizen zijn levensvatbaar en vruchtbaar, en vertonen geen duidelijke 

macroscopische afwijkingen. Het aantal vrouwelijke Lpp-knockouts dat geboren 

werd uit heterozygote kruisingen was echter lager dan verwacht volgens de 

Mendeliaanse genetica, wat suggereert dat er een gedeeltelijke lethaliteit is van 

vrouwelijke Lpp
-/-

-embryo’s. Bovendien werden ongeveer 50% minder muizen 
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geboren uit Lpp
-/-

 x Lpp
-/-

 kruisingen in vergelijking met wild-type kruisingen. 

Aangezien we hebben aangetoond dat de fertiliteit van de Lpp
-/-

-mannetjes normaal 

is, suggereert deze observatie de aanwezigheid van een fertiliteitsprobleem bij de 

Lpp
-/-

-vrouwtjes.  

Lpp
-/-

 embryonale fibroblasten van de muis (MEFs) bezitten een verminderde 

leefbaarheid en migratie capaciteit in vergelijking met Lpp
+/+

-MEFs. Daarnaast bleek 

ook dat afwezigheid van Lpp leidt tot een verminderde expressie van de 

interactiepartners Scrib, α-actinine en PR130. Dit suggereert dat Lpp – direct of 

indirect – betrokken is bij de regulatie van de expressie en/of de stabiliteit van deze 

eiwitten.  

 

 Er werd al eerder aangetoond dat LPP betrokken is bij de regulatie van gladde 

spiercel migratie, een proces waarvan geweten is dat het bijdraagt tot de 

ontwikkeling van atherosclerotische plaques. In een derde deel hebben we daarom 

Lpp/ApoE-dubbele knockout-muizen gegenereerd om de mogelijke rol van Lpp 

tijdens atherosclerose te bestuderen. 

De voorlopige resultaten van onze experimenten toonden geen verschil aan in 

hoeveelheid, grootte en verdeling van de plaques, noch van het 

serumcholesterolniveau tussen Lpp/ApoE-dubbele knockouts en ApoE-knockout 

controles. Grotere aantallen muizen zullen echter bestudeerd moeten worden om 

statistisch betrouwbare resultaten te verkrijgen, vooraleer finale conclusies 

getrokken kunnen worden over de rol van Lpp in atherosclerose. 

 

We kunnen besluiten dat Lpp een belangrijke rol speelt tijdens in vivo celmigratie. 

Meer specifiek toonden we zowel in de zebravis als in de muis aan dat afwezigheid 

van Lpp leidt tot een duidelijk verminderde capaciteit van cellen om te migreren in 

een welbepaalde richting. Het is opmerkelijk dat het verlies van deze functie tot 

ernstige C&E-defecten leidt tijdens de zebravisgastrulatie, terwijl slechts een mild 

fenotype wordt waargenomen na het uitschakelen van Lpp in de muis. Mogelijk 

bezitten een of meerdere familieleden van Lpp overlappende functies en kan hun 

aanwezigheid op deze manier compenseren voor het verlies van Lpp. Het genereren 
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en bestuderen van dubbele en/of driedubbele knockout-muizen kan in de toekomst 

een antwoord bieden voor deze intrigerende kwestie. 
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