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Abstract

The formation of the forebrain is a very complex developmental process that is highly
dependent on proper orchestration and integration of various signaling pathways. The
WNT signaling pathway is one of the key regulators for establishing regional identity dur-
ing early forebrain development. For proper WNT signal transduction the highly homologous
low density lipoprotein receptor-related proteins LRP5 and LRP6 (LRP5/6) are required as
co-receptors of the Frizzled receptor complex. Recently, LRP4 has been shown to act on
LRP5/6 function to modulate WNT signal transduction during the development of various
non-neuronal tissues. My aim was to shed light on common and distinct functions of LRP4
and LRP5/6 regarding their role of transducing and integrating WNT signaling during early
forebrain development. I could show that all three LRP candidates are expressed during crit-
ical developmental stages of the mouse forebrain. From E9.5 onwards, Lrp4 and Lrp5/6 are
co-expressed in the dorsolateral domain of the developing Telencephalon. To investigate gene
interactions that contribute to the integration of WNT signal transduction, I generated and
analyzed Lrp4; Lrp5 and Lrp4; Lrp6 compound mouse mutants, respectively. I could reveal
distinct functions of LRP5 and LRP6 in interplay with LRP4, since Lrp4; Lrp5 compound mu-
tant embryos but not Lrp4; Lrp6 compound mutants develop embryonic lethality at E10.5.
Regarding WNT dependent forebrain development, my results deliver lines of evidence that
LRPS6 is essential for WNT signal transduction in neural progenitor cells (NPCs) during early
forebrain development. WNT downstream targets are markedly downregulated in Lrp6 sin-
gle mutant embryos at E9.5 and E10.5. Intriguingly, this reduction in WNT target gene
expression was partially reversed in the dorsolateral domain of the prospective forebrain
of Lrp4; Lrp6 compound mutant embryos. The impact on the WNT pathway mediated by
LRP4/LRP6 deficiency was also reflected by reporter activity in NPCs on a TCF/Lef:H2B-GFP
reporter background. Furthermore, I could show for the first time that Lrp4; Lrp6 compound
mutants develop excrescences in the neuroepithelium that result from locally increased neu-
ral progenitor proliferation. These neuroepithelial excrescences displayed elevated levels of
WNT downstream target gene expression compared to Lrp6 single mutant embryos. In ad-
dition, I could reveal that WNT3a uptake in NPCs of the forebrain of Lrp6 single mutant
embryos was markedly reduced at E9.5, whereas Lrp4; Lrp6 compound mutants showed in-
creased WNT3a uptake at sites where neuroepithelial excrescences were located. Thus, I
conclude that LRP4 and LRP6 are crucial components of the canonical WNT pathway in
respect of balancing the proliferative activity of neuronal progenitor cells in the developing
forebrain. Moreover, it shows that a cell-specific receptorsome is essential for NPCs to inter-
pret the diverse extracellular signals and ensure fine-tuned spatial and temporal control of

morphogen signals during early forebrain formation.



Zusammenfassung

Die Entwicklung des Vorderhirns ist einer der komplexesten Vorgdnge wéahrend der Em-
bryogenese. Jede neuronale Progenitorzelle (NPZ) des Neuroepithels muss dabei Signale
verschiedener Signaltransduktionswege erkennen und korrekt interpretieren. Der WNT-
Signalweg ist von entscheidender Bedeutung fur die Festlegung regionaler Zellspezifizierung
wahrend der frihen Vorderhirnentwicklung. Fur die korrekte Weiterleitung von WNT Sig-
nalen agieren die sehr dhnlichen Low Density Lipoprotein Receptor-related Proteine LRP5
und LRP6 (LRP5/6) als Co-Rezeptoren des Frizzled-Rezeptorkomplexes. Kiurzlich konnte
gezeigt werden, dass bei der Entwicklung nicht neuronalen Gewebes LRP4 auf die Funktion
von LRP5/6 einwirken und somit die WNT-Signaltransduktion modulieren kann. Mein Ziel
bestand darin gemeinsame und unterschiedliche Funktionen von LRP4 und LRP5/6 in Bezug
auf ihre Rolle in der WNT-Signalkaskade wahrend der frithen Vorderhirnentwicklung zu un-
tersuchen. Ich konnte nachweisen, dass alle drei LRP Kandidaten wiahrend der entscheiden-
den Entwicklungsphase des friihen Telencephalons der Maus ab E9.5 koexprimiert werden.
Um mogliche Geninteraktionen untersuchen zu kénnen, welche ausschlaggebend fiir die
Interpretation der WNT-Signale sein kann, habe ich doppeldefiziente Mause fur Lrp4; Lrp5
und Lrp4; Lrp6 generiert und analysiert. Dartiber hinaus konnte ich eine distinkte Rolle
von LRP5 und LRP6 im Zusammenspiel mit LRP4 aufdecken, da Lrp4; Lrp5 Doppelmutan-
ten eine embryonale Letalitat bei E10.5 entwickelten, Lrp4; Lrp6 Doppelmutanten hingegen
nicht. Bezuiglich WNT abhéngiger Vorderhirnentwicklung konnte ich belegen, dass LRP6
ein essentieller Bestandteil der WNT-Signaltransduktion in neuronalen Vorlauferzellen des
Vorderhirns ist. In Lrp6 Einzelmutanten war die Expression von WNT Zielgenen in NPZ deut-
lich reduziert bei E9.5 und E10.5. Interessanterweise konnte diese verminderte Expression
im Vorderhirn von Lrp4; Lrp6 Doppelmutanten teilweise aufgehoben werden, so dass WNT
Zielgene im dorsolateralen Bereich des Telencephalons wieder detektierbar waren. Dieser
Einfluss auf die Vermittlung von WNT Signalen in Lrp4; Lrp6 Doppelmutanten konnte durch
Einkreuzen der TCF/Lef:H2B-GFP Reportermaus-Linie verifiziert werden. Des Weiteren kon-
nte ich erstmals zeigen, dass Lrp4; Lrp6 Doppelmutanten auf Grund von lokal erhéhter NPZ-
Proliferation neuroepitheliale Auswtiichse entwickelten. Diese Wucherungen wiesen eine er-
hohte Expression von WNT Zielgenen auf. Mit Hilfe von WNT3a Aufnahme-Assays war ich in
der Lage nachzuweisen, dass die Aufnahme von WNT3a in LRP6 defizienten NPZ des Vorder-
hirns massiv reduziert war, jedoch in den neuroepithelialen Auswiichsen der Lrp4;Lrp6
Doppelmutanten wiederum erhéht. Daher folgere ich, dass LRP4 und LRP6 essenzielle Be-
standteile des WNT-Signalweges darstellen, die benétigt werden, um die Balance der NPZ
Proliferation im sich entwickelnden Vorderhirn zu gewahrleisten. Dartiber hinaus wird deut-
lich wie wichtig eine zellspezifische Rezeptorzusammensetzung ist, wenn es um die zeitliche

und raumliche Interpretation von Signalen wéahrend der Hirnentwicklung geht.



“Willst du dich am Ganzen erquicken,

so muft du das Ganze im Kleinsten erblicken”

Johann Wolfgang von Goethe



1 Introduction

1.1 Principles of forebrain development

The adult mammalian forebrain is one of the most complex organic structures and therefore
it is a challenging endeavor to elucidate the underlying mechanisms for its formation during
embryogenesis. The forebrain comprises the Telencephalon and the Diencephalon, which are
the most anterior segments of the mammalian brain. This division of the brain is essential
for processing sensory information, perception, memory, emotions, conscious thinking and
controlling motor activity. The developmental process of this tremendously complex structure
from a rather simple neuroepithelial sheet to the complicated neuronal network of cells that
process all the information is still not fully understood. However, early events in forebrain
development are highly conserved in vertebrates and many studies undertaken in frog, chick
and mice have unraveled principles that are essential for the induction of the forebrain and
early patterning. During the initial specification of the forebrain, integration of signals from
multiple signaling centers is required to establish regional identity of neural progenitor cells
(NPCs). In addition, these extracellular signals are crucial for keeping the balance of NPC

proliferation and differentiation as well as coordinating cell migration.

1.1.1 Signaling pathways involved in telencephalic formation

1.1.1.1 Induction of the prospective forebrain There are three fundamental steps during
early embryonic development that contribute to the formation of the prospective forebrain.
First, during gastrulation ectodermal cells need to adopt a neural character and form the
neuroectoderm. Further, cells located in the anterior division of the neuroectoderm must
acquire rostral identity. And finally, regional patterning events need to establish specific
domains of neural progenitors of the prospective forebrain [47, 170, 198]. Anterior ectoderm
is initially obstructed to acquire neural identity by bone morphogenetic protein (BMP) signals
from posterior mesodermal tissue. The neuroectoderm forms when it receives BMP inhibiting
signals mediated by chordin and noggin [202]. The BMP inhibiting factors are secreted by the
anterior visceral endoderm (AVE), which acts as a gastrula organizer crucial for establishing
anterior brain structures [144, 170]. The newly formed neuroectoderm gives rise to the neural
plate, which comprises another important signaling center — the anterior neural ridge (ANR).
Fibroblast growth factor (FGF) signaling (i.e. FGF8) from the ANR represents yet another
prerequisite to establish the prospective forebrain region [42, 76]. FGF and WNT antagonists
(sFRP and DKK) signals from the ANR are considered to antagonize the WNT activity from
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the nonaxial mesoderm, which has a posteriorizing effect [76, 97]. Further, FGF8 is required
to induce telencephalic marker in the anterior segment of the neural plate [161, 177]. The
WNT antagonizing signals from the ANR (anterior) and the WNT signals from the paraxial
mesoderm (posterior) establish a gradient along the anterior-posterior axis that is required

for proper regional specification along this axis [102, 132].

1.1.1.2 Neurulation and dorsoventral patterning of the forebrain Primary neurulation
is the process in which the neural plate transforms into the neural tube. The neural plate
cells receive signals from the surrounding tissue to proliferate on the edges, invaginate and
bend dorsally to form a U-shaped neural groove [164]. Finally, the neural groove closes as the
neural folds are brought together at the dorsal midline to form the neural tube [157]. The most
anterior division of the newly formed neural tube comprises the prosencephalon. Within the
forebrain three distinct midline structures are established that act as morphogen signaling
centers and contribute to regional patterning of the neural progenitor cells (as depicted in
Figure 1.1.1). The ventral midline (floor plate) is the source of sonic hedgehog (SHH) that acts
as a ventralizing factor regarding progenitor specification [72, 198]. The dorsal midline (roof
plate) secretes WNT and BMP molecules that act in an antagonistic fashion to SHH signals
from the floor plate and are therefore referred to as dorsalizing factors [66]. The third midline
structure is the anterior midline — also referred to as ANR - that is the main source of FGF
signaling in the forebrain [63]. In addition, all midline cells are less proliferative and therefore
contribute to the formation of the telencephalic vesicles as the forebrain separates into two
hemispheres (see also Figure_1.1).

However, more importantly forebrain midline structures are required establish a dorsoven-
tral morphogen gradient in the anterior neural tube that helps to specify progenitor cell fate
according to their location along the dorsoventral axis. SHH that is secreted from floor plate
cells establishes a morphogen gradient along the dorsoventral axis, which leads to high SHH
concentrations ventrally and low SHH concentrations dorsally. This morphogen code enables
progenitor cells within the neural tube to interpret the extracellular SHH signals and express
target genes that lead to a ventral or dorsal cell fate depending on the morphogen concen-
trations [49]. On the other hand, the roof plate cells in the ventral midline of the forebrain
form an organizer that secretes BMP and WNT signals, which act antagonistically to the ven-
tral SHH signals [150]. However, BMP signaling seems to play a minor role in dorsoventral
patterning events during forebrain formation. It is required to establish the choroid plexus,

but seems dispensable for progenitor specification along the dorsoventral axis [43]. Further,
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it has been shown that BMP4 is required to restrict the FGF domain to rostral regions by

downregulating its expression [110].

Signaling centers during early forebrain development

Figure 1.1: Signaling centers during early forebrain development

Schematic model of the developing anterior neural tube at E9.5 (rostrolateral view) and impor-
tant signaling centers for forebrain formation. FGF expressing organizer at the rostral midline
(in the ANR) is depicted in blue. BMP and WNT signals are expressed in the dorsal roof plate
(illustrated in red). In the ventral midline SHH is processed from floor plate cells (indicated in
green). A-P: Anterior - posterior, D-V: Dorsal-ventral, M- L: Medial-lateral.

Besides BMP factors, various WNT proteins are expressed in the dorsal midline of the
forebrain [142]. WNT signals from the roof plate antagonize SHH signaling from the floor
plate cells to specify the fate of neural progenitors that are located dorsally. However, the
morphogen range of WNT factors is less pronounced than the SHH coverage. In the forebrain,
WNT signaling from the dorsal midline also promotes growth of dorsal structures such as the
cerebral cortex and the optic tectum [136, 214]. Further, WNT signals from the roof plate are
required to form the cortical hem and the hippocampus. Disruption of WNT components such
as WNT3a, LRP6 or LEF1 incomplete hippocampus formation due to failure of proliferation

and specification of neural progenitor cells [51, 105, 213].

1.1.2 Structural organization of the neuroepithelium

After the neural tube has formed, the neural stem cell-like progenitors compose the highly
polarized structure of the neuroepithelium (NE). The apical side of the neural progenitor cells
(NPCs) faces inward to the ventricle, whereas the basal side is in contact with the pial surface
and faces outward [100]. The apical-basal polarity of the NPCs within the NE is reflected by

their protein expression profiles at the respective sides. The apical side of NPCs for instance
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exclusively expresses transmembrane receptors such as CD133 and several tight junction
proteins (i.e. Occludin, Claudin-5 or ZO-1) at the lateral plasma membrane [1, 199]. Further,
the tight junctions at the apical side help to maintain the neuroepithelial cell polarity [58]. On
the other hand, the basal side of NPCs comprises anchor proteins such as Integrin alpha6 to

attach the NE to the basal lamina [58, 199].

Cellular organization of the pseudostratified neuroepithelium

Wild type (E10.5)

Figure 1.2: Cellular organization of the pseudostratified neuroepithelium

(A) Schematic of a E10.5 coronal section of the embryo head: Neuroepithelium (NE) depicted
in light blue; mesenchyme (ME) illustrated in gray; ventricle (V). (a) Schematic of the cellular
organization of the NE: On the apical side tight junctions are illustrated in red and the primary
cilia are depicted in green. Neuroepithelial progenitor cells (NPCs) are light blue and cell nuclei
are colored dark blue. (B) Immunostaining of a E10.5 coronal section. Cell nuclei in blue (DAPI),
tight junctions in red (Z0O-1), primary cilia in green (ARL13b). (b) Magnified inset showing ZO-1
(red) and ARL13b (green) on the apical surface of the NPCs. (b’) Immunostaining of apical
marker ARL13b (yellow). (b”) Immunostaining of apical marker ZO-1 (yellow). White-dotted
line delineates basal side of the NE.

Although the NE comprises several layers of cell nuclei and it appears as if it would con-
sist of multiple cellular layers, in fact the NE is organized as a pseudostratified columnar
epithelium and forms only a single layer of NPCs. Therefore, it is also referred to as the
pseudostratified neuroepithelium. That implies that each NPC within the NE extends from
the apical side to the basal surface resulting in a bipolar morphology that stretches up to
100pm [126]. According to their cell cycle stage cell nuclei migrate along the apical-basal
axis [79, 199]. During G1-phase nuclei move towards the basal side, where the nuclei remain
during S-phase. After completion of the S-phase the cell nuclei migrate back to the apical
side, undergo mitosis and divide [126]. This interkinetic nuclear migration reflects the cell
cycle progression of the NPCs that undergo symmetric division (i.e. one NPC divides into two
daughter NPCs). When NPCs start to differentiate (at E10.0-E10.5) they divide asymmetri-
cally, resulting in one basal progenitor and a radial glia cell [58]. However, as long as NPCs

are not differentiating, the NE retains the organization of a pseudostratified epithelial layer.
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1.2 The low density lipoprotein receptor (LDLR) family
1.2.1 LDLR family members and their structural hallmarks

The low density lipoprotein receptor-related proteins (LRPs) are an evolutionary well-conserved
group of cell-surface receptors with multiple biological functions [121]. The low density
lipoprotein receptor (LDLR) was the first to be discovered and gave its name to the whole
protein family. LDLR is essential for lipid metabolism and homeostasis of cholesterol lev-
els, since it is involved in the uptake of cholesterol-containing low density lipoprotein (LDL)
particles [55]. Since the discovery of LDLR several structurally related proteins were found
and assigned to the LRP family that are in fact not only involved in lipid metabolism. There
are seven core members (LDLR, LRP1, LRP1B, LRP2, LRP4, LRP8 and APOER2) that are
structurally closely related and three (LRP5, LRP6 and SORLA) that are more distantly re-
lated family members [70]. Structural hallmarks of the LRP family members can be found
in the extracellular domain in which all LRPs share a common modular structure. The LRP
core members share a distinct module (some even have multiple copies of that module) that
consists of complement-type repeats (CTRs), epidermal growth factor (EGF)-type repeats and
YWTD-motif containing S-propellers (see Figure 1.3). The CTRs function primarily as ligand
binding sites (Russell 1989), whereas thej-propeller structure is involved in pH-dependent
ligand release in endosomes [155]. Compared to other LRP candidates, LRP1 and LRP2 for
instance have larger extracellular domains that contain multiple copies of the described mod-
ule. In the more distantly related LRP family members the module is either inverted (in LRP5
and LRP6) or the module is interrupted by motifs (SORLA) that are not common in other LRPs.
However, all LRPs have a single transmembrane domain that anchors the receptors to plasma
membrane domain [120]. Another trait that is common amongst all LRPs is the relatively
short intracellular domain (ICD). However, the sequence homology between the cytoplasmic
tail of all LRP family members is less pronounced compared to the similarity of the extracellu-
lar domains. The ICD of the LRPs is essential for the physiological function of the receptors,
since it contains regulatory phosphorylation sites as well as motifs important for endocytic
activity [106]. It has been reported that NPxY, di-leucine and Yxx® motifs of the LRP-ICD are
involved in endocytosis [25], whereas PxxP and the PDZ binding motifs are involved in protein
interaction [201]. Although the ICDs of the LRP family members are rather short, there is
growing that LRPs play important roles as signaling receptors of various signal transduction

pathways [27, 106].
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Figure 1.3: The low density lipoprotein receptor (LDLR) family

Organization of the structural domains of LDLR family members. More distantly related recep-
tors on the right (order according to the molecular weight). LRP: Lipoprotein receptor-related
protein, SorLA: sortilin-related receptor, VLDLR: Very low-density lipoprotein receptor. Adapted
from Willnow et al., 2007 [197] .

1.2.2 Diverse implications of LRPs in development and disease

As the complexity of the extracellular domain of LRPs including various binding motifs al-
ready suggests, LRP family members can bind multiple ligands. Besides lipoproteins, LRPs
have been shown to bind vitamins, hormones, proteins of the extracellular matrix and sig-
naling molecules [121]. This reflects the multitude of biological functions that LPRs are as-
sociated with. The analysis of several loss-of-function mutations of the LRP family members
shed light on their role in diseases and developmental defects. A list of loss-of-functions mu-
tations for the LRP candidates is summarized in Table 1.1+1.2. Impaired function of LRPs
have been linked to various human diseases. For instance, a genetic mutation in LDLR leads
to hypercholesterolemia, which is caused by elevated cholesterol levels in the blood. This
genetic disorder leads to accelerated deposition of cholesterol in the walls of arteries and in-
creases the risk of developing atherosclerosis [15]. Another prevalent human disease has
been associated with the physiological role of LRP family members. Recently it was reported

that LRP1, LRP2 and SORLA can have a protective function in Alzheimer’s disease. It seems
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that they prevent amyloid plaque formation through acting on intracellular trafficking of the
amyloid precursor protein [107, 121, 197]. Further implications of LRP family members in
human diseases are referred to in Subsection 1.2.3+1.2.4. The concept that lipoproteins
are essential for embryogenesis has been demonstrated long ago. Human mutations in 7-
dehydrocholesterol reductase and desmosterol reductase causing the Smith-Lemli-Opitz syn-
drome and Desmosterolosis helped to shed light on the implications of lipoprotein metabolism
in developmental processes. These syndromes cause various neurological impairments, facial
abnormalities and a general developmental delay [78]. However, most developmental impair-
ments due to lack of LRP family members are not linked to defective lipoprotein metabolism.
Loss-of-functions models of various LRP family members not only revealed their role in em-
bryogenesis but also their ability to bind signaling molecules. Whereas loss of LDLR does not
lead to developmental deficits, the loss of other LRP family members has severe consequences
on embryogenesis (see also Table 1.1+1.2). For instance, VLDLR and LRP8 have an impact on
brain formation. By binding to the neuronal guidance factor Reelin, these LRP candidates act
on neural migration in the developing brain [33, 181]. Consequently, loss-of-function mod-
els for VLDLR and LRPS8 develop dysplasia in the cerebellum as well as layering defects in
the cortex and disturbed hippocampal morphology [181]. Homozygous VLDLR mutations in
humans leads to a hypoplastic cerebellum [13]. Embryos with inactivated Lrpl gene are die
during midgestation, probably due to defective liver formation [71, 153]. Likewise, LRP1B is
essential for embryogenesis as its loss leads to an early embryonic lethality. However, the def-
inite function of LRP1B in embryonic development remains open [36]. A crucial role in early
forebrain development was assigned to LRP2, which is expressed at the apical surface of the
neuroepithelium. Lrp2 loss-of-function mutants display severe malformations of the forebrain
as well as facial dysgenesis [195]. It has been shown by Christ et al. that a delayed induction
of Shh expressing cells in the rostral diencephalic ventral midline (RDVM) — a major forebrain
organizer — is delayed and fails to induce Shh target genes that are important for forebrain
specification [27]. This leads to improper separation of the forebrain hemispheres and results
in expanded lateral ventricles [168]. Mutations in the human LRP2 gene leads to microforms
of holoprosencephaly and Donnai-Barrow syndrome with failure to establish the corpus callo-
sum as well as facial and ocular abnormalities [94, 154]. Like the above mentioned LRP family
members, LRP4 as well as LRP5 and LRP6 play important roles during development and are
also associated with human disorders. Their implications in development and disease are
subject of the following sections (Subsection 1.2.3+1.2.4). An overview of the phenotypes that

were reported for mutations for LDLR family members is depicted in Table 1.1+1.2.
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Gene: Species: Mutation: Phenotype: Authors:
LRP1 Mouse targeted gene Embryonic lethality, Herz et al. [71],
disruption impaired formation of liver Roebroek et al. [153]
LRP1B Mouse targeted gene Early embryonic lethality Dietrich et al. [36]
disruption
Human sporadic Esophageal squamous cell Liu et al. [109]
carcinoma, non-small-cell Sonoda et al. [167]
lung cancer
LRP2 Mouse targeted gene Defects in development of Willnow et al. [195]
(megalin; disruption forebrain, spinal cord and Hammes et al. [65]
Ce-LRP1) optic nerve, impaired Spoelgen et al.
maturation of reproductive [168]
organs, renal dysfunction Wicher and
Aldskogius [194]
Ortega et al. [139]
Zebrafish ENU mutagenesis Glaucoma, myopia, Kur et al. [101]
pronephric tubular Veth et al. [184]
clearance defects
C. elegans | spontaneous mutant Molting defect, larval Yochem et al. [204]
growth arrest, defective Kamikura and
vulva development Cooper [93]
Human Familial, autosomal Donnai-Barrow Syndrome Kantarci et al. [94]
recessive (proteinuria, brain Rosenfeld et al.
malformation, [154]
diaphragmatic hernia),
microform of HPE
LRP4 Mouse ENU mutagenesis, Impaired limb formation, Johnson et al. [88]
(MEGF7) spontaneous mutant, renal agenesis, impaired Simon-Chazottes et
targeted disruption orofacial development, al. [163]
reduced bone growth, Weatherbee et al.
neuromuscular junction [191]
defects Kim et al. [99]
Zhang et al. [207]
Choi et al. [26]
Karner et al. [95]
Ohazama et al.
[138]
Cattle spontaneous mutant Mulefoot disease Duchesne et al. [40]
(syndactyly) Drogemuller et al.
[39]
Human Familial, autosomal Cenani-Lenz syndrome (limb Lietal. [107]
recessive and kidney malformations)
Mouse targeted gene Low bone mass, Kato et al. [96]
LRP5 disruption hypercholesterolemia, Fujino et al. [50]
impaired insulin secretion, Lindvall et al. [108]
impaired retinal Ye et al. [203]
vascularization, impaired
mammary development
Human familial, autosomal Osteoporosis-Pseudoglioma Gong et al. [57]
recessive Syndrome (reduced bone
mass, persistent embryonic
eye vascularization)
Human familial, autosomal Familial exudative Toomes et al. [180]
recessive vitreoretinopathy

Table 1.1: (a) List of loss-of-function models of LDLR protein family
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’ Gene: ‘ Species: Mutation: Phenotype: Authors: ‘
Mouse targeted gene Abnormal pattering of body Pinson et al. [146]
LRP6 disruption axis, neural tube and limb Zhou et al. [214]
(Arrow) defects, orofacial Zhou et al. [215];
abnormalities, cardiac Song et al. [165];
neural crest and outflow Song et al. [166]
tract defects, hypoplasia of
neocortex, ocular
coloboma, neuroretinal
patterning defect
Xenopus spontaneous mutant Impaired dorsal axis and Tamai et al. [69]
neural crest formation
Human familial, autosomal Autosomal dominant early Mani et al. [117]
dominant coronary artery disease
D. spontaneous mutant Inhibition of Wehrli et al.[193]
melanogaster Wingless-dependent
patterning
LRP8 L
(APOER2) Mouse targeted gene Dysplastic hlppo.camp.)us Trommsdorff et
disruption and cerebellum, impaired al.[181]
retinal synaptic connectivity Trotter et al. [182]
Mouse targeted gene Dysplastic cerebellum, Trommsdorff et al.
VLDLR disruption abnormal cortical layering, [181]
absent rostral migratory Andrade et al. [5]
stream Hack et al. [64]
Chicken spontaneous mutant Impaired vitellogenesis, Bujo et al. [17]
female sterility
Human familial, autosomal Cerebellar hypoplasia, Boycott et al. [13]
recessive ataxia, mental retardation Ozcelik et al. [140]
Yolkless D. X-ray induced Impaired vitellogenesis, DiMario and
melanogaster mutant female sterility Mahowald [37]
Table 1.2: (b) List of loss-of-function models of LDLR protein family
(Adapted from Willnow et al., 2012 [196])
1.2.3 LRP4

The cell surface receptor low density lipoprotein receptor-related protein 4 (LRP4) was origi-

nally named multiple epidermal growth factor repeat containing protein 7 (MEGF7) and was

discovered in a screen for cDNA containing EGF- and CR- domains that is expressed in the

central nervous system [129]. Mice that are deficient for LRP4 are perinatal lethal and display

impaired limb formation and develop polysyndactyly likely due to abnormal WNT signaling

in the apical ectodermal ridge, which plays a key role in limb patterning [88]. Furthermore,

loss of LRP4 leads to renal agenesis, impaired orofacial development and aberrant mammary

placode formation [3, 26, 88, 95, 138, 163]. Mutations within the human LRP4 gene lead to

kidney malformations, complex syndactyly and growth retardation, which is also referred to as

Cenani-Lenz syndrome [107]. LRP4 has been shown to bind several factors that are involved
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in different signaling pathways, such as WISE (SOSTDC-1), DKK (Dickkopf-related protein 1),
AGRIN [3, 7, 26, 99, 138, 207] and is also proposed as a regulator for WNT signal transduction
(see Subsection 1.3.4). LRP4 is required for the formation and maintenance of the neuromus-
cular junction (NMJ), which is essential for efferent signaling to the skeletal muscles. Thus,
impaired signaling from motor neuron synapses might be the cause of the perinatal lethality
of Lrp4 loss-of-function mice, due to respiration failure [88]. LRP4 directly binds AGRIN and
mediates it to the tyrosine kinase receptor MuSK (Muscle-Specific Kinase) complex. AGRIN is
required to phosphorylate MuSK in order to induce NMJ formation [99, 207, 191]. Alterna-
tively, LRP4 was suggested to play a role in canonical Wnt signaling as negative regulator to
antagonize LRP6-mediated pathway activation [2, 3, 4, 137, 138]. The WNT-dependent role of
LRP4 is furhter described in Subsection 1.3.4.

1.2.4 LRP5 and LRP6

The low density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) are closely related and
share a high degree of similarity regarding their structure and amino acid sequence. However,
compared to other LRP family members they display structural differences in their extracel-
lular domain (ECD). Contrary to the other LRP family members, the ECD of LRP5 and LRP6
shows reverse arrangement of the EGF- and CR-motifs (see Figure 1.3). On the other hand,
the intracellular domain (ICD) does not contain an NPxY-motif, whereas this common to the
ICDs of all other LRP family members [25]. LRP5 and LRP6 are expressed in many tissues and
very often overlap in their expression pattern. Both receptors can be detected in the heart,
skeletal muscle, liver and kidney [14] and during different stages of embryonic development
they are almost ubiquitously expressed [146, 166, 215]. As essential components of the WNT
signaling transduction cascade (see Subsection 1.3.3) they are important for many different
developmental aspects. However, studies with loss-of-function mutants revealed that loss of
LRP6 leads to many different impairments during embryo formation, whereas Lrp5 deficient
embryo develop normally [68, 73]. It appears that LRP6 can fully compensate for the loss of
LRP5 during embryogenesis. However, LRP5 is required in the adult organism, since Lrp5
null mice show a decreased bone mineral density [73]. In humans, LRP5 mutations are asso-
ciated with a form of osteoporosis termed OPPG (Osteoporosis-Pseudoglioma syndrome) [57].
Mouse embryo that lack LRP6 function are perinatal lethal and display severe developmental
defect affecting the axial skeleton, formation of the limbs and the tail as well as urogenital
malformations and brain defects [146]. The embryonic phenotypes observed in Lrp6 loss-of-

function mutants resemble observed phenotypes in WNT loss-of-function models, suggesting
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an essential role for LRP6 in respect of WNT signal transduction during embryo development
(see also Subsection 1.3.3) . Further details on LRP5/6 function as co-receptors of Frizzled

are described in Subsection 1.3.3.

1.3 The WNT signaling pathway

The WNT signaling pathway controls a multitude of processes during embryonic development
as well as in the adult organism. WNT signal transduction is involved in the regulation of
fundamental mechanisms that include cell proliferation, determination of cell fate as well
as cell polarity during embryogenesis and homeostatic stem cell self-renewal various adult
tissues [30, 112]. The Wntl gene was initially discovered by Nusse and Varmus in 1982 as
they identified the proto-oncogene Int-1 (original name of Wntl) that was activated in mouse
mamimary tumor virus proviral DNA, when breast tumors were virally induced [135]. Since
then myriads of findings were published that revealed WNT signaling as an evolutionary well-
conserved signal transduction pathway that controls a vast number of physiological processes
among vertebrates and invertebrates [30, 112, 134, 131, 187]. Therefore, understanding
of the complexity of the WNT pathway has steadily risen and many components have been
identified that play important roles in the WNT signal transduction cascade (described in
Subsection 1.3). Accordingly, many mutations that affect WNT pathway components have be
discovered and helped to unravel the implications of WNT signaling in birth defects as well
as in cancer such as colon cancer and melanoma and neurodegenerative diseases [30, 112,
116]. At present, WNT factors are suggested to activate three different WNT pathways: The
canonical WNT/f-catenin cascade as well as the 3-catenin-independent planar cell polarity
(PCP) pathway and WNT/Ca2+ pathway, which are both referred to as non-canonical WNT
signaling. However, the canonical WNT signaling pathway is best known of these three and is

also the primary subject this introduction.

1.3.1 Various functions of the WNT pathway during embryogenesis

As mentioned above WNT signaling is essential for various aspects of embryogenesis and
is involved during virtually every stage of development of the vertebrate and invertebrates
[172, 187]. WNT signal transduction has been reported to be involved in the regulation of
fundamental developmental mechanisms that include primary embryonic axis formation, seg-
mentation, organogenesis as well as stem cell proliferation [134, 131, 187]. Whereas most de-

velopmental implications of WNT pathway components were originally discovered by genetic
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studies in Drosophila and Xenopus, in the past decades in vivo studies of mouse mutants as
well as in vitro experiments with mammalian cells shed light on function of the WNT pathway
in development and differentiation in mammals [187]. Here, I want to highlight experiments
conducted in mice that unraveled implications of WNT signaling components in the course
of mammalian embryogenesis. WNT proteins are approximately 40 kDa in size and contain
many conserved cysteines [133]. So far, 19 different WNT factors have been identified that
are all expressed during mammalian development [116]. Interestingly, these WNTs seem to
have distinct as well as common functions during embryogenesis although they exhibit spa-
tial and temporal overlapping expression. However, loss-of-function mouse models revealed
that some WNT proteins seem to have a more prominent role in mammalian development.
For instance, loss of WNT3 causes an early gastrulation phenotype and the embryo axis is
not formed [111]. On the other hand, Wnt3a mutants display severe developmental defects
in dorsolateral neural tube that leads to loss of the hippocampus. In addition, they display
disrupted somitogenesis that causes a tailbud defect [62, 81, 173]. WNT1 is another ligand
that is important for brain formation, as it was shown that loss-of-function mutation for Wnt1
leads to failure of midbrain and cerebellum formation [123, 122]. Interestingly, generation of
Wntl and Wnt3a double deficient mutants revealed that there is a synergistic gene interaction
leading to a more drastic developmental phenotype in the neural tube [81]. In contrast, there
are also WNTs that play only a minor role in embryonic development like WNT8b or WNT16.
Loss-of-function mutation for WNT16 leads to a slightly reduced bone mineral density [211]
and Wnt8a null mice seem to have no developmental defects but display an abnormal gene ex-
pression in the telencephalon [48]. However, not only loss of the ligands can lead to defective
WNT signaling during development. Many receptors have been revealed to play a role in WNT
signal transduction. Frizzled (FZD) proteins are seven-transmembrane receptors that com-
prise the largest group of WNT receptors. There are ten mammalian FZD proteins that have
variable impact on the formation of the mammalian embryo [82, 206]. For instance, FZD4
and FZD8 have been associated with the formation of the kidneys and uteric growth (INT_Ye),
whereas FZD3 and FZD6 are required for proper midbrain development [171]. Among others,
LRP5 and LRP6 are also important receptors for WNT signal transduction and play an essen-
tial role during embryogenesis. The function of LRP5 and LRP6 in development is described

in greater depth in Subsection 1.2.4.
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1.3.2 The WNT-frizzled receptor complex

Over the past decades, our understanding of the WNT signaling transduction cascade has
enormously increased. Besides identification of a multitude of WNT binding transmembrane
receptors that transduce extracellular WNT signals, various proteins have been linked to the
complex intracellular transduction process. The complexity of the WNT pathway becomes
apparent by only looking at variety of ligands that the WNT factors comprise. By now, 19 WNT
proteins have been identified [116]. The number of cell surface receptors that are capable
of binding WNT factors is even greater. To introduce the basic concept of canonical WNT
signaling, I want to concentrate on the core elements of the pathway and elucidate their
function in the WNT transduction cascade. Figure 1.4 summarizes the principle of WNT
signal transduction to illustrated the detailed processes that will be discussed in the following
passage.

In absence of WNT proteins, the co-activator beat-catenin in the cytoplasm is constantly
degraded by the so-called g-catenin degradation complex, which comprises AXIN (a scaffolding
protein), APC (the tumor suppressor Adenomatous polyposis coli) and GSK3 (glycogen syn-
thase kinase 3). GSK3 phosphorylates the amino terminal of §-catenin, which subsequently
leads to recognition by 5-Trcpl (8-transducin repeat containing protein). 5-Trcpl, acting as a
subunit of the ubiquitin protein ligase complex, induces ubiquitination of §-catenin, which is
then degraded by the proteasome [68]. This continuous degradation prevents S-catenin from
entering the nucleus, where TCF/Lef (T-cell factor/lymphoid enhancer-binding factor) binds
to the DNA and inhibits expression of WNT downstream targets [68].
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Figure 1.4: Schematic model of WNT signaling transduction

LRP5/6

(In absence of WNT) When WNT factors are not present, the 3-catenin degradation complex
(Axin, GSK3, APC) prevents accumulation of g-catenin in the cytosol. Consequently, g-catenin
cannot enter the nucleus and WNT targets genes are not activated. (In presence of WNT)
When WNT proteins are present, LRP5/6 forms a complex with FZD. WNTs bind to the receptor
complex and DVL recruits the S-catenin degradation complex, which is no longer able to de-
grade p-catenin. As a consequence, intracellular g-catenin level rises, which enables 3-catenin
to enter the nucleus, initiate TCF/Lef transciption and activate WNT target gene expression.

In presence of WNT proteins, the G protein—coupled receptor Frizzled (FZD) and its co-
receptors LRP5 and LRP6 (LRP5/6) form a complex, which binds the ligands with their ex-
tracellular domains. When the LRP-FZD receptor complex is formed, the scaffolding protein
Dishevelled (DVL) is recruited to the intracellular domain of the complex. Subsequently, LRP6
gets phosphorylated and the §-catenin degradation complex binds to DVL and is therefore in-
hibited. Ultimately, the inhibition of §-catenin degradation complex implies accumulation of
p-catenin in the cytosol and the co-activator can enter the nucleus. In the nucleus §-catenin
forms a complex with TCF/Lef, which in turn leads to activation of WNT downstream target

expression [16, 133, 134].

1.3.3 LRP5/6 as crucial components of the WNT machinery

As described above (Subsection 1.3.2) LRP5 and LRP6 are co-receptors of FZD and essen-
tial for WNT signal transduction. FZD proteins comprise a large group of seven-pass trans-
membrane receptors and have overlapping function, which often leads to compensation when
function of a single FZD members is lost [112] (as described Subsection 1.3.2). Between
the two LRP co-receptors, LRP6 plays a more prominent role and is essential for embryonic
development, whereas loss of LRP5 does not lead to impaired embryogenesis (as described
in Subsection 1.2.4). However, LRP5 and LRP6 partially display redundant functions in the

course of development as the Lrp5; Lrp6 compound mutants do not survive towards blasto-
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cyst implantation [98]. The formation of the ternary LRP-FZD complex upon binding of WNT
factors seems to be a crucial step, since WNT itself seems to be a suboptimal ligand for LRP6
[12]. The subsequent phosphorylation of the intracellular domain (ICD) of LRP6 is crucial for
proper WNT signal transduction (as described in Subsection 1.3.2). The ICD of LRP6 contains
five PPPSP (Pro-Pro-Pro-Ser/Thr-Pro) repeats that are required to be phosphorylated for suc-
cessful J-catenin signaling [174]. There are several proline-directed kinases that are able to
phosphorylate the PPPSP motif of LRP6 and thus facilitate WNT signal transduction. GSK3 for
instance mediates the PPPSP phosphorylation of LRP6 and on the other is a crucial compo-
nent of the g-catenin degradation complex. Thus, GSK3 combines an opposing roles in WNT
signal transduction as both a negative and a positive regulator [174]. However, there are also

other membrane-associated kinases that are capable of mediating LRP6 phosphorylation [22].

1.3.4 LRP4 as a potential modulator of WNT signaling

In recent years, another LRP family member attracted the attention of the WNT research com-
munity. LRP4 was reported to have a modulatory role on LRP5/6 function and can therefore
act on WNT signaling transduction events during embryogenesis [3, 4, 137, 138]. Ohazama et
al. were the first to report on the interplay of LRP4 and the WNT inhibitor WISE (also known as
SOSTDCI1 - Sclerostin domain-containing protein 1) regarding tooth development [137]. They
could show that WISE binds BMP and is then bound by LRP4, which then acts inhibitory on
the LRP-FZD complex and therefore modulates WNT signal transduction [137, 138]. In an-
other study, Ahn and others showed that LRP4 is involved in induction and formation of other
skin appendages namely the mammary glands. They revealed that in LRP4 deficient mice in-
creased WNT signaling leads to retarded placode induction and changes in distribution and
number of mammary placodes [3]. Further, they could demonstrate for LRP4 that in inter-
play with WISE it antagonizes LRP5/6 function and thus modulated WNT signal transduction
[3I[3, 4, 137, 138]. In Figure 1.5 a schematic of the proposed model (adapted from Ahn et al.
[3]) for LRP5/6 modulation by LRP4 in interplay with a WNT antagonist is illustrated. These
findings related LRP4 function as a modulator of WNT signaling to the development of skin
appendages, but whether this is a common function of LRP4 that also applies to the formation

of other tissues remains to be elucidated.
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Modulation of WNT signaling
LRP5/6 T
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signal transduction

Figure 1.5: Schematic of proposed model for LRP4 modulation of the LRP-FZD complex

In interplay with an WNT antagonist (e.g. WISE), LRP4 acts inhibitory on the LRP-FZD receptor
complex. Thus, LRP5/6 binding capacity for WNT factors is decreased, which consequently
modulates WNT downstream target expression. Model adapted from Ahn et al., 2013 [3].
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2 Aim

The development of the forebrain needs tightly regulated orchestration of various signaling
pathways to achieve the transformation from a simple neuroepithelial layer of progenitor cells
to a complex three-dimensional brain structure at later stages. The SHH pathway is essential
for forebrain induction and pattering, but also the opposing WNT signals from the roof plate
are of crucial function for proper forebrain formation. LRP family members have been shown
to contribute to the transduction of both SHH and WNT signals. Whereas LRP2 is required to
establish proper SHH signaling during early forebrain formation, LRP5/6 as co-receptors of
FZD are essential for the WNT signal transduction cascade. My aim was to shed light on the
function of LRP5/6 during forebrain formation as transcripts of both Lrp5 and Lrp6 can be
detected in the telencephalon from early on. Further I intended to investigate the role of LRP4
(which is also expressed during early forebrain) as a potential modulator of LRP5/6 function
in the course of telencephalic development. So far, the concept that LRP4 acts in a modu-
latory fashion on LRP5/6 has only been demonstrated for non-neuronal tissue development.
Thus, I intended to examine whether LRP4 plays a simliar role in the developing brain. To
study common and distinct functions of LRP4 and LRP5/6 regarding their implications for
transducing and integrating WNT signaling during early forebrain development, I generated
double deficient mouse models for Lrp4; Lrp5 and Lrp4; Lrp6. Thereby, I also aimed to unravel
potential gene interactions of Lrp4 and Lrp5/6 to contribute to further understanding of the

mechanisms, which modulate WNT signal transduction in regard of forebrain formation.

17






3 Material and Methods

3.1 Material

3.1.1 Technical equipment

Device/ equipment: Manufacturer:
ABI PRISM 7000 Sequence Detection System Applied Biosystems (Foster City, USA)
ABI PRISM 377 Sequencer Applied Biosystems (Foster City, USA)
Agilent 2100 Bioanalyzer Agilent Technologies (Santa Clara, USA)
Centrifuge 5415 R Eppendorf (Hamburg, Germany)
Cryo-Star HM 560 Cryostat Microm UK Ltd. (Bicester, UK)
GenoPlex Gel documentation System VWR International (Darmstadt, Germany)
Gel Electrophoresis Chamber Renner GmbH (Dannstadt, Germnany)
GFL 1083 Shaking Waterbath GFL (GroBburgwedel, Germany)
Genova Plus Life Science Spectrophotometer Jenway (Staffordshire, UK)
Lnyx 4000 Centrifuge (Sorvall) Thermo Fisher Scientific (Waltham, USA)
LSM 710 Confocal Laser Scanning Microscope Carl Zeiss AG (Oberkochen, Germany)
Luminescent Image Analyzer LAS-1000 plus FujiFilm (Minato, Japan)
MS2 Minishaker Vortexer IKA (Staufen, Germany)
Multitron Standard Incubation Shaker Infors HT (Bottmingen, Switzerland)
NanoDrop ND-1000 Spectrophotometer Thermo Fisher Scientific (Waltham, USA)
Optima MAX-XP Ultracentrifuge Beckman Coulter (Wien, Austria)
Orbital Shaker KS 501D IKA (Staufen, Germany)
Power Pack P25 Biometra (Gottingen, Germany)
Rotary microtome HM355S Microm UK Ltd. (Bicester, UK)
Shake 'n’ Stack Hybridization Ovens Thermo Fisher Scientific (Waltham, USA)
SONOPULS Ultrasonic homogenizer Bandelin (Berlin, Germany)
Stereoscope SteREO Discovery.V8 Carl Zeiss AG (Oberkochen, Germany)
Thermomixer Comfort Eppendorf (Hamburg, Germany)
Thermocycler TAdvanced Biometra (Gottingen, Germany)

Table 3.1: List of technical equipment

3.1.2 Consumables and kits

’ Consumeables/kit: Manufacturer:
BCA Protein Assay Reagent Thermo Fisher Scientific (Waltham, USA)
BigDye Terminator Sequencing Kit Applied Biosystems (Foster City, USA)
BioRad Protein Assay BioRad (Minchen, Germany)
High Pure PCR Product Purification Kit Roche (Basel, Switzerland)
PureLink® HiPure Plasmid Midiprep Kit Life Technologies (Carlsbad; USA)
RNeasy Mini - RNA Isolation Kit Qiagen (Hilden; Germany)
SuperSignal West Pico Chemiluminescent Substrate Thermo Fisher Scientific (Waltham, USA)
SuperSignal West Femto Maximum Sensitivity Substrate Thermo Fisher Scientific (Waltham, USA)
TACS 2 TdT DAB in situ Apoptosis Detection Kit Trevigen Inc. (Gaithersburg, USA)

Table 3.2: List of consumables and kits
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3.1.3

Chemicals and reagents

Chemical/reagent:

Manufacturer:

2-Mercaptoethanol

Sigma Aldrich (St. Louis, USA)

Agarose (Ultrapure)

Invitrogen (Carlsbad, USA)

Albumin Bovine Serum (BSA)

Sigma Aldrich (St. Louis, USA)

Ampicillin

Carl Roth GmbH (Karlsruhe, Germany)

Anti-DIG-AP Fab fragments

Roche (Basel, Switzerland)

Aqua-PolyMount

Polysciences Inc. (Eppelheim, Germany)

BM purple

Roche (Basel, Switzerland)

Bromodeoxyuridine (BrdU)

Sigma Aldrich (St. Louis, USA)

Deoxycholate

AppliChem (Darmstadt, Germany)

Dextran sulfate

AppliChem (Darmstadt, Germany)

Digoxigenin-labeled NTPs

Roche (Basel, Switzerland)

Disodium phosphate (NaxHPO,)

Carl Roth GmbH (Karlsruhe, Germany)

DNA ladder (1kb plus)

Invitrogen Corporation (Carlsbad, USA)

dNTPs

Peglab (Erlangen, Germany)

Ethidium bromide (EtBr)

Invitrogen Corporation (Carlsbad, USA)

Ethanol (EtOH)

Carl Roth GmbH (Karlsruhe, Germany)

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth GmbH (Karlsruhe, Germany)

Formamide Invitrogen Corporation (Carlsbad, USA)
Glycerol Thermo Fisher Scientific (Waltham, USA)
Glycine (Gly) Carl Roth GmbH (Karlsruhe, Germany)

Hydrochloric acid (HCI)

Carl Roth GmbH (Karlsruhe, Germany)

Isopropyl-B-D-thiogalactopyranosid (IPTG)

Thermo Fisher Scientific (Waltham, USA)

Isopropyl alcohol

Sigma Aldrich (St. Louis, USA)

Lithium chloride (LiCl)

Sigma Aldrich (St. Louis, USA)

Magnesium chloride (MgCls)

Carl Roth GmbH (Karlsruhe, Germany)

Normal donkey serum (NDS)

Sigma Aldrich (St. Louis, USA)

Normal goat serum (NGS)

Sigma Aldrich (St. Louis, USA)

Paraformaldehyde (PFA)

Carl Roth GmbH (Karlsruhe, Germany)

Phenol-Chloroform

AppliChem (Darmstadt, Germany)

PolyMount (Aqua)

Polysciences Inc. (Eppelheim, Germany)

Polysorbate 20 (Tween 20)

Carl Roth GmbH (Karlsruhe, Germany)

Potassium chloride (KCI)

Carl Roth GmbH (Karlsruhe, Germany)

Restriction enzymes

New England Biolabs (Ipswich, USA)

RNase inhibitor

Roche (Basel, Switzerland)

Sodium acetate (NaAc)

Merck (Darmstadt, Germany)

Sodium citrate

Carl Roth GmbH (Karlsruhe, Germany

Sodium chloride

Carl Roth GmbH (Karlsruhe, Germany

Sodium diphosphate

Sodium hydroxide (NaOH)

Carl Roth GmbH (Karlsruhe, Germany

Sodium tetraborate decahydrate

)
)
Carl Roth GmbH (Karlsruhe, Germany)
)
)

Carl Roth GmbH (Karlsruhe, Germany

Tissue Tek O.C.T.

Sakura Finetek Inc. (Torrance, USA)

Transcription buffer

Roche (Basel, Switzerland)

Triethanolamine (TEA)

Carl Roth GmbH (Karlsruhe, Germany)

Tris-aminomethane (TRIS)

Merck (Darmstadt, Germany)

Triton X-100

Merck (Darmstadt, Germany)

X-Gal (BCIG) solution

Sigma Aldrich (St. Louis, USA)

Table 3.3: List of chemicals and reagents
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3.1.4 Buffers and solutions

’ Buffer/solution: Manufacturer:

Blocking buffer (immunostainings)
Blocking buffer (WB)
Dialysis buffer
Denhardt’s (100 x)
DNA-loading buffer (10 x)

20 % goat or donkey serum in PBTr

5 % powdered milk blotting grade (w/v) in TBST
150 mM NaCl, 10 mM Tris, 10 % (v/v) glycerin, with pH7.5
5g Ficoll, 5g PVP, 5g BSA (Sigma), in 250 mL dH50
10 mM Tris, 1 mM EDTA, 50 % (v/v) glycerin 0.25 % (w/v)
bromphenol blue, with pH 8.0
1.5 pg purified DNA, 2 uL transcription buffer (1x), 1 uL
DIG-NTP labeling mix (1x), 0.5 uL RNase inhibitor (1U),

1.5 uL RNase polymerase (3U),12.5uL dH,0

2mL 1M NaOH, 20.5M EDTA in 50 mL dH,0

50 mL Formamide (deionized) (50%), 20 mL 50% (v/v)
Dextran sulfate, 1 mL 100 x Denhardt’s (10%), 2.5 mL
yeast tRNA (10 mg/mL) (10%), 6 mL 5M NaCl (0.3 M),
2mL 1M Tris-HCI, pH8 (20mM ), 1mL 0.5M EDTA
(5mM), 1mL 1M NaPOy4, pH8

5mL 20% Sarcosyl (10 mM), 11.5 mL DEPC-H;0
450 mM Tris-HCI, 40 % (v/v) glycerin, 8 % (w/v) SDS,
0.01% (w/v) bromphenol blue, with pH 6.8
10 mM Tris-HCI, 1 mM EDTA, with pH 8.0
200 mM NaOH, 1% (w/v) SDS
3 M potassium acetate, with pH5.5

2mL 5M NaCl (100 mM), 10 mL 1 M Tris-HCI, pH9.5
(100 mM)

5mL 1M MgCl, (50 mM), 0.1 mL Tween 20, 82.9 mL dH20
0.1% (w/v) Ponceau S, 5% (v/v) acetic acid

IVT solution mix

Hot Shot Buffer
Hybridization Solution (100 mL)

Lammli buffer (4 x)

Low TE buffer
Lysis buffer (Mini prep)
Neutralization buffer (Mini prep)
NTMT(100 mL)

Ponceau S solution

PBS 1.5M NaCl, 80 MM NayHPOy4, 20mM NaH,PO4
PBTw PBS + 0.1 % (v/v) Tween-20
PBTr PBS + 0.1 % (v/v) Triton-X100

PFA 4%

4% paraformaldehyde (w/v) in PBS
50 mM Tris-HCI, 10 mM EDTA,
100 pg/ml RNase, with pH8
3mL 5M NacCl (150 mM), 1 mL 0.5M EDTA with pH8.0
(5mM), 5mL 1M Tris with pH 8.0 (50 mM), 1 mL NP-40
(IGEPAL CA-630) (1.0% - v/v), 5mL of 10 % sodium
deoxycholate (0.5 % - v/v), 1 mL of 10 % SDS (0.1 % -
v/v), in 84 mL dH50
15 % (w/v) sucrose, 50 mM Tris, 50 mM EDTA, 1 mM

Resuspension buffer (Mini prep)

RIPA Buffer

Sonication buffer

PMSF, 0.1 % lysozyme; pH 8
TAE 40 mM Tris-HCI pH 8, 1 mM EDTA, 20 mM glacial acetic
acid
TBS (10x) 250 mM Tris-HCI, 1.37 M NaCl, 27 mM KCl, with pH 7.4
TBST

1xTBS + 0.1 % (v/v) Tween-20
125 mM Tris, 1.25 M glycine, 0.1 % (w/v) SDS; pH8.3
181.6 mM Tris, 1.49 M glycine
500 X of Igepal Ca-30 (0.1 % - v/v), 0.25mL of 10 %
deoxycholate solution (0.05 % - v/v), 500 mL PBS

1.25mL 200 mM potassium ferrocyanide solution (5 mM)
1.25mL 200 mM potassium ferricyanide solution (5 mM)
45.8 mL X-gal washing buffer

1.2 mL X-gal substrate (40 mg X-gal/1 mL DMF)

Tris-glycine running buffer (5 x)
Tris-glycine transfer buffer (10 x)
X-gal washing Buffer

X-gal staining solution (50 mL)

Table 3.4: List of buffers and solutions
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3.1.5 Media

’ Medium: Composition/ manufacturer:
DMEM medium Dulbecco’s Modified Eagle Medium (DMEM) (Gibco)
DMEM+B medium DMEM (Gibco), 10% bovine serum albumin (BSA)
LB agar 15 g/L agar in LB medium
LB medium 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract,
10 g/L NaCl, with pH 7.2
SOC medium 20 g/L bacto-peptone, 5 g/L bacto-yeast extract,
0.5 g/L NaCl, 0.17 g/L KCl, 0.95 g/L MgCl2, 3.6 g/L glucose,
with pH 7.0

Table 3.5: List of media

3.1.6 Antibodies

Antigen: Raised in: Dilution: Obtained from:
MPM-2 mouse 1:1500 Millipore (05-368)
GFP chicken 1:200 Abcam (ab13970)
PAX6 rabbit 1:100 Biolegend (901301)
TUJ-1 mouse 1:1000 Covance (MO15013)
SOX2 rabbit 1:100 Abcam (ab97959)
cleaved-Caspase-3 rabbit 1:1000 Cell Signaling (CST #9661)
N-Cadherin rabbit 1:100 Cell Signaling (CST #13116)
N-Cadherin mouse 1:100 Santa Cruz (sc-8424)
B-Catenin guinea pig 1:1500 Dr. Niccolo Zampieri
B-Catenin rabbit 1:200 Abcam (ab16051)
Vimentin rabbit 1:200 Abcam (ab92547)
ARL13b rabbit 1:1000 Proteintech (17711-1-AP)
Z0-1 mouse 1:1000 Invitrogen (ZO1-1A12)
Cyclin-D1 rabbit 1:100 Abcam 16663)
LRP6 rabbit 1:100 Abcam (ab134146)
phospho-Histone-H3 rabbit 1:1000 Millipore (06-570)
Tubulin mouse 1:1000 Sigma Aldrich (T9026)

Table 3.6: List of primary antibodies

Antigen: Conjugate: Dilution: Obtained from:
gun'qn:jsg'? 'GgG Alexa488
rabbit I§G Alexa546 1:1000 (IHC) Life Technologies
Al
chicken 1gG exass3
19G
rgob”bsitelsG HRP 1:4000 (WB) SLife Technologies

Table 3.7: List of secondary antibodies
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3.1.7 Oligonucleotides (Primers)

All oligonucleotides were ordered from Eurofins MWG Operon (Berlin, Germany). Stock solu-

tions of all primers (100 uM) were kept at -20 °C for longterm storage. Working solutions with

10 uM concentration were kept at 4°C for up to 4 weeks.

’ Index #: \ Primer name: Sequence (5’ to 3’): \ Tm (in °C): ‘
1 L4Hpmf corr GGT GAG GAG AAC TGC AAT GT 57,0
2 Lrp4-G_pp9-rev TGA GTC AAG GTC ACA CCC ATC 60,0
3 B-geo F CAA ATG GCG ATT ACC GTT GA 55,3
4 B-geo R TGC CCA GTC ATA GCC GAATA 57,3
5 Terd F CAAATGTTG CTT GTC TGG TG 55,3
6 Terd R GTC AGT CGA GTG CACAGT TT 57,3
7 CD4 mix F GCA CGG ATG TCT CAG ATC AAG AGG 64,4
8 CD4 mix R CGG GAT CAT CGC TCC CAT ATATG 62,4
9 CD_LRP5 neo F GCC TTC TAT CGC CTT CTT GAC 59,8
10 CD_LRP5_gen_F AAA CTG TGA CAG GCT GTG GGA AGT 62,7
11 CD_LRP5_gen_R GCC GCA CAC ACC ACC AAACTATAA 62,7
12 Hadj_F ACA ACA AGC GCTCGACCATCAC 62,1
13 Hadj_R AGT CGATGC CCTTCAGCT CGAT 62,1
14 Hadj_oIMR7338 CTA GGC CAC AGA ATT GAA AGATCT 59,3
15 Hadj oIMR7339 GTA GGT GGA AAT TCT AGC ATC ATC C 61,3
16 LRP4 ISPNfwd TAC CAT CGA AGC ATC TCG GC 59,4
17 LRP4 ISPNrvs TTC GTG TTT CCA GCC TGT GT 57,3
18 Lrp5 ISP3 for ATG CCG GCG GAG TGA AG 57,6
19 Lrp5 ISP3 rev GAG TAG AAA GGC TCC CTC GG 61,4
20 Lrp6 ISP3 for CCCTITTCT TTC TTC TCG CGG 59,8
21 Lrp6 ISP3 rev CCA GTA AAG CTT CCG CTCCT 59,4

Table 3.8: List of primers
3.1.8 Riboprobes for ISH
’ Riboprobe: \ Cut with RE: Polymerase: Provided by:

Axin2 Xbal T7 Thomas Willnow
Bmp4 EcoRI SP6 Elizabeth Robertson
1d3 EcoRI SP6 Thomas Willnow
Lefl Bgll T7 Thomas Willnow
Lrp4 Pstl T7 Fabian Paul
Lrp5 Spel T7 Fabian Paul
Lrp6 Sacl SP6 Fabian Paul

Nkx2.1 EcoRI1 T3 Thomas Willnow
Shh Hind Il T3 Thomas Willnow
wntl Sall T7 Thomas Willnow

Wnt3a EcoRI T3 Ed Monuki

Table 3.9: List of ISH riboprobes
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3.2 Molecular biology methods
3.2.1 Cloning

3.2.1.1 Amplification of DNA segments by PCR Polymerase chain reaction (PCR) is a
common method in molecular biology to enzymatically amplify specific sequences of deoxyri-
bonucleic acid (DNA) from composite nucleic acid [158]. This in vitro procedure involves a
cyclic repetition of separating the source/sample DNA strands, binding of the specifically de-
signed oligonucleotides and elongation of DNA segments that are in between the two primer
sites. By repeating these steps for several times, an exponential multiplication of the desired
DNA sequence is achieved [127]. In a subsequent step the specific DNA sequence can be visu-
alized and/or isolated and purified for further procedure. In this study, PCR was performed
to determine the genotypes of genetically modified mice that were used in the experiments
and to amplify specific DNA sequences for cloning procedure. PCR products for cloning were
generated by using Phusion high-fidelity DNA polymerase (New England Biolabs). The follow-
ing cycling setting were used: 1.) Initial denaturation for 5 minutes at 98°C, 2.) denaturation
for 20 seconds at 98°C, 3.) annealing for 30 seconds at 62-72°C, 4.) elongation for 30 seconds
per 1 kb sequence at 72°, 5.) final elongation for 10 minutes at 72°C. Steps 2.) to 4.) were
repeated for 30-35 cycles. Genotyping PCR programs are listed in Subsection 3.2.3.3.

3.2.1.2 Gel electrophoresis of DNA/RNA Gel electrophoresis can be used to separate
differently sized DNA or RNA fragments (which are negatively charged) by applying an electric
field to the gel matrix. In this study, gel electrophoresis was performed to separate and/or
isolate DNA/RNA from PCR, restriction enzyme digests and in vitro transcriptions. According
to the molecular weight of the DNA/RNA, 0.8-2.5% agarose gels (in TAE buffer) were used
as matrix. 0.5pg/mL Ethidium bromide was added to the gel to ensure visualization of the
DNA/RNA fragments under UV-light. The voltage was set to 120V and the gels ran for 20-30
minutes. By exposure to UV-light the DNA/RNA bands were detected. The gel was pho-
tographed and if required DNA fragments were cut and purified using High Pure PCR Product

Purification Kit (Roche) according to manufacturer’s instruction.

3.2.1.3 Determination of DNA/RNA concentration For rough estimation of DNA/RNA
concentration the bands on gels were compared to bands of known concentration and same/similar
length from the DNA/RNA ladder. For exact DNA/RNA concentration measurements a Nan-
odrop spectrophotometer (Thermo Fisher Scientific) was used according to manufacturer's

instructions.
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3.2.1.4 Digest of DNA with restriction enzymes Enzymatic digestion with restriction
enzymes that cut at specific sites within the genomic sequence is an essential tool for cloning
experiments. For complete digestion of plasmids or DNA fragments the amount of the restric-
tion enzyme was determined by applying the formula listed below. A DNA-enzyme solution
mix (including the respective enzyme buffer) was set up according to manufacturers instruc-
tions (New England Biolabs). Subsequently, the DNA-enzyme mix was digested for 2-3 hours
at 37°C with constant shaking at 800rpm. All enzymes and buffers were obtained from New
England Biolabs (USA). In this study, restriction enzyme digestion was used to linearize plas-
mids containing riboprobes before in vitro transcription and to cut amplified product of Lrp4

genotyping PCR.

Algorithm 1 Equation to calculate amount of restriction enzyme for DNA cutting

U=m
P Lp NRef

myp: mass of the plasmid; L,: length of the plasmid; n,: number of cut interfaces on
plasmid; Lg.s: length of the reference DNA; ngr.y: number of cut interfaces on reference
DNA; U: Units of the enzyme (1U is set as the amount of enzyme that cuts 1ug of A-DNA in
one hour)

3.2.1.5 Purification of DNA/RNA solutions High Pure PCR Product Purification Kit (Roche)
was used for purification/isolation of DNA from gels and solutions. RNA was purified us-
ing RNeasy Micro Kit (Qiagen). Apart from that, increased DNA/RNA yield was sometimes
achieved by purifying with phenol-chloroform extraction and subsequent ethanol precipi-
tation. Phenol-chloroform extraction is a biochemical method to isolate nucleic acid from
protein. Phenol-chloroform is added in a ratio of 1:1 to the solution. The suspension gets
vortexed and centrifuged at 15.000x g for 10 minutes. From the resulting two-phase solution,
the aqueous phase containing the DNA is taken and precipitated as follows. Ethanol precip-
itation is a method to isolate/concentrate DNA or RNA from aqueous solutions. The pH gets
reduced by adding sodium acetate (pH 5.2) to a final concentration of 0.3M. Then two volumes
of ice-cold (-20°C), pure ethanol are added and the solution gets vortexed. To facilitate the

precipitation of the nucleic acid, the solution is put to -80°C for 30 minutes and subsequently
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centrifuged for 10-15 minutes at 4°C with maximum speed. The supernatant is discarded
and the pellet gets air-dried for 10-15 minutes. Afterwards the pellet is resuspended in 20uL

RNase-free water and stored at -20°C.

3.2.1.6 Ligation of DNA fragments For inserting DNA fragments into the target vectors,
insert and vector DNA (backbone) were cut with appropriate restriction enzymes and sub-
sequently purified. For 20uL ligation solution, 100ng of backbone DNA were mixed with
appropriate amount of insert DNA. The following formula was used to calculate amount of

insert DNA:

Algorithm 2 Formula to calculate amount of insert DNA for ligation

5z mass vector (ng) - lengthinsert (bp)

Mass insert =
assinsert (ng) length vector (bp)

Besides vector DNA and insert DNA, the ligation mix consisted of ligation buffer (2uL) and
1U of T4 DNA ligase (both New England Biolabs). The ligation reaction was performed at
room temperature for 2 hours or at 4°C overnight. Afterwards, the ligase was inactivated by
incubation at 65°C for 10-15 minutes. 2ulL of the ligation solution were used to transform
to electrocompetent Escherichia coli. See also Subsection 3.2.1 for the selection method of

successfully integrated insert DNA into the vector.

3.2.1.7 Transformation of Escherichia coli with DNA Electrocompetent Escherichia coli
(DH5a or XL1blue strain) were used for transformation with purified plasmids or DNA from
ligation reactions. Bacteria were made competent for transformation as described by Chung
and Miller [29]. Electrocompetent DH5a or XL1blue cells were thawed on ice prior to transfor-
mation. 20ng of plasmid DNA or 2uL from a ligation reaction mixed with 50uL of competent
bacteria. The suspension was transferred to pre-chilled electroporation cuvettes and electro-
porated at 1.8kV. Immediately after successful electroporation the bacteria suspension was
taken up in 1mL pre-warmed SOC medium and kept 1 hour at 37°C for recovery. Subse-
quently, the desired amount of cell suspension was plated on LB agar plates with appropriate

selection antibiotic agent.
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3.2.1.8 Cryopreservation of bacteria strains (+DNA plasmids) Long-term storage of
plasmids with inserted DNA fragments was achieved by freezing bacterial cultures containing
the respective vectors. 1mL of an overnight culture of DH5a or XL1blue Escherichia Coli was

mixed with 1mL pure glycerol and immediately frozen to -80°C.

3.2.1.9 Blue-white screen for colony selection For selection of bacterial colonies after
a ligation reaction the blue-white screening technique was used as follows. The blue-white
screen is a screening method that allows detection of recombinant bacteria that integrated
the insert DNA to the backbone. For this, the vector has a 5-galactosidase cassette spanning
the multiple cloning site (MCS). Integration of the insert DNA into the MCS interrupts the
p-galactosidase sequence and inactivates 5-Gal expression. The chromogenic substrate X-
Gal and IPTG as an inducer of -galactosidase expression are added to the LB agar plates
for selection. Only bacterial colonies that incorporated the vector with the insert DNA at the
MCS appear white, whereas self-ligated vectors appear blue. 2uL of X-Gal stock solution
(40ug/ml) and 0.1mM IPTG were added to 1mL LB medium that contained the appropriate
antibiotic agent. Bacteria solution was plated on LB agar plates and after overnight incubation

at 37°C white colonies were picked for further procedure.

3.2.1.10 Isolation of plasmid DNA from bacteria For screening of bacterial colonies af-
ter transformation, 5-100mL of LB medium (depending on desired DNA yield) with respective
antibiotic agent were inoculated with a single colony picked from the agar plates. This culture
suspension was incubated overnight at 37°C with constant shaking. On the next day, the
cells were centrifuged with 6000x g for 20 minutes. The bacterial pellet was resuspended
and the DNA was isolated with the appropriate Plasmid DNA Kit (Thermo Fischer Scientific)
according to manufacturer’s instructions. After measuring the DNA concentration (see Sub-

section 3.2.1.3) the plasmid DNA was stored at -20°C.

3.2.1.11 Sequencing of DNA DNA sequencing was conducted by using BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems) as described by manufacturer. The amplification
process included the following steps: 1.) initial denaturation at 96°C for 60 seconds, 2.)
denaturation at 96°C for 10 seconds, 3.) annealing at 50-55°C for 5 seconds, 4.) elongation at
60°C for 4 minutes. Steps 2.) to 4.) were repeated for 30 cycles. Subsequently, the amplified
DNA was purified with Sephadex G-50 (Amersham Bioscience) and sequenced with an ABI
PRISM 377 DNA Sequencing system (Applied Biosystems). Alternatively sequencing of DNA
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was conducted by LGC Genomics GmbH (Berlin). Results were analyzed by using Lasergene

SeqMan Version 10.0 (DNASTAR).

3.2.2 Protein Immunoblot

3.2.2.1 Preparation of tissue lysates Dissections for tissue collection were conducted in
PBS on ice. After removal, the tissue was immediately snap-frozen in liquid nitrogen and
stored at -80°C when not processed directly. The tissue sample was sonicated in RIPA buffer
to extract the proteins from the cells. By subsequent centrifugation, cell debris and nuclei
were separated from the proteins in solution. The supernatant was taken to a new tube for

further procedure.

3.2.2.2 Determination of protein concentration The protein concentration was mea-
sured by using either the BioRad Protein Assay (BioRad) or BCA Protein Assay Reagent
(Thermo Fisher Scientific) according to manufacturer’s instructions. A series of defined con-
centrations of bovine serum albumin (BSA) were measured to generate a standard curve. Ac-
cording to the protein content of the BSA samples plotted in the standard curve, the protein

concentration of the sample was extrapolated.

3.2.2.3 SDS polyacrylamide gel electrophoresis Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) is a biochemical method to separate a mixture of substances
by their molecular weight. Defined amounts of protein solution were applied onto 8-12%
gradient SDS polyacrylamide gels (Lonza). Prior to electrophoresis, 50-100ug of the protein
sample were boiled in Lammli buffer containing 10% 2-mercaptoethanol at 95°C for 5 min-
utes. In the subsequent electrophoresis step, the proteins were separated along the electrical
field. The voltage was set to 90 V and running time was about 2-3 hours. SeeBlue Plus2
pre-stained Protein Standard (Thermo Fisher Scientific) served as a marker. In the following

step, the gels were applied to immunoblotting.

3.2.2.4 Immunoblotting (Western blot) After SDS-PAGE, all proteins on the gel were
transferred to a nitrocellulose membrane (Amersham Bioscience) by using a trans-blot elec-
trophoretic transfer chamber (Bio-Rad Laboratories) according to manufacturer’s instructions.
The protein transfer was conducted at 400mA for 1-2 hours or at 50mA overnight. Subse-
quently, the nitrocellulose membrane was stained with Ponceau S solution to visualize the

protein bands and thus verify successful protein transfer. Before the primary antibody could
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be applied, the membranes were blocked with blocking buffer for 1 hour while constantly
shaking. Primary antibodies were diluted to desired concentration in blocking buffer. Mem-
branes were incubated overnight in the primary antibody solution at 4°C while constantly
shaking. On the following day, nitrocellulose membranes were washed with TBST (3x for 15
minutes) and incubated in secondary antibody solution (HRP conjugated AB, 1:4000 in block-
ing buffer) for 1-2 hours. After that, the membranes were washed again 3x with TBST for 15
minutes. Finally, the protein bands were detected by adding SuperSignal West Pico/Femto
Chemiluminescent Substrate (Thermo Fisher Scientific) detection solution and subsequent

visualization with the Luminescent Image Analyzer LAS-1000 plus (FujiFilm).

3.2.3 Genotpying

3.2.3.1 Isolation of genomic DNA from tissue Adult mice that were kept in the mouse
facility were subjected to an ear punch biopsy to collect tissue for genotyping. For genotype
detection of mouse embryos, the yolk sac of each embryo was collected during dissections.
Both adult and embryonic tissue was processed to extract the DNA as follows. The tissue
samples were transferred to 90-300uL HotShot buffer (depending on the size of tissue) and
boiled at 95°C for 20-30 minutes. Subsequently, the samples were centrifuged at maximum
speed for 5-10 minutes and the supernatant was neutralized by adding 10% neutralization

buffer. The isolated DNA solution was stored at 4°C until genotyping was performed.

3.2.3.2 Genotyping by PCR PCR (as described in Subsection 3.2.1.1) was used to geno-
type mouse tissue samples. Oligonucleotide pairs that to specifically amplify genomic se-
quences to discriminate genetically modified alleles (Subsection 3.3.2-3.3.7) from wild type
alleles were designed. For each genetically modified mouse line specific primer sets (see list
of primers: Subsection 3.1.7) and corresponding PCR cycling conditions (see list of PCR pro-

grams: Subsection 3.2.3) were used.
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3.2.3.3 PCR programs Lrp4, Lrp5, Lrp6 and TCF/Lef1-GFP genotyping

’ Lrp4 PCR: ‘ Temp.: ‘ Time (min): ‘ ’ Lrp5 PCR: ‘ Temp.: ‘ Time (min):
1) First Denaturing 95°C — 3:00 1) First Denaturing 95°C — 3:00
2) Denaturing 95°C — 0:20 2) Denaturing 95°C — 0:20
3) Annealing 60°C — 0:20 3) Annealing 55°C — 0:20
4) Extension 72°C — 0:30 4) Extension 72°C — 0:30
— Cycles 40 x step 2-4) — Cycles 35x step 2-4)
5) Final Extension 72°C — 5:00 5) Final Extension 72°C — 5:00
6) Incubation 8°C — 00 6) Incubation 8°C — 00
—Digestion with HpyCH4V at 37°C for 2 h —WT band at 220 bp —MT band at 150 bp
—WT band at 165 bp —MT band at 236 bp —HET bands at 150 bp and 220 bp

Table 3.10: PCR programs for genotyping Lrp4 and Lrp5 samples

’ Lrp6 PCR: Temp.: \ Time (min): ‘ ’ TCF/Lef1-GFP: Temp.: \ Time (min):
1) First Denaturing 95°C — 3:00 1) First Denaturing 95°C — 3:00
2) Denaturing 95°C — 0:20 2) Denaturing 95°C — 0:25
3) Annealing 52°C — 0:20 3) Annealing 57°C — 0:25
4) Extension 72°C — 0:40 4) Extension 72°C — 0:35
— Cycles 35x step 2-4) — Cycles 35x step 2-4)
5) Final Extension 72°C — 5:00 5) Final Extension 72°C — 5:00
6) Incubation 8°C — 00 6) Incubation 8°C — 00
—Generates only mutant band (3-geo) —Generates transgenic band at 530 bp
—MT band at 160 bp (to identify HET) — Internal positive control at 324 bp

Table 3.11: PCR programs for genotyping Lrp6 and TCF/Lef1-GFP samples

3.2.3.4 Genotyping by X-Gal staining Homozygotic Lrp6CtEX187BYg were identified by X-
Gal staining of the yolk sac [2, 61, 73]. For this, yolk sacs were collected and transferred to
tubes containing PBS. The yolk sacs were washed with X-Gal washing buffer for 20 minutes
and subsequently transferred to tubes containing the X-Gal staining solutions. To facilitate
the staining reaction, the tubes were incubated at 37°C. After 15-30 minutes, the staining
intensity was sufficient to discriminate between heterozygous and homozygous samples. The

staining process was stopped by transferring the yolk sacs to X-Gal wash buffer.

3.3 Animal experiments
3.3.1 Mouse husbandry and breeding

All mice were kept at species-appropriate conditions and handled according to the regulations
in the German animal protection act (Tierschutzgesetz: TierSchG §1-11). Mice were exposed

to a fixed day-and-night cycle with artificial light from 6 a.m. to 6 p.m. Timed matings were
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set up right before the light-cycle ended (approximately at 6 p.m.) to obtain embryos at defined
developmental stages. Detection of a vaginal plug in the morning indicated conception during
the dark-cycle (active phase of mice) and was referred to as day E0.5 (embryonic day 0.5). All
dissections to collect embryos at a given timepoint were conducted at around noon. Thus, the
nomenclature of embryonic stages indicates the days after conception (e.g. E9.5 —id est ten
and a half days after conception). Dissections were carried out regarding to German animal
protection act. All genetically modified mouse lines were maintained on a C57BL/6N (black6)
inbred background. C57BL/6N mice that were not carrying any genetically modified alleles

are referred to as wild type.

3.3.2 Lrp4™i functional null mouse line

The Lrp4™ mouse line was created by the laboratory of Lee Niswander and was kindly pro-
vided by Scott Weatherbee and Robert Krumlauf [191]. The Lrp4™ mouse line was generated
by ENU induced point mutations [156]. The mitten (Lrp4™t) allele contains two different point
mutations in its coding region. One which is located C-terminally to the LA domains, leading
to a premature stop codon. This ultimately results in the deletion of most of Lrp4 encoded
protein. Another early stop codon is caused by a splice site mutation [191]. Several other
studies used this mouse line as a model for LRP4 loss of function analysis [2, 56, 99]- for
further details see Subsection 1.2.3. In this study, Lrp4™ heterozygotes are referred to as

Lrp4*/- and likewise Lrp4™ homozygotes termed Lrp4~/" mice.

3.3.3 Lrp5'™!Lex functional null mouse line

The Lrp5™e* mouse line was generated by a gene targeting approach by Matthew Warman
and Bart Williams, who generously provided this mouse line for this study [73]. A target-
ing vector containing an IRES-3-Gal-MC1-neo cassette was designed to be inserted in exonl
and inactivate Lrp5 gene expression. S-Galactosidase expression under the control of the en-
dogenous Lrp5 promoter was expected to be detected in cells that express LRP5. However,
detection of 8-Gal expression was not possible. Therefore, RT-PCR was conducted to screen
for Lrp5 wild type transcripts and immunoreactivity for LRP5 protein was performed. Both
Lrp5 transcripts and LRP5 protein could not be found in Lrp5™!%X mice, confirming that this
mouse line is a functional null mutant [73]. Several studies reported use of these mice to
study implications by loss of LRP5 [6, 31, 54] - for further details see Subsection 1.2.4. In the
following Lrp5'™™LeX mice are referred to as Lrp5*/- (heterozygotes) and Lrp5”/" mice (homozy-

gotes).
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3.3.4 Lrp6CiEx187Byg fynctional null mouse line

The Lrp6¢tEx187Byg functional null mouse line was created by William Skarnes [146] and ob-
tained from BayGenomics via the Jackson Laboratories. Lrp6C¢iEXI187Bug functional null mu-
tation was achieved by insertion of gene trap vector containing the sequence of the first 321
amino acids of LRP6 in frame with a §-Galactosidase-Neomycin cassette. Northern blot anal-
ysis revealed that a truncated non-functional transcript was encoded by this allele [146]. Lrp6
expression could be traced by detecting -Galactosidase activity Subsection 4.1.3. The loss
of function Lrp6©tEx187Byg mouse line was investigated in several other studies [61, 86, 165] -
as further described in Subsection 1.2.4. In this study, mice that carried one Lrp6“tEx187Bug
allele (heterozygotes) are termed Lrp6*/- mice, whereas embryos that had both alleles with the

Lrp6CtEXIS7IBYg mutation (homozygotes) are referred to as Lrp6”/- embryos.

3.3.5 TCF/Lef:H2B/GFP transgenic reporter mouse line

The Tg(TCF/Lef1-HIST1H2BB/EGFP)5'Hed transgenic reporter mouse line was created by Anna

Katerina Hadjantonakis and was obtained from the Jackson Laboratories (MGI:4881498).
TCF/Lef:H2B-GFP transgenic mice express an H2B-EGFP fusion protein under the control of
six copies of TCF/Lef DNA binding sites and an Hspalb promoter [44]. In this study, the
TCF/Lef:H2B-GFP transgenic mouse line was used to visualize WNT/ $-signaling in neuroep-
ithelial cells of the investigated Lrp-mouse models Subsection 4.6.4. Mice that carry one allele
of the TCF/Lef:H2B-GFP reporter are referred to as Gfp*/~ (e.g. Lrp4*/"; Gfp*/").

3.3.6 Lrp4™itt; Lrp5t™ilex compound mutant mouse line

To generate Lrp4™; Lrp5™LeX functional null compound mutant embryos, Lrp4*/"; Lrp5*/-
adult mice were combined in timed matings. See Subsection 4.2 for genotypic distribution
that resulted from these matings. Lrp4™; Lrp5™!Le* functional null compound mutants are

referred to as Lrp4”/~; Lrp5”/~ embryos.

3.3.7 Lrp4™itt; Lrp6StEx187By9 compound mutant mouse line

Lrp4™t; Lrp6CGtEX187BYg functional null compound mutant embryos were generated by combin-
ing two Lrp4*/~; Lrp6*/- adult mice in timed matings. In Subsection 4.3.1 genotypic distribution
that resulted from these matings are shown. Lrp4™; Lrp6StEx187Byg functional null compound

mutants are referred to as Lrp4”/"; Lrp6”/- embryos.
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3.3.8 Dissection of mice and fixation of specimen

Pregnant females from timed matings were dissected according to the detected plug date
to obtain embryos at the desired embryonic stage. The uterus was removed and immedi-
ately transferred to ice-cold (4°C) PBS to anaesthetize the embryos and preserve tissue in-
tegrity. The embryos were dissected out of the uterus and the somites were counted to match
the developmental stage. Subsequently, the specimens were transferred to pre-chilled 4%
paraformaldehyde solution (PFA). Dependent on the developmental stage of the embryos fix-
ation varied from 2 hours to overnight at 4°C (under constant shaking). After fixation, the
specimens were washed with PBS and further processed or transferred to pure methanol and

stored at -20°C.

3.3.9 Whole embryo culture (WEC) preparation

Whole embryo cultures were used to conduct WNT3a uptake experiment with E8.5 and E9.5
embryos. The uterus containing the embryos was excised and immediately transferred to
37°C pre-warmed DMEM+B medium (+10% BSA). Subsequently, embryos were removed from
the uterus and transferred to fresh DMEM+B medium at 37°C. For the uptake experiments
the embryo dishes were transferred to a primary cell incubator (Binder) and incubated up to

2 hours at 37°C with 5% CO,.

3.3.10 Fluorophore labeling of WNT3a proteins

Prior to the WNT3a uptake experiments, the recombinant WNT3a proteins had to labeled
with a fluorophore. For all uptake experiments, recombinant murine WNT3a (PeproTech)
was labeled with Lightning Link Rapid DyLight 488 (Innova Biosciences) to generate green
fluorescent Alexa488 coupled WNT3a molecules (referred to as Alexa488-WNT3a or WNT3a-

A488). Labeling procedure was performed according to manufacturer’s instructions.

3.3.11 Alexa488-WNT3a uptake experiments

Whole embryo culture uptake experiments were conducted to assess ex vivo capability of neu-
roepithelial cells to bind and incorporate WNT3a protein. As described in Subsection 3.3.9,
the embryos were dissected and transferred to DMEM+B medium. Subsequently, the yolk
sac of the embryos was incised and for E9.5 embryos the diencephalon was cut open at the
dorsal midline to allow the ligand to access all neuroepithelial cells. The prepped embryos

were transferred to petri dishes (22.1mm in diameter) with DMEM+B medium that contained

33



3 MATERIAL AND METHODS

2.5uM A488-WNT3a. The petri dishes were placed in an incubator (Binder) set at 37°C with
5% CO2 level. The specimens were incubated for 2 hours and every 15 minutes the dishes
were shaken to guarantee equal distribution of the labeled WNT3a molecules. After 2 hours,
the embryos were washed in PBS and immediately transferred to 4°C pre-chilled 4% PFA. After
2-3 hours of fixation at 4°C, the specimens were washed 3x in PBS and subsequently put in
30% sucrose/PBS solution at 4°C. About 1-2 hours later when dehydration was complete, the
embryos sank to the bottom and were embedded in O.C.T. as described in Subsection 3.4.1.
The embryo samples were sliced with a cryostat and coronal cryo-sections were stained and

analyzed as described in Subsection 3.5.2.

Whole embryo culture (WEC) experiment with WNT-3a uptake
Embryo schematic Schematic of the experimental workflow
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Figure 3.1: Schematic of the experimental design for the in vitro uptake assay of WNT3a-A488

For the WNT3a uptake experiments, the embryos were dissected and incubated in WNT3a-
A488 containing medium (A) Lateral view of schematic embryo at E8.5. (B) Experimental
workflow: Embryos were dissected, incubated with WNT3a-A488 containing culture medium
and subsequently analyzed. (C) Lateral view of schematic embryo at E9.5 (head). (D) To
perform the WNT3a uptake assay at E9.5, the neural tube had to be cut dorsally to ensure
WNT3a-A488 could access neuroepithelial tissue. Apart from that, the workflow was the same
as for E8.5 embryos. [s* red line) indicates section plane in Il) + 111)].
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3.4 Histology and staining
3.4.1 Embedding of tissue and sectioning

Embryos were embedded in TissueTek OCT mounting medium (Sakura) as follows. After
fixation, the samples were washed with PBS for 15-30 minutes (depending on embryonic
stage). The specimens were then transferred to 15% sucrose/PBS solution and constantly
shaken (100rpm) at 4°C. When the embryos completely submerged, the solution was changed
to 30% sucrose/PBS. The dehydration process was completed, when the embryos sunk to the
bottom of the well. Subsequently, the specimens were transferred to an embedding mold and
OCT mounting medium was added. After alignment of the embryo, the mold was transferred
to -78°C cold, pure methanol to rapidly freeze the sample. Cryo-blocks were sealed in an air-
tight plastic bag and stored at -80°C until cut. Before cryo-samples were sliced, OCT blocks
were placed in the cryostat chamber to equilibrate to -20°C. Specimens were sliced with an
HM 560M cryostat (Microm). The object temperature was set to -12°C and knife temperature
was cooled to -25°C. E8.5 embryos were sliced at 9um, E9.5 samples were cut at 10-11um
and E10.5 embryos were sliced to 12um thick sections. All cryo-sections were stored at -20°C

until processed further.

3.4.2 Nomenclature of section levels

All coronal sections are indicated by a section plane index to allocate sections on the rostro-
caudal axis. For each micrograph of a coronal section in this document, the section plane is
indicated in the lower left corner (e.g. E9.5 spl indicates the most rostral coronal section of

an E9.5 embryo — as shown in (Figure 3.2-B)).

35



3 MATERIAL AND METHODS

Overview of coronal section planes for embryonic stages E8.5-E10.5
E8.5 section planes - spl1-4 E9.5 section planes - sp1-5 E10.5 section planes - sp1-5
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Figure 3.2: Schemtic overview of coronal section planes along the anterior-posterior axis
(A) Lateral view of an E8.5 embryo indicating section planes spl-sp4 (a-p: anterior-posterior,
d-v: dorsal-ventral). (B) Lateral view of an E9.5 embryo head indicating section planes spl-sp5.
(C) Lateral view of an E10.5 embryo head indicating section planes spl-sp5.

3.4.3 Immunohistochemistry

3.4.3.1 Fluorescent immunohistochemistry on sections Immunohistochemical stain-
ing (IHC) was used on tissue sections to visualize spatial distribution of specific proteins.
Frozen sections were removed from -80°C freezer and air-dried for 1 hour. Slides were trans-
ferred to a Coplin jar and washed in PBS for 10-15 minutes to remove excess OCT. Subse-
quently, sections were fixed with 4% PFA for 10 minutes. Slides were washed once in PBS
and two times in PBS+0.1 % Triton-X100 (PBTr) for 10 minutes each. After that, sections were
blocked with 20 % normal donkey serum (NDS) in PBTr for 3-4 hours at ambient temperature.
Subsequently, sections were circled with a water-repellent agent (PAP pen) and placed hori-
zontally in a humid box. In the next step, the primary antibody solution (see Subsection 3.1.6
for concentrations) was administered and the sections were incubated at 4°C overnight. On
the following day, the primary antibody solution was discarded and slides were washed 5x
with PBTr for 20 minutes at RT. Next, the sections were again circled with PAP pen and
placed in the humid box to apply the secondary antibody solution (see Subsection 3.1.6 for
concentrations). After 1 hour of incubation at RT, the slides were washed again with PBTr 2x
for 10-15 minutes. Nucleic counterstain was achieved by incubation in a 300 nM DAPI solu-
tion for 5 minutes. After two final washing steps in PBTr for 10 minutes at RT, the sections
were dried and mounted with fluorescent mounting medium (Dako). Slides were stored at 4°C

to minimize fading of the fluorophores.
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3.4.4 In situ hybridization

3.4.4.1 Generation of digoxigenin-labeled riboprobes After linearizing the riboprobe’s
cDNA containing plasmid (as described in Subsection 3.2.1.4) with the appropriate restriction
enzyme (see Subsection 3.1.8), in vitro transcription (IVT) was performed. For details see IVT
solution mix in Subsection 3.1.4. Digoxigenin-(DIG-)labeled riboprobes were generated by
using DIG labeling Kit (Roche) according to manufacturer’s instructions. Subsequently, the
RNA-probes were purified as described in Subsection 3.2.1.5. Concentration of the riboprobes
was detected with Nanodrop and gel electrophoresis was conducted for verifying the size of the
RNA-probes. Finally, 1% RNase-inhibitor was added to the riboprobes solution and probes

were stored at -20°C.

3.4.4.2 Insitu hybridization on sections RNA in situ hybridization (ISH) is a biochemical
method to detect ribonucleic acid on tissue section or in cells. In this study, ISH was used to
detect mRNA expression on forebrain embryo sections and whole embryo samples (see Subsec-
tion 3.4.4). The RNA-probes were generated as described in Subsection 3.4.4. Before the ISH
protocol was started, the cryo-sections were air-dried at RT for 1 hour. After that, the slides
were transferred to a Coplin jar with PBS and excess OCT was washed off for 10 minutes. Sub-
sequently, sections were post-fixed in 4% PFA for 10 minutes at RT. Again, the slides were
washed with PBS 2x for 10 minutes and then transferred to proteinase-K solution (see Subsec-
tion 3.1.4) and incubated for 5-10 minutes. Sections were washed with PBS 2x for 10 minutes
and then again fixed with 4% PFA for 10 minutes at RT. Subsequently, slides were washed
again with PBS for 10 minutes and then transferred to PBS+0,1%Tween-20 (PBTw). Another
washing step with PBTw for 10 minutes followed and then sections were dehydrated in 70%
ethanol for 5 minutes at RT. Subsequently, the sections were air-dried until completely dry.
Riboprobes were diluted in hybridization solution (see Subsection 3.1.4) at a concentration of
0,8-1ng/uL and pre-heated to 95°C for 5 minutes. The dried slides were placed horizontally
in a humid box (filled with 50mL of 50%-formamide solution) and 150-200uL hybridization
solution (including riboprobes) per slide was applied. Immediately, sections were covered with
Hybri-Slips (Sigma-Aldrich) to prevent evaporation during hybridization process. The humid
box was then transferred to a pre-heated hybridization oven and incubated overnight at 65°C.
Solution I and Solution II (see Subsection 3.1.4) were also pre-heated to 65°C overnight. On
the next day, the slides were transferred to a Coplin jar with solution I (65°C) and Hybri-Slips
were carefully removed. Sections were washed 2x in Solution I for 30 minutes at 65°C and

subsequently incubated 2x in Solution II for 30 minutes at 65°C. After that, 3x washing steps
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in MABT solution were conducted at RT. Subsequently, sections were blocked in ISH-Blocking
solution (see Subsection 3.1.4) for 3-4 hours at RT. Anti-digoxigenin-AP Fab-fragments were
diluted 1:3000 in blocking solution and applied to slides. Sections were incubated in Fab-
fragment solution overnight at 4°C. On the next day, antibody solution was removed and
slides were washed 5x for 20 minutes at RT. Finally, sections were 2x incubated in NTMT
solution for 10 minutes at RT and transferred to ISH-Staining solution until staining was
clearly visible. Staining process was stopped by transferring slides to a Coplin jar with PBS.
After another 2x washing in PBS for 10 minutes, the sections were air-dried and mounted in

Aqua Poly-Mount.

3.4.4.3 Whole-mount in situ hybridization Whole-mount in situ hybridization was used
to visualize RNA expression in E8.5 embryos. After dissection, the embryos were fixed in
4% PFA overnight. On the next day, embryos were washed 3x in PBSTw for 5-10 minutes.
Subsequently, a dehydration series up to pure MeOh was performed in 10 minute-steps (25-
50-75-90-100% MeOH) and embryos were stored at -20°C until further processed. For ISH,
the samples were rehydrated from pure MeOH to PBS (100-90-75-50-25% MeOH, then PBS) in
5-10 minute-steps. Embryos were transferred to a 12-well plate and washed 2x with PBTw for
5-10 minutes and subsequently bleached in 6% Hy0Os/PBTw for hour at 4°C (in the dark). Af-
ter washing 2x with PBTw for 5-10 minutes, the samples were permeabilized with proteinase-K
solution (see Subsection 3.1.4) for 10 minutes at RT. The embryos were washed again in PBTw
for 10 minutes and re-fixed in 4% PFA for 20 minutes at RT. PFA was removed and samples
were washed 2x with PBTw for 5-10 minutes. Subsequently, the embryos were incubated
in hybridization solution (see Subsection 3.1.4) for 3-4 hours at 65°C. After that, specimens
were incubated overnight at 65°C in hybridization solution containing the appropriate ribo-
probe at 0,8-1ng/uL concentration (on nutator). On the following day, hybridization solution
was removed and the embryos were washed 2x at 65°C in Solution I and then Solution II
for 30 minutes each. Samples were washed 3x with PBTw for 10 minutes at RT and then
blocked for 3-4 hours in PBTw containing 20% sheep serum and 1% BSA (WMISH Blocking).
Finally, the embryos were incubated overnight at 4°C in anti-digoxigenin-AP Fab-fragments
diluted 1:3000 in WMISH blocking solution. On the next day, the antibody solution was re-
moved and the samples were washed 5x in PBTw for 10-20 minutes. Afterwards, the embryos
were washed 2x with NTMT solution for 10-20 minutes and finally transferred to ISH-Staining
solution. Staining process was individually stopped by transferring samples to NTMT, when

staining intensity was reached (1-5 hours). After removal of ISH-Staining solution, the em-
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bryos were washed 3x in NTMT for 5-10 minutes. This was followed by incubation in low-pH
PBTw (pH5.2) for 3-5 hours at RT. Embryos were re-fixed in 4% PFA for 20 minutes and de-
hydrated in a series of graded MeOH solutions (25-50-75-90-100% MeOH) for 5-10 minutes
each. Optional: Clearing was achieved by rehydrating the samples (form MeOH to PBS as
described above) and subsequent incubation in glycerol (step-wise from 25%, 50% to 80%
glycerol/PBS, 5-10 minutes each). The embryos were either stored at 4°C (glycerol) or -20°C

(MeOH) for up to several months.

3.4.5 TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is a biochemical method
to detect DNA fragmentation during apoptosis by labeling 3°- hydroxyl ends generated by DNA
breaks (nick ends). In this study, TUNEL assay was used on tissue sections to detect apoptotic
cells. For this, the 2 TdT DAB In Situ Apoptosis Detection Kit (Trevigen) was used according

to manufacturer’s instructions.

3.4.6 X-Gal staining on cryo-sections

X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside) staining is a biochemical method
to visualize activity of §-Galactosidase with a chromogenic substrate that is hydrolyzed to an
insoluble blue compound in presence of active 5-Gal enzyme. In this study, X-Gal staining
was used to detect J-Galactosidase expression under the control of the Lrp6 promoter to
indirectly visualize Lrp6 expressing cells. X-Gal staining on embryo sections was performed
exclusively on OCT cryo-sections. For this, sections were removed from -20°C and equilibrated
to 4°C in PBS. Sections were re-fixed in 4% PFA for 10 minutes and rinsed with PBS+ (+2mM
MgCl12) for 10-20 minutes at 4°C. Subsequently, sections were washed in X-Gal washing
buffer (see Subsection 3.1.4) for 10-20 minutes at 4°C. Finally, sections were transferred to
X-Gal staining solution (see Subsection 3.1.4) and incubated at 37°C for 30 minutes or to
conserve tissue integrity at 4°C for several hours. Staining process was stopped by removed
X-Gal solution and washing sections in X-Gal washing buffer for 10 minutes at 4°C. After

that, slides were washed in PBS+ for 10 minutes, air-dried and mounted in Aqua Poly-Mount.

3.4.7 X-Gal staining on whole embryos

X-Gal staining on whole embryos was processed analogously to X-Gal staining procedure on

sections. After fixation of the embryos, the samples were washed in PBS+ and transferred to X-
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Gal washing buffer. Then embryos were submerged in X-Gal staining solution and stained at
37°C or RT until the desired staining intensity was reached. Subsequently, staining process
was stopped by transferring the embryos to X-Gal washing buffer. Finally, embryos were
washed with PBS+ and stored at 4°C. As described in Subsection 3.4.4 clearing with glycerol

was optional.

3.5 Quantification and statistical analysis
3.5.1 MPM-2 quantification

To quantify mitotic cells within the neuroepithelium, neural progenitor cells that stained pos-
itive for mitosis marker MPM-2 (see Subsection 3.1.6) were counted manually on six coronal
sections of the forebrain. The mean values of MPM-2 cell count for each section was calculated
and correlated to the length of the inner outline (in pm) of the neural tube (lining of the apical
side of the neuroepithelium). The values were then transformed to reflect the relative values of
average count of MPM-2 positive cells per 100pum (values on y-axis of graphs in Figure 4.15).
These values were averaged for all sections per individual to have one data-point per analyzed
embryo (data-points displayed in the diagrams of Figure 4.15). MPM-2 quantification of the
regions with neuroepithelial excrescences was performed in an analogue fashion. The regions
that clearly exceeded the normal thickness of the neuroepithelium (along the apical-basal
axis) were defined as excrescences and MPM-2 positive cells were counted separately. These
values were correlated to the length of the apical outline of the neuroepithelium along the

excrescence (see Figure 4.15 B).

3.5.2 Alexa488-WNT3a uptake analysis

Quantification of the results from WNT3a-A488 uptake experiments was performed in an au-
tomated fashion. For this, I wrote a script (source code in Algorithm 3) in ImageJ to automat-
ically count the Alexa488 positive vesicles (defined as particles bigger than 2 pixels2) within
a manually defined area of the neural folds/neuroepithelium (as shown in Figure 4.33 C-D).
Moreover, it was possible with this script to detect the area of all A488-positive vesicles. Thus,
one can extrapolate the average size of an Alexa488-WNT3a positive vesicle. The automated
vesicle detection was performed with 5 sections per embryo at E8.5 and 6 sections per embryo
at E9.5. The number of vesicles of all sections was averaged. Further, the absolute values of
A488-positives vesicles were correlated to the measured neuroepithelial area of each embryo

to have relative values for better comparability.

40



3 MATERIAL AND METHODS

Algorithm 3 Script for quantification of WNT3a-A488 positive vesicles

Sourcecode of FlJI macro for quantification of WNT3a-A488 positive vesicles

run("Threshold...");

ld(e, 220);

path = dir+name;
(path+"_inv");

()5

"Close™);

.", "rolling=10@ light disable”

name=getTitle;
path = dir+name;
s("PNG", "C:\\Users\\fapaul\\Desktop\\"
0);
dir = get t ("image");
2 name=getTitle;

index = lastI f(name, ".");
if (index!=-1) name = = tring(name, @, index);
name = name + ".xls";
s("Measurements”, dir+name);
("Results™);

) .
;
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4 Results

4.1 Expression patterns of Lrp4 and Lrp5/6 overlap in the developing

forebrain

Many studies have addressed to what extent the low-density lipoprotein receptors LRP4
[107, 138, 148] as well as LRP5 and LRP6 (referred to as LRP5/6) [73, 87, 146] are involved
in skeletal development and reported in detail on their role in limb formation (see also Sec-
tion 1.2.3+1.2.4). It could be shown that the observed skeletal malformations in mice that
are deficient for these LRP family members appear due to defective WNT signal transduction
[73, 87, 138, 137, 142]. However, comparatively little is known about their function in brain
development and especially the formation of the forebrain [60, 66, 148]. Thus, I wanted to
shed light on the implications of LRP4 and LRP5/6 in WNT signaling dependent development
of the murine telencephalon. At first, I used in situ hybridization (ISH) analyzes to detect the
mRNA expression profiles of Lrp4 and Lrp5/6 in the neural tube at early developmental stages

that are crucial timepoints for forebrain formation.

4.1.1 Lrp4 starts to be expressed at E9.5 in the dorsolateral region of the forebrain

Whole mount in situ hybridization experiments revealed that Lrp4 was not detected in mouse
embryos at E8.5 (n=5) (Figure 4.1 A). However, one day later in development - at E9.5 (n=5)
- expression of Lrp4 transcripts could be demonstrated in the rostral neural tube by using
ISH on coronal embryo sections. Lrp4 is expressed in a broad domain of dorsolateral region
of the forebrain, whereas the ventral midline was always void Lrp4 transcripts (Figure 4.1 C-
F). It continues to be expressed in the dorsolateral domain of the developing telencephalon
at E10.5 and E11.5 (n=6). In the ventral midline and the adjacent ventrolateral region of
the prospective forebrain Lrp4 could not be detected (Figure 4.1 G-J). At later developmental
stages (E12.5-E18.5) Lrp4 is widely expressed in the brain, whereas its strongest expression
was detected peri-ventricularly along the lateral ventricles and a subset of cells within the

prospective thalamus (Figure 4.1 K-M).
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Lrp4 gene expression pattern in neural tissue (E8.5 to E14.5)
E8.5 (lateral view) Schematic of the onset of Lrp4 gene expression
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Figure 4.1: Lrp4 starts to be expressed between E8.5 and E9.5 in the neural tube

(A) Lrp4 mRNA expression could not be detected at E8.5 [whole embryo at E8.5 (lateral view),
asterisk marks the head, dorsoventral- (d-v) and anteroposterior axis (a-p) are indicated, scale-
bar: 100 um]. (B) Schematic of the onset of Lrp4 transcript expression (indicated in red). (C-F)
On E9.5 sections (19s) Lrp4 mRNA could be visualized by ISH - Lrp4 is expressed in the dorsal
lateral domain of the neural tube. (white arrowhead: ventral border of Lrp4 expression, black
arrowhead: dorsal midline, scalebar: 100 um). (G-J) At E10.5, Lrp4 continues to be expressed
in the forebrain - the ventral midline is void of Lrp4 transcripts (white arrowhead indicating the
ventral border of Lrp4 expression, scalebar: 500 um). (K-M) At later stages, expression of Lrp4
can be detected adjacent to the lateral ventricles and in the thalamus (scalebar: 500 um).
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4.1.2 Lrp5 mRNA is widely expressed in the developing forebrain

In contrast to Lrp4, expression of Lrp5 could already be detected in E8.5 mouse embryos
(n=4) by using whole mount ISH. Lrp5 mRNA is first expressed in the dorsal tips of the neu-
ral folds (Figure 4.2 A). At E9.5 (n=3), Lrp5 expression profile extends to the entire scale of
the neural tube (Figure 4.2 C-F). However, at later stages (E10.5, n=4) Lrp5 appeared to be
less expressed in the roof plate and the adjacent lateral domain of the dorsal neural tube
compared to its expression levels in the lateral and ventrolateral region of the forebrain (Fig-
ure 4.2 G-J). In situ hybridization data of Lrp5 transcripts (n=6) at later developmental stages
(E12.5-E18.5) revealed an expression pattern similar to the Lrp4 mRNA profile. Lrp5 was
found to be widely expressed in brain tissue, whereas the highest expression levels were de-
tected in the ventricular zone of the lateral ventricles. The distinct cell population within the
thalamus primorium that expresses Lrp4 was not found to express Lrp5 transcripts in a sim-
ilar fashion (Figure 4.2 K-M). However, from E9.5 onwards a remarkable overlap of Lrp4 and
Lrp5 expression could be revealed, which indicates a potential interaction of these LRP family

members.
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Lrp5 gene expression pattern in neural tissue (E8.5 to E14.5)

E8.5 (lateral view)
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Figure 4.2: Lrp5 starts to be expressed at E8.5 in the neural folds

(A) Whole mount in situ hybridization at E8.5 shows Lrp5 expression in the neural folds [whole
embryo at E8.5 (lateral view), asterisk marks the head, dorsoventral (d-v) and anteroposte-
(B) Schematic of the onset of Lrp5 mRNA
expression (indicated in red). (C-F) ISH on sections at E9.5 (19s) indicate that Lrp5 is widely
expressed in the neural tube (scalebar: 100 um). (G-J) At E10.5, Lrp5 continues to be expressed
in neuroepithelial cells (white arrowheads mark the dorsal area within Lrp5 is less expressed,
scalebar: 500 um). (K-M) At E14.5, strongest expression of Lrp5 can be found adjacent to the
lateral ventricles. (scalebar: 500 pm).

rior axis (a-p) are indicated, scalebar: 100 um].
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4.1.3 Lrpé6 is ubiquitously expressed in neural progenitors between E8.5 and E10.5

Since the inserted gene trap vector of the Lrp66Ex187BY9 mouse line includes a 3-galactosidase
reporter gene under control of the endogenous Lrp6 promoter (see Subsection 3.3.4), it was
feasible to determine gene expression of Lrp6 by using X-Gal staining (see Subsection 3.2.3.4)
on Lrp6CUEXI87BYg heterozygous embryos. It turned out that Lrp6 is ubiquitously expressed in
the neural folds of E8.5 embryos (n=8) (Figure 4.3 A-C). All other X-Gal staining experiments
including Lrp6 heterozyous embryos between E8.5 and E12.5 revealed that Lrp6 is expressed
in all neural cells during these developmental stages (n=12) (Figure 4.3 A-G), which was in

line with previously publised data [216].

Lrp6 is ubiquitously expressed in neural tube from E8.5 to E12.5
E8.5 (lateral view) E8.5 (frontal view) E8.5 (back view) E10.5
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Figure 4.3: Lrp6 is ubiquitously expressed in neural tissue between E8.5 and E12.5

(A-C) At E8.5, Lrp6 is expressed in the neural folds (whole mount Lrp6* embryos, (scalebar:
500 pm). (D) Whole mount X-Gal stained Lrp6* embryo at E10.5 (lateral view). (E-G) X-gal
staining on coronal sections at E12.5 confirmed that Lrp6 continues to be expressed ubiqui-
tously in the developing brain. (H) Wild type littermates were used as negative controls and
never showed an X-Gal color response.
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4.2 Lrp4;Lrp5 compound mutants are embryonic lethal at E10.5

I could show that from E9.5 onwards, Lrp4 and Lrp5 gene expression profiles overlap to a
great extent in the neuroepithelium of the developing telencephalon. To dissect common and
distinct functions of these LRP candidates during forebrain formation and to reveal potential
gene interaction, I decided to generate Lrp4; Lrp5 double deficient embryos and analyzed these

compound mutants from E9.5 onwards.

4.2.1 Statistics of genotype distribution for embryos of Lrp4*/; Lrp5*/ timed matings

Lrp4; Lrp5 compound mutant embryos were generated by breeding two Lrp4*/~; Lrp5*/- adult
mice - referred to as Lrp4; Lrp5 (or Lrp4;5) timed matings - (Figure 4.4 A-C) or one male with
Lrp4*/-; Lrp5”/- genotype mated with a Lrp4*/-; Lrp5*/- female - referred to as Lrp4;Lrp5A (or
Lrp4;5A) timed matings (Figure 4.4 D-F). I could show that Lrp4; Lrp5 timed matings never
produced Lrp4;Lrp5 compound mutant embryos older than E10.5 (n=117) (Figure 4.4 C).
Nonetheless, embryos of Lrp4; Lrp5 timed matings that were analyzed at E10.5 or younger
showed no significant difference to the expected ratio for Lrp4; Lrp5 compound mutant em-
bryos (n=77) (Figure 4.4 B). In accordance with these findings, embryos of Lrp4; Lrp5A timed
matings that were analyzed at E10.5 or younger showed no discrepancy to the expected
Mendelian ratio for Lrp4”/-; Lrp5/- embryos (n=90) (Figure 4.4 E). Regarding embryos older
than E10.5, Lrp4; Lrp5A timed matings also showed a significant difference to the expected
genotype ratio for Lrp4”/"; Lrp5”/- embryos (n=46) (Figure 4.4 F). However, one Lrp4”/"; Lrp5”/"
embryo at E12.5 resulted from a Lrp4; Lrp5A mating. Since this embryo showed no obvious
differences to wild type littermates and further was the only Lrp4”/"; Lrp5”/- embryo observed
older than E10.5 (out of n=163), the detected genotype might be the result of a genotyping
error (see Lrp4™ genotyping in Subsection 3.2.3.3). In conclusion, statistical analysis of the
genotype distribution for embryo litter generated by Lrp4*/"; Lrp5*/- timed matings indicates

that embryonic lethality occurs in Lrp4; Lrp5 compound mutant embryos at around E10.5.
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Genotypic distribution of Lrp4;Lrp5 compound mutant embryos
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Figure 4.4: Lrp4”/;Lrp5’/- compound mutant embryos show a lethality phenotype at
E10.5

(A) Genotype distribution of all litters (E8.5 - E16.5) generated from Lrp4*”; Lrp5% timed mat-
ings shows significantly less Lrp4”; Lrp57 embryos compared to the expected Mendelian ratio
(one sample t-test: * with p-value=0,0248, n=184). (B) At E10.5 and earlier there was no sig-
nificant difference to the expected ratio for Lrp4”; Lrp57 embryos (one sample t-test: n.s. with
p-value=0,5183, n=77). (C) At later developmental stages (> E11.5) Lrp4”; Lrp57" compound
mutants could no longer be detected (one sample t-test: ** with p-value=0,0061, n=117). (D-
F) Data on the genetic distribution for litters of Lrp4;Lrp5A timed matings support the observed
embryonic lethality [D: n.s. with p-value=0,5898, n=136. E: n.s. with p-value=0,9475, n=90. F:
** with p-value=0,0009, n=46 (for rate of Lrp4”; Lrp5” in D-F the one sample t-test was used)].

4.2.2 Embryonic resorption of Lrp4”/;Lrp5’/ embryos occurs at E10.5

Based on the finding that Lrp4”/"; Lrp57/- embryos do not survive after E10.5, I concentrated on
the analysis of Lrp4”/"; Lrp5”/- embryos at E9.5 and E10.5. To determine the onset of resorption
I used immunostaining for apoptosis marker cleaved-Caspase-3 on Lrp4”/"; Lrp5”/- embryo sec-
tions. Whereas the majority of E9.5 Lrp4; Lrp5 compound mutant embryos were not positive
for cleaved-Caspase-3 (n=7), embryos at E10.5 (9 out of 15 ) showed a widespread staining for
the apoptosis factor (Figure 4.5). Wild type littermate controls were void of cleaved-Caspase-3
staining (Figure 4.5). In addition, 73,34% of Lrp4”/"; Lrp5/- embryos at E10.5 had hemor-
rhages in the heart sac (Figure 4.5). Taken together these observations suggest that the onset

of resorption of Lrp4”/"; Lrp5”/- embryos is at E10.5.
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Apoptosis in Lrp4”;Lrp57" compound mutant embryos at E10.5
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Figure 4.5: Lrp4”/";Lrp5’/" embryos have a high incidence of embryonic resorption at
E10.5

(A) Later than E10.5 (n=200) Lrp4”; Lrp57 compound mutants could not be detected, whereas
at E9.5 and E10.5 Lrp4”; Lrp57 embryos were observed. (B) At E10.5, Lrp4”; Lrp57" embryos
were apoptotic (9 out of 15). Resorption at E9.5: one-sample t-test, * with p=0,0271 (n=132).
Resorption at E10.5: one-sample t-test, *** with p=0,0001 (n=63). (C+D) Wild type and
Lrp4™”; Lrp57 embryo (apoptotic) at E10.5 (scalebar: 1mm). (E+F) Coronal sections at E10.5:
Immunostaining with apoptosis marker cleaved Caspase-3. In Lrp4”; Lrp5” resorption embryos
cleaved Caspase-3 was detected [white arrowhead indicates the embryo head, asterisk marks

the heart, black arrowhead illustrates the trunk (scalebar: 200 um)].
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4.2.3 Lrp4;Lrp5 compound mutant embryos display a delayed neural tube closure

It has been reported that loss of LRP6 leads to neural tube closure defects (NTD) [61, 60],
whereas NTD’s have neither been described for LRP4 loss-of-function mutants nor for Lrp5
null embryos. Nonetheless, I wanted to investigate whether neural tube closure in Lrp4; Lrp5
compound mutant embryos might be affected. I found that at E9.5 Lrp4”/"; Lrp5/- embryos
showed a delayed closure of the anterior neuropore. In wild type embryos, the anterior neu-
ropore fuses between somite stage 16s-19s (Figure 4.6) [178]. At somite stage 20s the anterior
neuropore of all analyzed wild type, Lrp4”- and Lrp5/- embryos was already entirely closed
(Figure 4.6). In contrast, Lrp4”/";Lrp5’/- embryos at somite stage 20s to 23s still displayed

an incomplete ANP closure (6 out of 9) (Figure 4.6). However, the dorsal neural tube of all
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observed Lrp4; Lrp5 compound embryos at E10.5 was completely fused (Figure 4.6). This in-
dicates that loss of LRP4; LRP5 leads to a delayed closure of the ANP but not to a neural tube

closure defect.

Delayed closure of the anterior neuropore (ANP) in Lrp4;Lrp5 deficient embryos
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Figure 4.6: Loss of LRP4; LRP5 leads to a delayed closure of the anterior neuropore

(A+B) In contrast to wild type littermate controls, 71% of Lrp4”; Lrp57 mutant embryos dis-
played an open anterior neuropore at E9.5 (frontal view of whole embryos, arrowhead indicates
the ANP). (C) Lrp4”;Lrp57 compound embryos have a significant delay in ANP closure [At
E9.0: One-sample t-test, * with p=0,0188 (n=15). At E9.5: One-sample t-test, * with p=0,0164
(n=14)]. (D+E) Frontal view of wild type and Lrp47; Lrp5”7 embryo head (arrowhead indicates
unclosed ANP). (F+G) Lrp4” and Lrp57 embryos do not have a delayed ANP closure. (H-K) At
E10.5, the ANP of all dissected Lrp4”; Lrp57 embryos was closed. Scalebars indicate 500 um.

51



4 RESULTS

4.3 Lrp6’ and Lrp4/;Lrp6’ embryos exhibit impaired growth

LRP5 shares a similar molecular structure with LRP6 [89, 98, 116] - see also Section 1.2.4.
Many studies reported that both receptors have a functionally redundancy during embryo
development [87, 89, 98]. Therefore, it was my intention to generate and investigate Lrp4; Lrp6
compound mutant embryos in addition to the analysis of Lrp4; Lrp5 compound mutants. By
comparig both compound mutants, I intended to dissect common and distinct functions of
LRP5 and LRP6 regarding WNT -related embryogenesis in interplay with LRP4. Further I was

able to shed light on potential gene interaction of Lrp4 and Lrp6 during forebrain development.

4.3.1 Ratio of Lrp4; Lrp6 compound mutants embryos matched the expected Mendelian

ratio

I generated Lrp4”/"; Lrp6”/- embryos by breeding mice that were double heterozygous for Lrp4; Lrp6
- referred to as Lrp4; Lrp6 (or Lrp4;6) timed matings (Figure 4.7). Overall, 76 Lrp4; Lrp6 timed
matings spawned 521 embryos that were dissected between E8.5 and E11.5. For all an-
alyzed developmental timepoints Lrp4”/"; Lrp6”/- embryos could be generated. While the fo-
cus of Lrp4”/";Lrp6”/- mutant analysis was on developmental stage E10.5 and younger, I
could show that generation of E11.5 Lrp4; Lrp6 compound mutant embryos (n=2) was fea-
sible (Figure 4.7 C). Both Lrp4”/"; Lrp6”/- embryos at E11.5 showed no signs of apoptosis like
Lrp4”/"; Lrp5”/- mutant embryos > E10.5 (see Figure 4.5). This supports the idea that unlike
Lrp4”/; Lrp57/- embryos, Lrp4;Lrp6 compound mutant embryos are not embryonic lethal >
E10.5.
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Genotypic distribution of Lrp4;Lrp6 compound mutant embryos
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Figure 4.7: Lrp4”/"; Lrp57/~ compound mutants < E10.5 could be generated due to ex-
pected ratio

(A) Genotype distribution of all litters generated from Lrp4*"; Lrp6*" timed matings showed
no significant differences to the expected Mendelian ratios (one sample t-test: n.s. with p-
value=0,8155, n=405). (B) Litters of Lrp4;6 timed matings < E10.5 (one sample t-test: n.s.
with p-value=0,6134, n=345) (C) Litters > E11.5 showed a slightly decreased but not signif-
icant ratio of Lrp4”; Lrp6”" embryos [3.34% versus 6.25% expected ratio) (one sample t-test:
n.s. with p-value=0,714, n=60).

4.3.2 Lrp6” neural tube closure defect is also exhibited in Lrp4”/; Lrp67/ embryos

It was reported by others that loss-of-function mutation of Lrp6 leads to severe neural tube
closure defects [60, 146]. Since I could show that Lrp4; Lrp5 compound mutant embryos have
a delayed ANP closure (see Subsection 4.2.3), it was of particular interest to also investigate
neural tube closure of Lrp4; Lrp6 double deficient embryos. I found that at E9.5 68% of Lrp67/-
embryos (n=25) and only 30% of Lrp4”/"; Lrp6/~ embryos (n=13) displayed a closed anterior
neural tube, whereas the majority of Lrp4”/- and wild type littermates had an entirely closed
neural tube (Figure 4.8). Therefore, Lrp67/" as well as Lrp4”/"; Lrp6”/- embryos showed a signif-
icant difference to wild type littermates regarding neural tube closure at E9.5. Interestingly,
there was also a significant difference in neural tube closure at E9.5 between Lrp6 single
mutant embryos and Lrp4; Lrp6 compound embryos in which the latter was more prone to
display an open ANP. Nonetheless, at E10.5 approximately one fifth of both Lrp6”/- (n=40) and
Lrp4”/; Lrp67/- (n=11) embryos still showed an open (anterior) neural tube (Figure 4.8 A). The
observations of Lrp6”/- and Lrp4”/"; Lrp6”/- NTD at E10.5 is consistent with the reported rate of
exencephalus phenotype in Lrp6 loss-of-function mutants [61, 60, 146].
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Neural tube closure in Lrp67-and Lrp4”;Lrp6”"
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Figure 4.8: Neural tube closure deficit in Lrp6”/- embryos persists in Lrp4”/"; Lrp6”/- em-
bryos

(A) Statistics on neural tube closure of Lrp6” and Lrp4”; Lrp6” embryos at the analyzed de-
velopmental stages (E8.5 to E10.5) (B) Open neural tube phenotype in Lrp4”; Lrp67 embryo
(16s) at E9.5 [frontal view: White arrowhead depicts the head, asterisk indicating the open neu-
ral tube (dorsal), yellow-dotted line contours the heart, scalebar: 500 um]. (C) Lrp6” embryo
(28s) at E10.5 displaying the open neural tube phenotype [frontal view: White arrowhead de-
picts the head, asterisk indicating the open neural tube (dorsal), yellow-dotted line contours
the heart, scalebar: 500 um].

Table 4.1: Statistical tests for data shown in Figure 4.8

1) For E9.0: Lrp67-versus Lrp47; Lrp67: | one-sample t-test, n.s. with p=0,4646 (n=8)
Lrp6-/- versus wild type: | one-sample t-test, * with p=0,0346 (n=14)
Lrp4”-; Lrp67 versus wild type: | one-sample t-test, n.s. with p=0,3145 (n=12)
2) For E9.5: Lrp67-versus Lrp47; Lrp67: | one-sample t-test, * with p=0,0188 (n=38)
Lrp67-versus wild type: | one-sample t-test, * with p=0,0188 (n=91)
Lrp4”; Lrp67- versus wild type: | one-sample t-test, **** with p<0,00001 (n=79)
3) For E10.5: Lrp67/-versus Lrp4”7; Lrp67-: | one-sample t-test, n.s. with p=0,8607 (n=51)
Lrp67-versus wild type: one-sample t-test, n.s. with p=0,2833 (n=98)
Lrp47-; Lrp67- versus wild type: | one-sample t-test, n.s. with p=0,2811 (n=69)
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4.3.3 Somitogenesis phenotype of Lrp6 single mutants persists in Lrp4;Lrp6 com-

pound mutant embryos

Embryos that are deficient for LRP6 show impaired somitogenesis, which ultimately leads to
caudal truncation with a reduced number of somites [146]. This had to be taken into consid-
eration for an accurate somite matched comparison between Lrp6”/- single mutant embryos
(and also Lrp4”/"; Lrp6”/- compound mutants) and littermate control embryos. Moreover, it was
important to examine whether Lrp4”/"; Lrp6”/- compound mutant embryos display the somito-
genesis phenotype in same way as Lrp67/" embryos. Therefore, I counted the somites of all
embryos that were dissected and compared the somite number of the different genotypes (dia-
grams in Figure 4.9). It turned out that at E9.5 and E10.5 Lrp6/° embryos and Lrp4”/"; Lrp6”/~
compound mutants showed somite count reduction to the same extent. Lrp4”/- embryos did
not show a difference to the number of somites in wild type embryos (Figure 4.9). In order to
match the developmental stage of the different genotypes according to the somite count, the
reduction of somites in Lrp67/- embryos and Lrp4”/"; Lrp6”/- compound mutant embryos had to
be considered. To reliably compare the embryos for all further experiments, I determined the
mean difference of somites at E9.5 and E10.5 of affected embryos - with impaired somitogen-
esis (Lrp6”/- and Lrp4”/"; Lrp6”/") - versus non-affected embryos (all other genotypes). At E9.5,
I calculated a mean difference of 5,331 (+ 0,8864) somites (n=104) and analogously at E10.5
a mean difference of 12,12 (+ 0,9119) somites (n=113) was calculated (Figure 4.9 C). Based
on these differences in somite count I matched Lrp67/- embryos and Lrp4”/~; Lrp67/~ compound

mutants with littermate control embryos for all further analyses.
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Statistic on caudal truncation phenotype in Lrp4;Lrp6 compound embryos
A) Embryos at E9.5 B) Embryos at E10.5 C) Mean difference
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Figure 4.9: Lrp6”/- and Lrp4”/"; Lrp6”/- embryos display a caudal truncation phenotype
with a significant loss of somites

(A+B) Analysis of the somite count for Lrp6” and Lrp4;6-/- embryos at E9.5 and E10.5 revealed
a significant decrease in somite number in these mutants compared to littermates with other
genotypes. (C) Statistical analysis of affected embryos (Lrp6” and Lrp4”; Lrp67) with caudal
truncation phenotype (CT) and non-affected individuals (wild type and heterozygotes) revealed
that mean values of the somite count differed with 5,331 (£ 0,8864) somites for E9.5 and 12,12
(£ 0,9119) somites for E10.5 (D-G) Embryos at E9.5 (lateral view) - Scalebar: 1mm. (H-K)
Embryos at E10.5 (H+I: Tails of embryos were cut to align for taking lateral view pictures) -
Scalebar: 1mm.
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Table 4.2: Statistical tests for data shown in Figure 4.9

Graph A: E9.5 comparison of Lrp6”/- and controls
unpaired t-test: **** with p<0,0001

mean = SEM of controls: 21,89 + 0,5355 (n=63)
mean = SEM of Lrp67: 16,11 + 1,038 (n=18)

E9.5 comparison of Lrp4”-; Lrp6”- embryos and controls
unpaired t-test: *** with p=0,0006
mean = SEM of controls: 21,89 + 0,5355 (n=63)

Graph B: E10.5 comparison of Lrp6”- and control embryos
unpaired t-test: **** with p<0,0001

mean = SEM of controls: 34,94 + 0,5054 (n=68)
mean = SEM of Lrp67: 23,12 + 0,8039 (n=17)

E10.5 comparison of Lrp4”/-; Lrp6”/- and control embryos
unpaired t-test: ***x with p<0,0001

mean = SEM of controls: 34,94 + 0,5054 (n=68)

mean = SEM of Lrp47; Lrp67-: 21,2 + 1,985 (n=5)

Graph C: | E9.5 difference (affected versus non-affected)

unpaired t-test: **** with p<0,0001

mean = SEM of non-affected embryos: 21,72 + 0,4689 (n=76)
mean = SEM of affected embryos: 16,39 + 0,7152 (n=28)

E10.5 difference (affected versus non-affected)
unpaired t-test: **** with p<0,0001

mean = SEM of non-affected embryos: 34,8 + 0,4085 (n=91)
mean = SEM of affected embryos: 22,68 + 0,7627 (n=22)

4.3.4 Lrp6”’ and Lrp4”’;Lrp6’ mutants are smaller than littermate embryos

Besides the caudal truncation phenotype, I observed that Lrp6/- embryos and Lrp4”/"; Lrp67/-
compound mutants are much smaller compared to littermate embryos with a different geno-
type (see Figure 4.9 D-H & H-K). To quantify this observation, I measured several dimensions
of the embryos that were dissected at E9.5 and E10.5. First, I measured the elongated body
axis of the embryos referred to as rostro-caudal (R-C) dimension (see Figure 4.10 A). Further I
wanted to address the scale of the embryo head (D-V: Dorsoventral dimension + A-P: Antero-
posterior dimension), since I also intended to capture a dimension of the embryos that was not
directly affected by the caudal truncation phenotype (described in Subsection 4.3.3). I could
detect that elongation of the body axis is greatly reduced in Lrp6”/- embryos and Lrp4”/"; Lrp6~/-
compound mutants compared to wild type and Lrp4”/- embryos at E9.5 and E10.5. No sig-
nificant difference was found for the R-C measure, when comparing wild type and Lrp4”/

embryos. Further, values for R-C measure in Lrp6”/- and Lrp4”/"; Lrp6”/~ embryos were also not
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significantly different, which indicates that Lrp4; Lrp6 compound mutant embryos are affected
by caudal truncation to the same extent as Lrp6 single mutant embryos (Figure 4.10 A). By
quantification of the embryo head measures, I could show that also the extent of the D-V
axis and the A-P axis of Lrp67/~ and Lrp4”/"; Lrp6’/~ embryo heads were significantly reduced
at £E9.5 and E10.5 compared to wild type (and Lrp47) embryos (Figure 4.10 B+C). To further
analyze the measures of the R-C, D-V and A-P dimensions, I correlated the data to the somite
count of the embryos to create somite stage related growth curves (Figure 4.11). Consider-
ing these growth curves, it becomes obvious that growth of wild type and Lrp4”/~ embryos
related to the somite number appears in a linear fashion (Figure 4.11 A-C & D-F). In con-
trast, Lrp67/" and Lrp4”/"; Lrp6”/" growth curves show a lower slope (Figure 4.11 G-I & J-L). To
compare the growth curves of the different genotypes, I assembled the data in one coordinate
system for each type of dimension (Figure 4.12 A-C). Further I calculated the linear regres-
sion for the growth curves (Figure 4.12 D-F) and incorporated the somite stage correction (see
Subsection 4.3.3). Comparing the slopes for the linear regression of the growth curves for
R-C dimension (body) and D-V/ A-P dimension (head) confirmed that there is a major growth
deficit in Lrp67/- and Lrp4”/-; Lrp6”/- embryos compared to wild type and Lrp4”/~ embryos (Fig-
ure 4.12 G-I).
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Size differences of analyzed Lrp6 and Lrp4;Lrp6 deficient embryos
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Figure 4.10: Lrp6/" and Lrp4”/-; Lrp6”/- embryos are significantly smaller than littermates

(A) The overall size (rostral to caudal dimension) of Lrp67 and Lrp4”; Lrp6” embryos at E9.5
and E10.5 was significantly reduced compared to littermates with different genotypes. (B+C)
The sizes of Lrp6” and Lrp4”; Lrp67 embryos heads were also significantly decreased. The
dorsoventral (D-V) dimension and the anteroposterior (A-P) dimension were measured The
yellow-dotted line indicates the distance that was measured (Scalebars: 500 um).
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Table 4.3: Statistical tests for data shown in Figure 4.10 graph a’ + a”

Graph a’: R-C dimension of Lrp67- embryos and controls at E9.5

unpaired t-test: **** with p<0,0001
mean = SEM of controls: 5777 pm = 260,3 (n=28)
mean + SEM of Lrp67-: 3878 pm *+213,9 (n=21)

R-C dimension of Lrp47-; Lrp67- embryos and controls at E9.5
unpaired t-test: **** with p<0,0001

mean = SEM of controls: 5777 pm = 260,3 (n=28)

mean *+ SEM of Lrp47; Lrp67-: 3755 ym * 164,7 (n=12)

Graph a”: R-C dimension of Lrp67- embryos and controls at E10.5

unpaired t-test: *** with p<0,0001
mean = SEM of controls: 10916 um + 481,1 (n=17)
mean = SEM of Lrp67: 5821 pm =+ 329 (n=23)

R-C dimension of Lrp4”-; Lrp67- embryos and controls at E10.5
unpaired t-test: **** with p<0,0001

mean = SEM of controls: 10916 um + 481,1 (n=17)

mean = SEM of Lrp47; Lrp67: 5148 pm =+ 563,7 (n=5)

Table 4.4: Statistical tests for data shown in Figure 4.10 graph b’ + b”

Graph b’: D-V dimension (head) of Lrp67- embryos and controls at E9.5

unpaired t-test: * with p=0,0109
mean = SEM of controls: 630,2 um + 35,65 (n=28)
mean *+ SEM of Lrp67-: 511,5 ym * 20,07 (n=21)

D-V dimension (head) of Lrp47-; Lrp67- embryos and controls at E9.5
unpaired t-test: n.s. with p=0,1917

mean = SEM of controls: 630,2 um + 35,65 (n=28)

mean * SEM of Lrp47; Lrp67: 544 ym = 25,88 (n=12)

Graph b”: D-V dimension (head) of Lrp67- embryos and controls at E10.5

unpaired t-test: **** with p<0,0001
mean = SEM of controls: 1408 pm *= 67,95 (n=17)
mean *+ SEM of Lrp67-: 727 um + 41,19 (n=23)

D-V dimension (head) of Lrp47-; Lrp67- embryos and controls at E10.5
unpaired t-test: *** with p=0,0003

mean = SEM of controls: 1408 pm * 67,95 (n=17)

mean *+ SEM of Lrp47; Lrp67-: 799,2 um +111,8 (n=5)
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Table 4.5: Statistical tests for data shown in Figure 4.10 graph ¢’ + ¢”

Graph c’: A-P dimension (head) of Lrp67- embryos and controls at E9.5

unpaired t-test: *** with p=0,0007;
mean = SEM of controls: 1200 pm = 54,97 (n=28)
mean + SEM of Lrp67-: 931,6 um =+ 43,98 (n=21)

A-P dimension (head) of Lrp47-; Lrp6”- embryos and controls at E9.5
unpaired t-test: *** with p=0,0003

mean = SEM of controls: 1200 pm = 54,97 (n=28)

mean + SEM of Lrp47; Lrp67-: 849,4 um * 40,07 (n=12)

Graph c”: A-P dimension (head) of Lrp67- embryos and controls at E10.5

unpaired t-test: *** with p<0,0001
mean = SEM of controls: 2221 pm + 87,13 (n=17)
mean *+ SEM of Lrp67: 1429 um =+ 78,88 (n=23)

A-P dimension (head) of Lrp47-; Lrp67- embryos and controls at E10.5
unpaired t-test: **** with p=0,0001

mean = SEM of controls: 2221 pm + 87,13 (n=17)

mean + SEM of Lrp47; Lrp67-: 1257 um +£177,4 (n=5)
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Somite count related statistic on R-C, D-V and A-P dimensions at E9.5 + E10.5
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Figure 4.11: Somite related growth curves of Lrp6”/- and Lrp4”/"; Lrp6/~ embryos reveal
growth deficits at E9.5 and E10.5, whereas Lrp4”/- embryos show normal growth

Size measure data points (R-C, D-V and A-P dimension) of all embryos that were dissected at
E9.5 and E10.5 are plotted in relation to their somite count. (A-C) Wild type: Black line (n=45).
(D-F) Lrp4”: Gray line (n=40). (G-l) Lrp67: Red line (n=44). (J-L) Lrp4”;Lrp67: Blue line

(n=22).
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Comparing linear regression slopes of embryo size differences at E9.5 + E10.5
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Figure 4.12: Comparing linear regression slopes of somite matched growth curves for
embryos at E9.5 and E10.5

(A-C) Somite related growth curves for R-C, D-V and A-P dimension of all phenotypes combined
(Wild type: Black line; Lrp4”: Gray line; Lrp6”: Red line; Lrp4”; Lrp67: Blue line). (D-E) The
linear regression curves of Lrp6” and Lrp4”; Lrp6” are shifted to the right in relation to the
curves of wild type and Lrp4”" due to the caudal truncation phenotype (less somites). (G-I)
When the curves of Lrp6”" and Lrp4”; Lrp6” are corrected (see Section_4.3.3) to match their
littermate controls, it becomes obvious that the linear regression of Lrp6” and Lrp4™; Lrp6™
has a smaller slope compared to wild type and Lrp4™.
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Table 4.6: Linear regression values of curves shown in Figure 4.12

’ Linear regression slopes (best-fit values + SE): ‘

R-C dimension (slope): Wild type 397,5 um (= 30,74)
Lrp4 339,6 um (+ 29,94)
Lrp6™ 202,3 pm (£ 15,79)

(

Lrp4™; Lrp67- 151 um (= 77,47)

D-V dimension (slope): Wild type 59,47 pm (x 6,179)
Lrp4™ 46,99 um (£ 3,769)
Lrp67 16,96 pm = 2,637)

Lrp4”; Lrp67- | 11,66 um (+ 7,441)

A-P dimension (slope): Wild type 81,18 pm (% 7,151)
Lrp4™ 61,18 um (= 4,099)

Lrp67- 35,26 um (* 7,826)

Lrp4”; Lrp67 | 20,43 um (x 22,07)

4.4 Lrp4;Lrp6 compound mutants develop excrescences in the neuroep-

ithelium

To refine the growth phenotype that was observed in Lrp6”/- embryos and Lrp4”/"; Lrp6/" com-
pound mutant embryos at E9.5 and E10.5 (see Subsection 4.3.4), I examined embryos at these
developmental stages in more detail. Since the heads of Lrp6”/- embryos and Lrp4”/"; Lrp6”/-
were much smaller compared to littermate controls, I further intended to analyze this growth
deficit with respect to forebrain formation in Lrp6”/- and Lrp4”/"; Lrp6”/- embryos. On that ac-
count, I conducted immunohistological experiments on coronal brain sections of E9.5 and
E10.5 embryos that were generated by Lrp4; Lrp6 timed matings. I found that Lrp4”/-; Lrp67/-
embryos develop excrescences within the neuroepithelium. I observed this phenotype ex-
clusively in Lrp4”/"; Lrp6”/- compound mutant embryos. Neither Lrp4/- embryos nor Lrp6~/-
embryos developed such neuroepithelial excrescences. In the following Sections, my finding

are described in detail.

4.4.1 Neuroepithelial excrescences can be detected from E9.5 onwards

I defined the phenotype that was exclusively observed in Lrp4”/"; Lrp6”/- compound mutant
embryos as neuroepithelial excrescences, since there was a massive increase in thickness of
the neuroepithelium along the apical-basal axis. The appearance of these excrescences was
locally restricted and did not affect the entire neuroepithelium (Figure 4.13 B-D). Typically,

the nature of the neuroepithelium in the early embryo is characterized by a pseudostratified
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columnar epithelial shape (as described in Subsection 1.1.2). Thus, the extent of wild type
neuroepithelium along the apical-basal axis is limited (to 100um) to a certain extent - as
shown for wild type embryos in 4.13 A (see also Subsection 1.1.2). However, more than 80%
of the analyzed Lrp4”/"; Lrp6”/- compound embryos at E9.5 (n=7) and at E10.5 (n=8) displayed
excrescences in the neuroepithelium. The excrescences were first observed at E9.5. Although,
Lrp4”/-; Lrp6”/- embryos were analyzed at E8.5 (n=2) neuroepithelial excrescences could not
detected (see expression of Lrp4 in Subsection 4.1.1). A more detailed look at the cellular
arrangement within the excrescences of Lrp4”/; Lrp6/- embryos revealed that the organization
as a pseudostratified columnar epithelium was disrupted (compare Figure 4.13 a’+a” with
Figure 4.13 b’-d”). This seemed to be inevitable, since the extent of the excrescences along
the apical-basal axis exceeded the normal thickness of single layered neuroepithelial cells.
Further, it became obvious that within the neuroepithelial excrescences the number of cells

(count of cell nuclei) was apparently highly increased (DAPI staining in Figure 4.13 a’-d’).
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From E9.5 onwards, Lrp4”;Lrp67" embryos develop neuroepithelial excrescences

Coronal section (Telencephalon) Inset: Cell nuclei (DAPI) Inset: DAPI & N-CAD

E9.5: Wild type (24s)

Lrp67" (14s)

E9.5: Lrp4”

E9.5: Lrp4”;Lrp6”" (18s)

E9.5: Lrpd”;Lrp6” (215)

Figure 4.13: Lrp4”/"; Lrp67/- embryos develop neuroepithelial excrescences at E9.5
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(A) Coronal section of a wild type at E9.5. (a’+ a”) Insets (3x magnified) illustrate the cellular
organization of the pseudostratified neuroepithelium. (B+C) Two examples of neuroepithelial
excrescences in Lrp4”; Lrp6”7 embryos at E9.5. (b’- ¢”) Insets highlight the aberrant cellular
organization within the excrescences. (D) Lrp4”;Lrp6” embryo at E10.5, (d’+ d”) show a
magnified view of the neuroepithelial excrescence. White scalebar: 200 um, yellow scalebar:
100 um, yellow-dotted line indicates the basal boundary of the neuroepithelium.

4.4.2 The number of mitotic cells is increased in neuroepithelial excrescences

The apparent increase of cells within the neuroepithelial excrescences prompted me to an-
alyze whether the proliferation of neuroepithelial cells was affected in Lrp4; Lrp6 compound
mutants. To corroborate the hypothesis that the observed excrescences display increased
proliferation and potentially emerge due to local hyperproliferation, I intended to determine
the number of mitotic cells on coronal brain sections of Lrp4; Lrp6 compound mutants and lit-
termate control embryos (Figure 4.14). I used immunostaining for the mitosis marker MPM-2
(marks all cell in M-Phase) to visualize and quantify mitotic cells within the neuroepithelium
(see Subsection 3.5.1). In fact, I could detect a higher rate of mitotic cells in Lrp4”/"; Lrp6”/" ex-
crescences at E9.5 (Figure 4.14 G+g'+H and Figure 4.15). There was a significant increase of
M-phase neuroepithelial cells in the excrescences compared to either regions of Lrp4”/"; Lrp67/-
neuroepithelium that did not develop excrescences or to wild type littermate controls (Fig-
ure 4.15 D). The local increase in the neuroepithelial excrescences also lead to an overall
increased count for M-phase cells in the neuroepithelium of Lrp4”/~; Lrp6”/- compound mutant
embryos (Figure 4.15 C). Interestingly, this was contrary to the observations made in Lrp6~/
embryos, which showed a markedly reduced number of mitotic cells in the neuroepithelium at
E9.5 compared to the rate of M-phase cells in wild type embryos (Figure 4.15 E-F and Figure
4.15 C). The observed reduction of mitotic cells in the neuroepithelium of Lrp6”/- embryos at
E9.5 was even greater than reported by others [60]. However, the rate of M-phase cells in
Lrp4”/"; Lrp6”/~ neuroepithelium without incorporating the excrescences was not significantly
different to Lrp67/- embryos (Figure 4.15 E), indicating that the observed hyperproliferation
of Lrp4”/-; Lrp6”/- neuroepithelial cells just appeared locally. Lrp4/- embryos showed no dis-
crepancy to wild type regarding the count of mitotic cells within the neuroepithelium (Figure

4.15 C+D and Figure 4.15 C).
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Mitosis marker MPM-2 at E9.5 (coronal sections)
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Figure 4.14: Neuroepithelial excrescences display an elevated rate of mitotic cells

(A-D) MPM-2 positive cell bodies are detected at the apical side of the neuroepithelium in the
wild type and Lrp4” (n=4) embryos. (E-F) Less mitotic cells were observed in Lrp4” (n=7) at
E9.5. (G-H) An increased count of MPM-2 positive cells could be visualized in neuroepithelial
excrescences of E9.5 Lrp4”; Lrp6” embryos (n=6). (a’-g’) Insets are 4x magnified. Scalebars:
200 pm.
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Quantification of mitotic cells in the neuroepithelium (NE) and excrescences (NEx)
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Figure 4.15: The rate of mitotic cells is increased within neuroepithelial excrescences

(A) The inner circumference of the neural tube (green-dotted line) was measured and set in
relation to the count of mitotic cells (MPM-2 positive). (B) For Lrp4”; Lrp67" embryos the neu-
roepithelial excrescences were also exclusively counted [indicated by green-dotted line within
the white arrowheads - (b’) magnified inset]. (C) Quantification of mitotic neuroepithelial cells
in the forebrain of the different genotypes. (D) Comparison of mitotic rate within neuroepithe-
lial excrescences of Lrp4”; Lrp67 embryos. (E) MPM-2 positive cells in the neuroepithelium of
Lrp4™”; Lrp6” embryos excluding the excrescences.

4.4.3 Lrp6’ embryos and Lrp4; Lrp6 compound mutants exhibit patches of apoptotic

cells within the neuroepithelium

After observing that loss of LRP6 as well as loss of LRP4;6 had substantial impact on the pro-

liferation of neural progenitors at E9.5, I decided to further investigate whether apoptosis was

also affected in Lrp67/- and Lrp4”/"; Lrp6”/- embryos. To this end, I performed IHC experiments

with an antibody against cleaved-Caspase-3, which plays a key role during the execution-

phase of cell death (Figure 4.16). I found that Lrp6/- embryos (n=4) and Lrp4”/"; Lrp6”/- com-

pound embryos (n=3) showed clusters of cells that stained positive for cleaved-Caspase-3.

These ectopic sites of apoptosis appeared in a scattered fashion affecting neural as well as

non-neuronal tissue (Figure 4.16 G-L). Besides natural loci of cell-death (like diencephalic
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roof plate) wild type and Lrp4’/- embryos did not display other apoptotic clusters (Figure
4.16 A-F). To substantiate that the observed cleaved-Caspase-3 immunostaining was high-
lighting apoptotic cells rather than showing unspecific staining, I performed a TUNEL assay
to detect apoptotic cells that undergo extensive DNA degradation. The performed TUNEL
assay supported my findings and visualized apoptotic clusters in Lrp6”/- embryos (n=2) and
Lrp4”/; Lrp6”/- compound mutants (n=2) to the same extent as seen by cleaved-Caspase-3

immunostaining.
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Apoptosis marker cleaved-Caspase-3 at E9.5 (coronal sections)

Wild type (25s)

cl. Caspase-3,

Lrp4 7 (25s)

Lrp6 ' (20s)

Lrpa™; Lrp6 7~ (21s)

Figure 4.16: Immunohistological staining with cleaved-Caspase-3 highlights clusters of
apoptotic cells in Lrp67/- and Lrp4”/"; Lrp6”/- embryos

(A-E) Apoptosis marker cleaved-Caspase-3 is not detectable on coronal forebrain sections
of Lrp4” (n=3) and wild type embryos. (C-F) However, the genuine apoptosis site within
the roof plate of the diencephalon contains apoptotic cells. (G-L) Lrp6”" embryos (n=4) and
Lrp4™”; Lrp6” embryos (n=3) display scattered sites of apoptosis (white arrowheads) including
neural tissue. Asterisk indicates the natural apoptosis site in the roof plate (I+L). Scalebars:
200 pm.
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4.4.4 Excrescences within the neuroepithelium were accompanied by structural abnor-

malities

As already mentioned the cellular organization of the neuroepithelium in Lrp4; Lrp6 compound
mutant embryos was affected because of the emerging neuroepithelial excrescences (Subsec-
tion 4.4.1). Since structural impairments are also reported for loss-of-function mutations of
Lrp6 [60, 146], I wanted to compare structural aberrations of Lrp6”/- embryos with the abnor-
mal cellular organization observed in Lrp4”/"; Lrp6”/ neuroepithelial excrescences. Therefore, I
performed immunohistological experiments to highlight the structural order of neuroepithelial
cells (Figure 4.17 and 4.18). First, I conducted IHC for §-catenin, which is also an important
structural component of cadherin-based intermediate junctions [183]. I found that in Lrp6'/ -
embryos the shape of the neural tube sometimes appeared less defined compared to wild
type littermate control embryos. Especially, on the apical side of the neuroepithelium cellular
alignment appeared disorganized (Figure 4.17 F+f). These disruptions in cellular organization
of Lrp6 single mutant embryos might result from deficits in cell-cell contact maintenance due
to impaired non-canonical WNT signaling, as suggested by Gray and others [60]. Additional
to disruptions in cellular organization observed in Lrp6”/- embryos, Lrp4; Lrp6 compound mu-
tant embryos displayed structural abnormalities in the neuroepithelium likely to be caused by
locally increased proliferation (Figure 4.17 E-H). The locally restricted thickening of the neu-
roepithelium lead to abnormal protrusions and ectopic invaginations that were exclusively
found in Lrp4”/~; Lrp6”/- embryos (Figure 4.17 H+h’). I further performed immunostainings for
the mesenchymal marker Vimentin, which is also expressed by radial glia cells [8]. By this,
I was able to highlight the onset of gliogenesis, which was observed in the dorsal forebrain
of wild type and Lrp4”/- embryos at E9.5 (depicted in Figure 4.18). By visualizing mesenchy-
mal cells, I could determine the exact boundary between the neuroepithelium and the mes-
enchyme (indicated by red line in Figure 4.18 a’-d’) to examine whether the cellular alignment
of cells was disrupted similiar to the observation on the apical side of the neuroepithelium in
Lrp6/- embryos, Lrp4”/; Lrp6/~ compound mutant embryos as described above. However, it
appears that cellular organization on the basal side of the neuroepithelium was not affected
in Lrp6”/" and Lrp4”/"; Lrp6”/~ embryos since the basal boundary was clearly defined (Figure
4.18 C-d). Interestingly, I detected Vimentin-positive cells in excrescences of Lrp4”/"; Lrp6”/"
embryos, which might indicate the onset of gliogenesis within the neuroepithelial protrusion
(Figure 4.18 D+d’). Lrp4”/~ embryos showed no structural discrepancies of the neuroepithelial

organization compared to wild type littermate embryos (Figure 4.18 A-D and Figure 4.18 A+B).
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Cellular structure visualized by B-catenin at E9.5 (coronal sections)

Wild type (21s)

Lrp4 7 (20s)

Lrp6 7 (15s)

Lrp4™; Lrp6 - (14s)

Figure 4.17: [-catenin staining reveals structural aberrations of Lrp6”/° and
Lrp4”/"; Lrp6”/~ neuroepithelium

(A+B) IHC for g-catenin on E9.5 coronal forebrain sections depict neuroepithelial structure by
illustrating cell-cell contacts. (C+D) Lrp4” embryos (n=3) do not display a diverging g-catenin
staining compared to wild type embryos. (E+F) In Lrp67 embryos (n=>5) 8-catenin staining re-
veals structural disturbances within the neuroepithelium. (G+H) Lrp4”; Lrp67 embryos (n=5)
display a markedly altered neuroepithelial organization highlighted by -catenin staining. White
arrowheads indicate an ectopic invagination within the excrescence. (b’-h’) Insets are 3x mag-
nified and show only the g-catenin staining. Pink-dotted line indicate the basal neuroepithelial
boundary. Scalebars: 200 um.
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Immunostaining for Vimentin at E9.5 (coronal sections)
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Figure 4.18: Vimentin can be detected in neuroepithelial excrescences of Lrp4~”/"; Lrp67/-
embryos

(A) At E9.5, Vimentin predominantly marks mesenchymal cells and begins to appear in radial
glia cells in the dorsal neural tube (indicated by yellow arrowhead). (B) Vimentin pattern of
Lrp4” (n=2) embryos is same as in wild type. (C) Lrp6” embryos (n=3) show positive Vimentin
staining in mesenchymal cells. (D) Vimentin positive cells were also detected within neuroep-
ithelial excrescence (white arrowhead) of Lrp4”; Lrp67 embryos (n=2). Red-dotted line indi-
cates the basal neuroepithelial boundary. (a’-d’) Insets show 3x magnified section. Scalebars
(A-D): 200 um. Scalebars (a’-d’): 50 um.
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4.4.5 Columnar organization of the pseudostratified neuroepithelium is dispersed within

Lrp4”’;Lrp6”’ excrescences

To further study the structual changes that appear within the neuroepithelial excrescences
of Lrp4; Lrp6 compound mutant embryos, I performed immunostainings to detect the cell
identity as well as cell orientation. In the early embryo the neuroepithelium is characterized
by its well-defined organization as a pseudostratified columnar epithelial layer (see Subsec-
tion 1.1.2). As already stated in Subsection 1.1.2 this limits the thickness of the single-layered
neuroepithelium to the span a neuronal progenitor cell, which is approximately 100 ym [126].
Since the neuroepithelial excrescences of Lrp4; Lrp6 compound mutant embryos lead to a lo-
cally increased thickness of the neuroepithelium along the apical-basal axis, it is likely that
the pseudostratified columnar epithelial organization can no longer be maintained. Thus, I
intended to analyze the cellular composition of Lrp4”/-; Lrp6”/- neuroepithelial excrescences
and further wanted to determine the alignment of the cells within the hyperproliferating
structures. First, I performed immunostainings for the apical markers ZO-1 and ARL13b
to examine whether the orientation of the neural progenitors is altered within Lrp4”/"; Lrp67/-
excrescences (Figure 4.19). ZO-1 (Zonula occludens-1) is a tight junction-associated protein
and expressed at the apical side of neural progenitors. ARL13b (ADP-ribosylation factor-like
protein 13B) is expressed in the primary cilium, which is also localized on the apical surface
of cells in the neuroepithelium. By IHC for detecting these apically expressed proteins, I could
show that the neuroepithelium of Lrp4”/"; Lrp67/- exhibits a regular structural organization
in regions that do not develop neuroepithelial excrescences (Figure 4.19 a’-c’). However, in
those regions of the neuroepithelium where excrescences emerge show a disarranged cellular
structure. The pseudostratified columnar epithelial layer that is highly polarized along the
apical-basal axis is no longer discernible. Instead apical markers ARL13b and ZO-1 could be
detected within the strucutre of the neuroepithelial excrescence, indicating that the cells are
no longer orientend along the apical-basal axis but face in different directions (Figure 4.19 a”-
¢”). Thus, it became evident that the strucutre of the pseudostratified neuroepithelium is dis-
rupted and cells loose their orientation within neuroepithelial excrescences of Lrp4”/"; Lrp6~/
embryos.

Since I could observe potentially gliogenic Vimentin-positive cells within a neuroepithelial
excrescence of one Lrp4”/"; Lrp67/" embryo at E9.5 (Figure 4.18 ), I wanted to analyse whether
accumulating cells within excrescences retain their progenitor fate or prematurely differenti-

ate. To assess the cellular composition of the excrescences, I conducted immunohistological
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analysis with the neural stem cell marker SOX2 (or SRY: Sex determining region Y-box 2) to
mark neural progenitor cells. Further, I used IHC to visualize neurogenic cells that stained
positive for TUJ-1 (Neuron-specific class III 5-tubulin). I found that at E9.5 all cells within
Lrp4”/-; Lrp67/- excrescences (n=4) were positive for SOX2 (Figure 4.20 A+B). IHC at E10.5 re-
vealed that TUJ-1 positive cells are detectable in neuroepithelial excrescences. However, they
do not localize to the basal margin of the neuroepithelium and get stuck in the excrescence
(Figure 4.20 C-c”).

To sum up, I could reveal that the pseudostratified epithelial structure is disrupted in
Lrp4”/-; Lrp6”/- embryos and cells within the neuroepithelial excrescences loose their orienta-
tion along the apical-basal axis. Further, I could show that at E9.5 cells within neuroepithelial
excrescences retain their fate as neural progenitor cells (expressing SOX2) and do not prema-
turely differentiate (see Section_INT_NE). This implies that during increased proliferation in
the excrescences cells undergo symmetric cell division. However, at E10.5 asymmetric cell
divison events can be detected (TUJ-1 positive neurogenic cells), whereas the differentiated

cells irregularly migrate.
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Cellular organization is disrupted in neuroepithelial excrescences of Lrp4”;Lrp67" embryos

Neuroepithelium (normal)

Telencephalon (coronal section)

Neuroepithelial excrescence

Coronal section: Lrp4”;Lrp67" (E9.5)

Single channel: IHC - ZO-1

Single channel: IHC - Arl13b
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Arl13b,
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Figure 4.19: Pseudostratified neuroepithelial organization is lost in Lrp4”/"; Lrp6/- ex-

Crescences

(A) IHC with apical markers ZO-1 and Arl13b on coronal section of an E9.5 Lrp4”;Lrp6” em-
bryo (a’) Left inset (3x magnified): Normal neuroepithelial structure (a”) Right inset (3x magni-
fied): Neuroepithelial excrescence. (B) Single channel micrograph for ZO-1 staining. (C) Single
channel micrograph for Arl13b staining (b’,b” and c’,c” analogous to a’,a”). Yellow-dotted line
representing the basal boundary of the neuroepithelium. Scalebar: 100 um.
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At E9.5, cells within neuroepithelial excrescences are positive for SOX-2

Coronal sections at E9.5 Inset: SOX-2, DAPI (2x magnified)

Single channel: SOX-2

E9.5: Lrp4”;Lrp6” (17s)

E9.5: Lrp4”;Lrp67" (16s)

At E10.5, neurogenic cells (TUJ-1) can be detected in excrescences of Lrp4”;Lrp67" embryos

Coronal sections at E10.5 Inset: TUJ-1, DAPI (4x magnified)

Single channel: TUJ-1

E10.5: Lrp4”;Lrp6”" (25s)

TUJ-1, DAPI

Figure 4.20: At E9.5, cells within neuroepithelial excrescences retain their progenitor

character

(A+B) Coronal sections of Lrp4”; Lrp67 embryos at E9.5 show immunostaining for neural stem
cell marker SOX-2. (a’- b”) Insets display (2x) magnified view of SOX-2 staining of neuroepithe-
lial excrescences. (C) Immunostaining for neuronal lineage marker TUJ-1 illustrates neurogenic
cells in excrescences of Lrp4”;Lrp67 embryos at E10.5. (c’+c”) Insets display a magnified

view of the neuroepithelial excrescences at E10.5. Scalebar: 100 pum.
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4.5 WNT signaling pathway is affected in the developing forebrain of
Lrp6 single mutants and Lrp4; Lrp6 compound mutant embryos

Since LRP5/6 are co-receptors of Frizzled (FZD) and thus essential components of the WNT
signal transduction cascade (Subsection 1.3.3), it was crucial importance to examine WNT fac-
tor expression and WNT target gene expression in the different Lrp mouse models that I used
for my study. Further, I wanted to shed light on the role of LRP4 in WNT-related forebrain
development and analyze potential gene interaction of Lrp4 and Lrp6. Besides WNT signaling,
forebrain development implies proper orchestration of various signaling pathways. Therfore, I
also investigated expression of BMP and SHH signaling components in the prospective telen-
cephalon of these embryos. However, I was limited on Lrp4”/"; Lrp6”/- specimens and decided
to concentrate on Lrp4 and Lrp6 single mutant embryos for the analyisis of BMP and SHH
pathway components. Therefore, Lrp4; Lrp6 compound mutants are not included in the ISH
analysis of BMP, SHH components as well as for the detection of the WNT signaling center
in the roof plate. Nonetheless, Lrp4; Lrp6 compound mutant embryos were included in the
ISH analysis of WNT downstream targets. I intended to reveal potential changes in WNT sig-
nal transduction that might contribute to the observed phenotype of emerging neuroepithelial
excrescences in Lrp4”/"; Lrp67/~ compound mutant embryos as WNT signaling has been tightly
linked to proliferation activity [10, 35, 103]. To this end, I used in situ hybridization technique

to detect the mRNA expression profiles of the mentioned signaling pathway components.

4.5.1 BMP4 signaling pathway is not affected in telencephalon of E10.5 Lrp4”/ embryos

Although BMP signaling was not primarily in the focus of my study, it was relevant to a certain
extent to examine BMP signaling pathway components in the developing forebrain of Lrp4~/
embryos. It was previously shown that LRP4 can interact with proteins such as WISE that are
involved in BMP4 signaling [138]. Moreover, it was reported that BMP4 acts as a telencephalic
morphogen in the dorsal neural tube (Subsection 1.1.1). Therefore, I preformed ISH for Bmp4
and its downstream target Id3 to assess whether these expression patterns were altered in the
forebrain of Lrp4”/~ embryos. I could show that the Bmp4 expressing domain in the roof plate
of prospective telencephalon was not changed in Lrp4”/~ embryos (n=3) compared to wild type
littermate embryos at E10.5 (Figure 4.21 A-D). Expression of the BMP target gene Id3 was
detected in the dorsolateral domain adjacent to the BMP4 source. At E10.5, Id3 expression
in the prospective forebrain of Lrp4”/- embryos (n=4) was identical to the Id3 transcript profile

of wild type embryos (Figure 4.21 E-H). I could show that of loss LRP4 does neither lead to
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abnormal expression of Bmp4 nor BMP downstream target Id3 in the developing forebrain.

Bmp4 expression + downstream target /d3 at E10.5 (coronal sections)
Bmp4 expression at E10.5 Id3 expression at E10.5
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Figure 4.21: Expression of Bmp4 and downstream target Id3 is not altered in the

prospective telencephalon of LRP4 deficient embryos

(A-D) Bmp4 expression is restricted to the dorsal midline (indicated by black asterisk) of the
developing forebrain. Bmp4 expression profile in Lrp4”- embryos (n=3) showed no difference
to wild type embryos. (E-H) Id3 - a direct target gene of BMP signaling - is expressed laterally
(white arrowhead) to the BMP source in the roof plate (asterisk). Telencephalic /d3 expression
domain of LRP4 deficient embryos (n=4) is not changed compared to wild type. Scalebar: 500

pm.
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4.5.2 SHH source in the floor plate and expression of downstream Nkx2.1 is unchanged

in Lrp4/ and Lrp6/ embryos

Another important pathway in terms of forebrain induction and patterning is the SHH path-
way. Shh is a ventrally expressed morphogen that antagonizes dorsal morphogen signals like
BMP or WNT [72, 147, 198]. Keeping the balance of these dorsal and ventral morphogen sig-
nals is important for cell fate decision of neural progenitor cells within the neural tube and
therefore crucial for proper forebrain development [151, 198, 202]. Cells within the floor plate
at the ventral midline of the developing telencephalon are the main source of SHH. High levels
of SHH induce expression its downstream target Nkx2.1, which serves as a robust readout for
SHH signal transduction [72, 147, 198]. To examine whether SHH signaling during develop-
ment of the forebrain was altered by loss-of-function mutations for Lrp4 or Lrp6, I conducted
ISH experiments to determine mRNA expression profiles of Shh and Nkx2.1, respectively (Fig-
ure 4.22). I could show that the SHH source in the ventral midline is still intact in Lrp4”/-
(n=3) and Lrp6~/" embryos (n=4) (Figure 4.22 A-F). However, I found that some LRP6 deficient
embryos (2 out of 4) displayed a markedly reduced Shh expressing domain the Zona limitans
intrathalamica (ZLI) (Figure 4.22 A-F). Nonetheless, the expression domain of Nkx2.1 adjacent
to the Shh expressing floor plate was present in both Lrp4”/- (n=3) and Lrp6”/- embryos (n=3)
(Figure 4.22 G-L). Thus, I could show that the ventral Shh expressing domain in the floor
plate was unaffected by loss of LRP4 or LRP6 and expression of downstream target Nkx2.1
was unchanged. However, it remains to be elucidated why in some Lrp67/- embryos the Shh

expressing domain in the ZLI was reduced.
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Shh expression + downstream target Nkx2.1 at E10.5 (coronal sections)
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Figure 4.22: Shh expression in the floor plate and downstream target Nkx2.1 are not
altered in Lrp4”/- and Lrp6’/ embryos

(A-F) At E10.5, Shh is robustly expressed in the ventral midline of the developing forebrain.
Lrp4” (n=3) and Lrp6” (n=4) embryos showed no alterations of Shh expression in floor plate
cells. However, 2 out of 4 analyzed Lrp6” embryos at E10.5 showed a reduced expression of
Shh in the ZLI (indicated by white arrowhead). (G-L) Expression of downstream target Nkx2.1 is
in the ventral lateral domain of the prospective telencephalon. Neither Lrp4”" (n=3) nor Lrp6™

(n=3) embryos showed aberrated Nkx2.1 expression. Scalebar: 500 pm.
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4.5.3 Wntl and Wnt3a expressing domains are still present in embryos deficient for

LRP6

Since LRP6 is a co-receptor of FZD and an essential component of the WNT signal transduc-
tion machinery (see Subsection 1.3.2), it was of great interest to test whether WNT signaling
centers in the developing forebrain are also affected by loss of LRP6. On that account, I
performed ISH experiments to examine whether expression of Wntl and Wnt3a was still com-
parable to wild types in Lrp6”/- mutant embryos (Figure 4.23). At E9.5, Wntl was strongly
expressed by neural stem cells in the roof plate of the prospective forebrain of wild types (Fig-
ure 4.23 A+B). My results show that Lrp4”/- n=3) and Lrp6~/- embryos (n=3) also express Wntl
in the dorsal midline (Figure 4.23 C-E). On the other hand, the Wnt3a expression domain is
present in the dorsal midline and extends to dorsolateral regions of the neural tube (Figure
4.23 G+H). Like wild type embryos, all Lrp4”/" (n=3) and Lrp6’/" mutant embryos (n=3) that
I observed displayed the dorsal Wnt3a expression profile in the roof plate (Figure 4.23 I-L).
However, one out of three Lrp6/- embryos displayed a narrowed Wnt3a expressing domain
(Figure 4.23 K+L). In conclusion, I could show that the WNT signaling center in the roof plate
of Lrp4”/-and Lrp6”/- embryos was present. This was the basis for testing WNT signal trans-
duction in Lrp67/- and Lrp4”/"; Lrp6’/- embryos by examining expression of WNT downstream

targets, which is described in the following Subsection.
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Whntl and Wnt3a expression at E9.5 (coronal sections)
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Figure 4.23: Loss of LRP4 or LRP6 does not affect the expression of Wntl and Wnt3a in

the dorsal midline of developing the forebrain

(A-D) At E9.5, Wntl is expressed in the roof plate of the forebrain of the wild type and Lrp4”
(n=3) embryos. (E+F) In Lrp6” (n=3) embryos Wntl expression could also be detected in
the dorsal midline. (G-)J) Wnt3a is expression was found in the dorsolateral domain of the
telencephalon of Lrp4” (n=3) and wild type embryos. (K+L) Embryos deficient for LRP6 also
expressed Wnt3a though the expression domain occasionally appeared narrowed. The asterisk
indicates the roof plate. White arrowhead marks the ventral boundary of Wnt3a expressing

domain. Scalebar: 200 pm.
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4.5.4 WNT target gene expression is downregulated in Lrp67 embryos and partially
rescued in Lrp4”/; Lrp6/ mutant embryos

To evaluate the implications on WNT signaling transduction by loss of LRP6 and potential
gene interaction with Lrp4 in Lrp4; Lrp6 compound mutant embryos, it was important to as-
sess the expression of WNT target genes. Axin2 and Lefl are both WNT downstream target
genes and start to be expressed in response to binding of WNT1 and WNT3a [84, 45, 162]
Therefore, Axin2 and Lef1 expression levels represent an ideal readout for WNT signal trans-
duction. I conducted ISH experiments on forebrain sections of Lrp67/~ embryos, Lrp4;Lrp6
compound mutants and littermate control embryos to determine the efficiency of WNT sig-
naling transduction (Figure 4.24 and Figure 4.25). AxinZ2 expression was detected in the
dorsal and lateral domain of the forebrain in wild type embryos (Figur 4.24 A-D). I observed
that expression levels of Axin2 were markedly reduced in Lrp6 single mutant embryos (n=5),
whereas no change in Axin2 expression of was found in Lrp4”/- embryos (n=3) (Figure 4.24 A-
L). Interestingly, I could reveal that in the dorsal forebrain of Lrp4; Lrp6 compound mutant
embryos (n=3) Axin2 was expressed at comparatively higher levels than in Lrp6”/- embryos
(Figure 4.24 M-P). Furthermore, I discovered that neuroepithelial cells within the excres-
cences of Lrp4”/"; Lrp6”/- compound mutants also expressed Axin2 (Figure 4.24 O+P). These
findings were underpinned by the results of ISH experiments for Lefl (Figure 4.25). Similar to
Axin2 expression, Lefl was found to be expressed in the dorsolateral domain in the developing
telencephalon of wild type embryos at E10.5 (Figure 4.25 A+B). Embryos deficient for LRP4
displayed Lef1 expression levels to the same extent as wild type controls (Figure 4.25 C+D).
Lef1 expression could be detected in the dorsal neural tube of Lrp67/~ mutant embryos (n=5),
but was substantially decreased (Figure 4.25 E+F). However, Lefl expression in the prospec-
tive forebrain of Lrp4”/~; Lrp6”/- embryos corroborated the finding of elevated Axin2 expression
levels. Compared to reduced Lefl transcript levels in Lrp6”/- embryos, Lrp4; Lrp6 compound
mutant embryos (n=3) showed increased Lefl levels in the dorsolateral telencephalon (Fig-
ure 4.25 G+H). In addition, Lrp4’/ ’;Lrp6’/ " neuroepithelial excrescences also showed elevated
levels of Lefl expression (Figure 4.25 G+g’). After all, my result deliver evidence that WNT
downstream target activation is markedly downregulated in the dorsal forebrain of Lrp6 single
mutant embryos. Intriguingly, in the telencephalon of Lrp4; Lrp6 compound mutant embryos

WNT target gene expression is apparently rescued at least in the dorsolateral domain.

85



4 RESULTS

Axin2 expression at E10.5 (coronal sections)
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Figure 4.24: Reduction of Axin2 expression levels in Lrp67/ embryos is partially com-

pensated in Lrp4”/"; Lrp6”/- compound mutant embryos

(A-D) In situ hybridization at E10.5 shows Axin2 expression in the dorsal part of the develop-
ing forebrain. (E-H) Compared to wild types, expression levels of Axin2 are unchanged Lrp4”
embryos (n=3). (I-L) However, Axin2 expression in the developing telencephalon of Lrp6”
embryos (n=5) is markedly decreased. (M-P) Compared to Lrp6” sections, Lrp4”; Lrp67 com-
pound mutant embryos (n=3) show elevated levels for Axin2 expression in the dorsal forebrain.

Scalebars: 200 pm.
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Lef1 expression at E10.5 (coronal sections)

Wild type (32s)

Lrp4 " (32s)

Lrp6 7 (22s)

Lrpa™; Lrp6 " (215)

Figure 4.25: Expression of WNT downstream target Lefl is markedly reduced in Lrp6
deficient embryos, whereas Lrp4”/"; Lrp6”/- compound mutants show elevated levels of
Lef1 expression

(A+B) At E10.5, Lefl is expressed in the dorsal lateral region of the developing forebrain.
(C+D) Expression of Lefl is not altered in Lrp4” embryos (n=4). (E+F) Lrp6 deficient em-
bryos (n=5) display a great reduction of Lefl expression in the neuroepithelium (G+H) In con-
trast, Lrp4”; Lrp67 embryos (n=3) show elevated levels of Lefl transcripts compared to Lrp6”
embryos. Lefl is expressed in neuroepithelial excrescences of Lrp4; Lrp6 deficient embryos.
(a’,c’,e’+g’) Insets are 2x magnified. Red scalebars: 100 um. (b’,d’,f’+h’) Insets are 4x
magnified. Blue scalebars: 50 um. The red-dotted line delineates the basal neuroepithelial
boundary. Black scalebars: 200 um.
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4.6 Immunostainings reveal further differences of Lrp67 and Lrp4”/; Lrp67

embryos in WNT target gene expression

4.6.1 WNT/ j-catenin downstream target cyclin-D1 is up-regulated in Lrp4; Lrp6 com-

pound mutants and severely down-regulated in Lrp67/ embryos

I could show that gene expression of WNT downstream targets is drastically decreased in LRP6
deficient embryos and to a certain extent rescued in the forebrain of Lrp4”/; Lrp6”/- compound
mutant embryos (Subsection 4.4.5.). To further support these findings, I performed immuno-
histochemistry stainings for cyclin D1, which is a downstream target of WNT/-catenin sig-
naling [162, 176]. In the developing telencephalon cyclin D1 is expressed in the ventrolateral
region of the neural tube except for the dorsal midline (Figure 4.26 A and Figure 4.27 A-
D). Whereas no changes of cyclin D1 protein levels could be observed in Lrp4/~ embryos (n=4)
compared to wild type controls, Lrp6”/ mutant embryos (n=5) showed markedly reduced levels
of cyclin D1 at E9.5 (Figure 4.26 B+C and Figure 4.27 D-F). Inmunostaining on Lrp4”/"; Lrp67/"
forebrain sections (n=5) revealed that cyclin D1 protein levels in dorsolateral neural progeni-
tors were enhanced compared to dorsal regions of Lrp6”/- mutant neural tube (Figure 4.26 C+D
and Figure 4.27 D-F versus G-I). Apparently the loss of cyclin D1 expression that was observed
in the Lrp6 single mutant forebrain was to some extent rescued in Lrp4; Lrp6 compound mu-
tant embryos leading to elevated cyclin D1 levels in the dorsolateral domain of the forebrain
at E9.5. Interestingly, progenitor cells within the neuroepithelial excrescences of compound
mutants displayed a positive staining for cyclin D1 at E9.5 (Figure 4.26 C+D). In concclu-
sion, IHC for the WNT downstream target cyclin D1 revealed yet another WNT target gene
that shows reduced expression in the dorsal domain of the Lrp6”/- forebrain. In concordance
with the findings from ISH experiments (Subsection 4.5.4), this reduction in WNT target gene
expression was paritally reverted in the dorsolateral domain of the telencephalon of Lrp4; Lrp6
compound mutant embryos. Thus, additional loss of LRP4 on a Lrp6/" background seems to

affect WNT target gene activation in the dorsolateral domain of the forebrain.
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WNT downstream target cyclin D1 at E9.5 (coronal sections)
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Figure 4.26: Wnt/j3-catenin downstream target cyclin D1 is reduced in Lrp6”/- neuroep-
ithelium but not in Lrp4”/"; Lrp6”/- embryos at E9.5

(A+B) Immunostaining on E9.5 coronal brain sections shows broad expression of cyclin D1
within the prospective forebrain. Loss of LRP4 embryos (n=4) does not affect level of cyclin D1
in the neuroepithelium. (C) Lrp6” embryos (n=6) showed a great reduction of cyclin D1 protein
in neural progenitors. (D) However, compared to Lrp6 single mutants Lrp4”; Lrp6” embryos
(n=6) show rescued cyclin D1 protein levels in the dorsolateral domain of the telencephalon at

E9.5. Scalebar: 200 um.
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WNT downstream target Cyclin D1 at E9.5 (coronal sections - from rostral to caudal)

(ssz) 2dA1 piIm (s02) ... 9d41 (s12) ... 90477 pdi7

Figure 4.27: Cyclin D1 expression can be detected in neuroepithelial excrescences of in
Lrp4”/"; Lrp6”/- embryos

(A-C) Cyclin D1 expression in forebrain of wild type at E9.5 (sections A-C: from rostral to caudal).
(D-F) In contrast, cyclin D1 levels are substantially reduced in Lrp67 embryos (G-1) Neuroep-
ithelial excrescences (indicated by white arrowheads) of Lrp4”; Lrp6” embryos (n=5) display
elevated levels of cyclin D1 compared to Lrp67 embryos. Bracket/asterisk indicates dorsal
region of the neuroepithelium with elevated cyclin D1 levels. Scalebars: 200 pm.
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4.6.2 At E10.5, reduction of cyclin-D1 levels in the neuroepithelium of LRP6 deficient

embryos is less pronounced

Immunohistochemistry analysis of cyclin D1 at E10.5 confirmed a ventrolateral distribution
within the developing telencephalon (as observed at E9.5) in wild type and Lrp4”- embryos
(Figure 4.28 A+B). Although neuroepithelial levels of cyclin D1 were decreased in E9.5 Lrp67/-
mutant embryos (Subsection 4.6.1), at late E10.5 stages (n=3) a reduction in cyclin D1 ex-
pression was no longer discernible (Figure 4.28 A+C). Furthermore, the observed differences
between Lrp6”/- embryos and Lrp4”/"; Lrp6”/- compound mutants at E9.5 could not consistently
be verified in E10.5 embryos. Neuroepithelial excrescences of Lrp4”/"; Lrp6”/~ embryos did not
display an elevated expression of cyclin-D1 (Figure 4.28 D and Figure 4.29 D-F). However,
cells within the excrescences expressed cyclin D1 (Figure 4.29 e’+g’). Curiously, my results
on cyclin D1 expression suggest that Lrp6 single mutants at E10.5 do not show discernible
changes in cyclin D1, whereas at E9.5 I could robustly detect reduced cyclin D1 protein lev-
els. This is not conclusive with my results from ISH experiments, where I could show a robust
downregulation of WNT downstream targets Lefl and Axin2 in Lrp6”/- embryos. Further anal-
ysis of cyclin D1 levels at E10.0 and E10.5 is required to confirm these findings.
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WNT downstream target cyclin D1 at E10.5 (coronal sections)
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Figure 4.28: At E10.5, levels of cyclin D1 in Lrp6”/- embryos do not notably differ from
wild type embryos

(A-C) At 10.5, cyclin-D1 expression of neural progenitor cells within the forebrain of wild type,
Lrp4” embryos (n=2) and Lrp6” specimens (n=3) were all at comparable levels. (C+D) A
discernible difference between Lrp6” and Lrp4”;Lrp6” embryos (n=3) was not detectable.

Scalebars: 100 um.
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WNT downstream target cyclin D1 at E10.5 (coronal sections from rostral to caudal)
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Figure 4.29: Neuroepithelial excrescences in Lrp4”/-; Lrp6”/- embryos at E10.5 do not
display enhanced cyclin D1 levels

(A-C) Throughout the ventrolateral telencephalon cyclin D1 is expressed in wild type at E10.5
(D-F) At E10.5, levels of cyclin D1 within the neuroepithelial excrescences (indicated by white
arrowheads) of Lrp4”; Lrp6” compound mutant embryos (n=3) are not elevated compared to
respective regions of littermates with other genotypes. (c’,e’+g’) Magnified insets: Single
channel micrograph of cyclin D1 (in white) IHC. Yellow-dotted line delineates margins of the
neuroepithelium. Scalebars: 200 um. Scalebars (insets): 100um.
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4.6.3 LRP6 deficient embryos show increased levels of PAX6 in the neuroepithelium

PAX6 (Paired box protein Pax-6) has been reported to be involved in WNT-related regulation of
cell proliferation and differentiation in stem cells [41, 186, 190] . Recent studies also suggest
PAX6 as a potential target of WNT signaling in the forebrain [53, 200]. Accordingly, I con-
ducted immunohistochemistry stainings to detect PAX6 localization in the neuroepithelium
of Lrp6”/- embryos, Lrp4; Lrp6 compound mutants and littermate controls (Figure 4.30). Most
neural progenitors located in dorsolateral regions of the developing forebrain stained positive
for PAX6 in wild type and in Lrp4”/- embryos (n=3) - (Figure 4.30 A+B). Further, I could reveal
differences in PAX6 staining intensity comparing Lrp6”/~ and Lrp4;Lrp6 compound mutant
embryos. Interestingly, forebrain sections of LRP6 deficient embryos (n=4) always showed
an increased PAX6 staining intensity, whereas this effect was not observed in Lrp4”/"; Lrp6~/-
embryos (n=3) (Figure 4.30 C+D). Examining the neuroepithelial excrescences of Lrp4; Lrp6
compound mutant embryos, I found that cells within the excrescences were positive for PAX6
staining but did not show elevated protein levels (Figure 4.31 G-I). After all, I found con-
sistently increased IHC staining intensity for PAX6 in the forebrain of Lrp6 single mutant
embryos compared to all other genotype littermate controls. However, whether the increased
PAX6 levels in Lrp6”/- embryos can be correlated to impaired WNT signal transduction remains

to be elucidated.
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Proliferation regulator PAX6 at ES.5 (coronal sections)
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Figure 4.30: PAX6 levels were increased in Lrp67/  neuroepithelial cells but not in
Lrp4”/~; Lrp6”/- embryos

(A) IHC for PAX6 on E9.5 coronal sections of the telencephalon showed a broad dorsolateral
expression of PAX6 in wild types. (B+C) Whereas Lrp4”" (n=3) showed PAX6 expression like

wild type controls, Lrp6” embryos (n=4) always displayed a higher PAX6 staining intensity.
(D) However, Lrp4”; Lrp6” embryos (n=3) increased PAX6 staining was not observed at E9.5.

Scalebar: 200 pm.
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Proliferation regulator PAX6 at E9.5 (coronal sections - from rostral to caudal)
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Figure 4.31: PAX6 can be detected in neuroepithelial excrescences of Lrp4~”; Lrp6”/-
embryos

(A-C) Wild type sections of the forebrain (from rostral to caudal) at E9.5. (D-F) In all telen-
cephalic sections of Lrp6” embryos (n=4) stronger PAX6 staining could be detected (G-I) In
excrescences (indicated by white arrowheads) of Lrp4”; Lrp6” embryos (n=3) PAX6 is also de-
tectable. However, the intensity of PAX6 staining was less compared to sections of Lrp6”" neural
tube. Scalebar: 200 um.
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4.6.4 TCF/Lef:H2B-GFP reporter strain was crossed to the Lrp mouse lines to visualize

Wnt/(-catenin signaling activity in the neuroepithelium

To find further evidence that in the neuroepithelium of Lrp4; Lrp6 compound mutants the
observed reduction of WNT-responsiveness in Lrp6”/ single mutant embryos is to a cer-
tain extent rescued, I crossed these Lrp mutants with a WNT activity reporter mouse line.
TCF/Lef:H2B-GFP transgenic mice express GFP protein under the control of Tcf/ Lef pro-
moter (see Subsection 3.3.5). This reporter line is an ideal genetic tool to visualize WNT-
responsiveness in cells that activated Tcf/ Lef gene expression. By using this genetic ap-
proach, I found that most neural progenitor cells within the dorsal forebrain were GFP positive
in the wild type (Figure 4.32 A+B). The extent of WNT-responsive progenitors in the dorsal
and lateral neural tube of Lrp4”/- (n=3) was at comparable levels as in the wild types (Figure
4.32 A-D). In contrast, Lrp6”/- embryos displayed a substantially decreased count of GFP ex-
pressing cells in the neuroepithelium. Only few GFP-positive cells that were scattered within
the dorsolateral forebrain could be detected (Figure 4.32 E+F). On the other hand, Lrp4; Lrp6
compound mutant embryos exhibited a markedly increased number of GFP positive neural
progenitor cells in the dorsolateral domain of the prospective telencephalon at E9.5 (Figure
4.32 G+H). In conclusion, my results on the TCF/Lef:H2B-GFP reporter activity in Lrp6”/- em-
bryos and Lrp4; Lrp6 compound mutant embryos confirmed my previous findings that Lrp6
single mutants show reduced WNT target gene activation in the forebrain compared to wild
types. However, WNT downstream targets and Tcf/ Lef promoter activity are elevated in the

dorsal forebrain of Lrp4”/"; Lrp6”/- embryos - here visualized by GFP expressing NPCs.
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WNT responsive cells visualized by a TCF/Lef:H2B/GFP reporter

Wild type; Gfp*/-(25s)

GFP, Dapi

Lrp4 7 Gfp " (275)

Lrp6 7 Gfp*! (225)

Lrp4 " Lrp6 7 ; Gfp*! (20s)

Figure 4.32: Less WNT-responsive neuroepithelial cells were found in Lrp6”/- embryos
at £9.5, whereas Lrp4”/"; Lrp6”/~ compound mutants had more GFP+ cells in the dorsal
neural tube

(A-D) Visualizing WNT-responsive neural progenitor cells by crossing with a TCF/Lef:H2B-GFP
reporter line confirmed that there are no obvious differences in the number of WNT-responsive
cells in Lrp4” embryos (n=3) compared wild type littermate controls. (E+F) Lrp67 embryos
(n=4) showed a greatly reduced number of GFP-positive cells in the developing forebrain.
(G+H) In contrast, more GFP positive cells were detected in dorsal regions of the neural tube
of E9.5 Lrp4™; Lrp6” embryos (n=2). (b’,d’,f’+h’) Single channel micrographs of GFP immunos-
taining (in white). Scalebars: 200 pm.
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4.7 WNT3a uptake is markedly reduced in Lrp6’/ embryos

My results demonstrated that WNT signaling response was reduced in LRP6 deficient mice.
In contrast, WNT signaling was less affected in Lrp4; Lrp6 compound mutant embryos. Next, I
wanted to dissect whether reduced ligand binding could explain the observed implications in
WNT signal transduction. Furthermore, I intended to examine whether WNT binding efficacy
and/ or uptake of WNT could deliver an explanation for the appearance of neuroepithelial
excrescences in Lrp4”/;Lrp67/- embryos. There are several lines of evidence that WNT3a is
tightly linked with regulation of proliferation in stem cells [85, 103, 124, 160]. Moreover, it
was shown that WNT3a can bind to LRP6 to activate the WNT pathway [12, 24, 28]. Therefore,
WNT3a was a prominent candidate to further dissect its capability to bind to neuroepithelial
cells during critical stages of forebrain development. To this end, I established a whole embryo
culture (WEC) assay (see Subsection 3.3.11) to test binding and uptake of WNT3a in the

neuroepithelium of Lrp6”/- embryos and Lrp4; Lrp6 compound mutants.

4.7.1 At E8.5 the uptake of WNT3a in dramatically reduced in LRP6 deficient embryos

At first, whole embryo culture experiments with Alexa488-labeled WNT3a were conducted at
E8.5. I tested Lrp6”/- embryos and wild type embryos to examine whether loss of LRP6 alone
leads to implications of binding and uptake of WNT3a (Figure 4.33). First, I could demonstrate
that the WEC assay was an adequate tool for detecting the uptake of WNT3a ex vivo. E8.5
wild type embryos exhibited binding and uptake of WNT3a-A488 at total length of the neural
folds (Figure 4.33 C and Figure 4.34 A+A¥). I could show that binding and uptake in neural
progenitors of Lrp6”/~ embryos was significantly reduced (Figure 4.33 E and Figure 4.34 C+C*).
Interestingly, Lrp6*/- embryos also showed a slightly decreased uptake rate (not significant) of
labeled WNT3a compared to wild types (Figure 4.33 D and Figure 4.34 B+B*). I quantified the
absolute count of WNT3a-A488 positive vesicles within the neural folds as well as the area of
vesicles and the relative count per area (um?), respectively (Figure 4.34). I could demonstrate
that Lrp67/ embryos showed a significant decrease compared to wild type littermate embryos

in all these analyses (see Table_20).
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Whole embryo culture (WEC): WNT-3a uptake experiment with E8.5 embryos
E8.5 (lateral view) Schematic of the experimental workflow
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Figure 4.33: WNT3a uptake of neuroepithelium is significantly reduced in Lrp6”/- em-
bryos at E8.5

(A) Schematic of E8.5 embryo - lateral view [anteroposterior-axis (a-p) and dorsoventral-axis
(d-v)]. (B) Schematic of the experimental workflow (s* - red line indicate section plane of Il and
). (C) In wild type embryos (n=4) uptake of fluorophore-labeled WNT3a could be verified by
detecting Alexa-488 positive vesicles within the neuroepithelium. (D) Uptake of WNT3a-A488
was almost abolished in Lrp67 embryos (n=3). (E) Interestingly, uptake was even impaired in
neuroepithelium of Lrp6*~ embryos (n=7). (C-E) Coronal sections at E8.5, three panels display
1.) DAPI staining in blue 2.) WNT3a-Alexa488 signal in green 3.) inverted monochrome image of
the analyzed neuroepithelial area. Yellow-/red-dotted lines indicate neural folds/ measured area
of the neuroepithelium. (F) Western blot analysis of embryo heads revealed reduced receptor
levels in Lrp6*" embryos at E9.5. Scalebar: 50 um.
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Whole embryo culture (WEC): WNT-3a uptake experiment with E8.5 embryos
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Figure 4.34: WEC experiments at E8.5 revealed lessened WNT3a uptake even in Lrp6*/-
embryos

(A-C) Coronal sections of neural folds of wild type, Lrp6™ and Lrp6” embryos at E8.5 after
uptake experiment. (A*-C*) Insets display 5x magnified section of the neural folds with A488
positive vesicles. (D) Quantification of counted Alexa488 positive vesicles. (E) Area (in pm?) of
Alexa488 positive vesicles within the neural folds (F) Number of Alexa488 positive vesicles per
um? (relative values).
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Table 4.7: Statistical tests for data shown in Figure 4.34’

Diagram D: Wild type versus Lrp6+/-
unpaired t-test: mean *+ SEM of WT: 540 = 107,4 (n=4)
n.s. with p=0,1591 mean = SEM of Lrp6+/: 401,4 + 39,23 (n=7)
Wild type versus Lrp67
unpaired t-test: mean = SEM of WT: 540 = 107,4 (n=4)
* with p=0,0141 mean = SEM of Lrp67: 76,67 + 29,33 (n=3)
Diagram E: Wild type versus Lrp6+/-
unpaired t-test: mean *= SEM of WT: 637,1 um? = 111,3 (n=4)
* with p=0,0306 mean *+ SEM of Lrp6*/-: 372,6 um? + 47,98 (n=7)
Wild type versus Lrp67-
unpaired t-test: mean = SEM of WT: 637,1 um? £ 111,3 (n=4)
** with p=0,007 mean =+ SEM of Lrp67: 49,79 um? = 30,39 (n=3)
Diagram F: Wild type versus Lrp6+/-

unpaired t-test:

mean = SEM of WT: 0,017 = 0,00452 (n=4)

n.s. with p=0,1686

mean *+ SEM of Lrp6*/-: 0,01141 #+ 0,001772 (n=7)

Wild type versus Lrp67-

unpaired t-test:

mean = SEM of WT: 0,017 = 0,00452 (n=4)

* with p=0,0328

mean * SEM of Lrp67-: 0,002585 + 0,0008058 (n=3)
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4.7.2 While WNT3a uptake at E9.5 is still impaired in Lrp67/ embryos, Lrp4; Lrp6 com-

pound mutants exhibit increased uptake of WNT3a

Since Lrp4 starts to be expressed between E8.5 and E9.5 (see Subsection 4.1.1), it was im-
portant to establish WEC uptake experiments also for E9.5 embryos. Since the neural tube
of most embryos at E9.5 is already closed, I had to cut the diencephalon dorsally to make
neuroepithelial tissue accessible for labeled WNT3a medium during incubation time (Figure
4.35 B) - (also see Subsection 3.3.11). I could successfully perform WNT3a uptake exper-
iments at E9.5 and assess neuroepithelial WNT3a-A488 binding and uptake. I found that
in wild types all progenitor cells within the neuroepithelium could bind and absorb labeled
WNT3a (Figure 4.35 C+C*). Whereas Lrp4”/- embryos did not show a difference in uptake effi-
cacy to wild type controls, Lrp6”/- embryos displayed a significantly decreased rate of WNT3a
uptake (Figure 4.35 D-E*). Strikingly, Lrp4; Lrp6 compound embryos exhibited increased up-
take of WNT3a-A488 at E9.5. Especially in neuroepithelial excrescences more (and bigger)
vesicles that contained Alexa488-labeled WNT3a were found (Figure 4.35 F+F*). I quanti-
fied the data for all WEC WNT3a-A488 uptake experiments at E9.5 as described in Subsec-
tion 3.5.1 (Figure 4.36). Compared to a markedly reduced uptake efficacy in Lrp6/- neu-
roepithelium, the overall rate of WNT3a binding and uptake in Lrp4; Lrp6 compound mutant
embryos was increased and even reached levels similar to wild type embryos (Figure 4.36).
Wild type littermate embryos served as negative controls and were incubated with Alexa488
fluorophore containing medium. None of the negative control embryos showed any signs of
Alexa488 positive vesicles or spots 4.35(Figure 4.35 G). After all, WNT3a uptake experiments
represent a great ex vivo tool to examine the uptake of WNT3a proteins in E8.5 and E9.5
embryos. My experiments revealed that WNT3a binding and uptake was significantly reduced
in Lrp6 single mutant embryos compared to wild types. Further, I could reveal that Lrp4; Lrp6
compound mutant embryos showed an increased WNT3a uptake, especially in the neuroep-
ithelial excrescences. This would indicate that binding of WNT3a could be the key to unravel
the observed phenotypes of changed WNT target gene expression in the dorsolateral forebrain

of Lrp6 single mutants and Lrp4; Lrp6 compound mutant embryos.
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Whole embryo culture (WEC): WNT-3a uptake experiment with E9.5 embryos
E9.5 (head, lateral) Schematic of the experimental workflow
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Figure 4.35: An increased uptake of WNT3a-A488 is detected in the neuroepithelial
excrescences

(A) Lateral view of E9.5 embryo head (schematic), anteroposterior-axis (a-p) and dorsoventral-
axis (d-v) are indicated] (B) At E9.5 embryo heads had to be cut open at dorsally to ensure
WNT3a-Alexa488 penetration to neuroepithelial tissue. (C-D) No significant difference for up-
take of the labeled ligand in Lrp4 deficient embryos was observed at E9.5. (E) In contrast, Lrp6™
embryos still showed a significantly decreased capability to absorb WNT3a. (F) The uptake of
WNT3a-A488 was strikingly increased at the sites of the excrescences in the neuroepithelium of
Lrp4”; Lrp6” embryos. (G) As negative controls served wild type embryos that were incubated
with Alexa-488 label, which was not linked to recombinant WNT3a. (C*-F*) Insets show 5x
magnified sections of the neuroepithelium. Pink-dotted lines indicate the basal neuroepithelial
boundary. Scalebars: 200 um.
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WNT-3a uptake experiment with E9.5 embryos - Statistical analysis

A - Measured area of NE (E9.5) B - Measured area of NE (E8.5) C - Count of A488+ dots (E9.5)
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Figure 4.36: Reduction/loss of LRP6 receptor leads to impaired uptake of WNT3a, which
was not reflected in Lrp4”/"; Lrp6”/~ embryos

(A) Measured area of neuroepithelial tissue was smaller in Lrp67" embryos, whereas no signifi-
cant differences were observed at E8.5. (B-F) Wild type (black dots) and Lrp4”" embryos exhib-
ited the same rate of neuroepithelial WNT3a uptake at E9.5. In contrast, a significant reduction
of WNT3a uptake was observed for Lrp6* (red hollow dots) and Lrp6” (red dots) embryos. An-
alyzing the relative values for Lrp6 heterozygotes and LRP6 deficient embryos supported these
observations. So far, the sample size of Lrp4”; Lrp67 (blue dots) genotype (n=1) is too low to
include in the statistical analysis, but so far, the observations suggest a higher rate of WNT3a
uptake in the excrescences of Lrp4”; Lrp6” embryos.
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Table 4.8: Statistical tests for data shown in Figure 4.36

Diagram A: | Wild type versus Lrp67-
unpaired t-test: mean = SEM of WT: 123596 um? = 9287, (n=7)
** with p=0,0041 mean + SEM of Lrp6*/-: 84294 um? + 6810, (n=8)
Diagram B: | Wild type versus Lrp6*/
unpaired t-test: mean = SEM of WT: 32371 um? + 2321 (n=4)
n.s. with p=0,4005 mean *+ SEM of Lrp6*/-: 38960 um? + 4611, (n=7)
Wild type versus Lrp67-
unpaired t-test: mean = SEM of WT: 32371 um? * 2321 (n=4)
n.s. with p=0,3824 mean * SEM of Lrp67: 27428 + 4476, (n=3)
Diagram C: | Wild type versus Lrp6*/(absolute count of vesicles)
unpaired t-test: mean = SEM of WT: 1295 + 121,2, (n=7)
*** with p=0,0006 mean = SEM of Lrp6*/: 467 + 133,3, (n=7)
Wild type versus Lrp67- (absolute count of vesicles)
unpaired t-test: mean = SEM of WT: 1295 * 121,2, (n=7)
*kkk with p<0,0001 mean + SEM of Lrp67: 131,7 + 65,17, (n=8)
Diagram D: | Wild type versus Lrp6*/ (area of the detected A488+ vesicles)
unpaired t-test: mean = SEM of WT: 2195 um? + 237,1, (n=7)
** with p= 0,0023 mean *+ SEM of Lrp6*/-: 849,6 um? + 256,1, (n=7)
Wild type versus Lrp67- (area of the detected A488+ vesicles)
unpaired t-test: mean = SEM of WT: 2195 ym? + 237,1, (n=7)
k% with p<0,0001 mean + SEM of Lrp67-: 229,5 + 135, (n=8)
Diagram E: | Wild type versus Lrp6*/ (area of A488+ vesicles in relation to the measured area)
unpaired t-test: mean = SEM of WT: 1,816 % =+ 0,1971, (n=7)
** with p=0,0019 mean = SEM of Lrp6*/: 0,6955 + 0,2042, (n=7)
Wild type versus Lrp67/- (area of A488+ vesicles in relation to the measured area)
unpaired t-test: mean = SEM of WT: 1,816 % + 0,1971, (n=7)
k% with p<0,0001 mean = SEM of Lrp67: 0,2258 % + 0,1258, (n=8)
Diagram F: | Wild type versus Lrp6*/ (count of A488+ vesicles per area)

unpaired t-test:

mean = SEM of WT: 1,071 = 0,09618, (n=7)

***+ with p=0,0004

mean = SEM of Lrp6*/: 0,3902 + 0,1024, (n=7)

Wild type versus Lrp67-(count of A488+ vesicles per area)

unpaired t-test:

mean = SEM of WT: 1,071 £+ 0,09618, (n=7)

Rk with p<0,0001

mean = SEM of Lrp67: 0,1302 + 0,06057, (n=3)
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4 RESULTS

In conclusion, my results show that Lrp4; Lrp5 and Lrp4; Lrp6 compound mutant embryos
are good models to study common and distinct functions of LRP5 and LRP6 through pheno-
typic analysis of compound mutant embryos. I could show that Lrp4; Lrp5 compound mutant
embryos are embryonic lethal at E10.5, whereas Lrp4; Lrp6 compound mutant embryos are vi-
able at least until E11.5 (analysis of older embryos need to be elucidated). Further, my results
deliver several lines of evidence that LRP4 and LRP6 are involved in WNT signal transduction
during early forebrain development. With different methodological approaches, I revealed that
Lrp6 single mutant embryos show decreased levels of WNT target gene activation, whereas
Lrp4; Lrp6 compound mutant embryos display elevated levels of WNT downstream targets in
the dorsolaterl domain of the developing forebrain. Finally, I could show that WNT3a is a
promising canditate to mediate the observed WNT signal transduction phenotypes in Lrp5

single mutants and Lrp4; Lrp6 compound mutant embryos.
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5 Discussion

WNT signal transduction represents one of the main regulatory pathways of development and
orchestrates various processes that are involved in body formation throughout the animal
kingdom. Since the very first WNT protein was discovered by Nusse and Varmus 35 years ago
[135], understanding of the WNT pathway for developmental processes and its complexity has
steadily risen. It is therefore not surprising that WNT signaling also plays a pivotal role during
formation of the mammalian forebrain, which is one of the most complex developmental pro-
cesses [66, 192]. Various studies performed loss-of-function and gain-of-function experiments
to shed light on the involvement of WNT pathway related proteins in respect of their role dur-
ing brain development [60, 105, 119, 123]. Crucial for proper WNT signal transduction is the
docking site of WNT proteins, which comprises the transmembrane receptors Frizzled (FZD)
and LRP5/6 [116]. Whereas many scientific publications highlight the role of FZD receptors
during brain development [18, 46], only a limited number of studies addressed the question
to what extent LRP5 and LRP6 are involved in WNT -related mammalian forebrain formation.
My study delivers supporting evidence that besides LRP5/6 also LRP4 - another candidate of
the LDL-receptor protein family - plays an important role for WNT signal transduction dur-
ing early telencephalic development. Whereas the concept that WNT binding to the FZD-LRP
receptor complex leading to activation of WNT downstream targets is well-understood, less is
known about the mechanism how this ligand-receptor interaction can be modulated to alter
WNT signal interpretation [9, 134]. However, there is growing evidence that modulation of the
FZD co-receptor complex plays an important role in regulating WNT target gene expression
[3, 4, 92, 208]. It was reported before that LRP4 in interplay with the WNT inhibiting protein
WISE can modulate the function of LRP5/6 during the development of non-neuronal tissue
[3, 4, 137, 138]. My study provides genetic evidence that the concept of LRP5/6 modulation
by LRP4 can also be adopted for WNT target gene expression during mouse forebrain devel-
opment. Furthermore, this modulation of WNT signal transduction seems to be essential in
keeping the balance of proliferation and differentiation of neural progenitor cells within the

prospective forebrain.
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5 DISCUSSION

5.1 Lrp4;Lrp5 and Lrp4;Lrp6 compound mutant embryos serve as mod-
els to study common and distinct functions of LRP4 and LRP5/6

during forebrain development

To study the function of LRP4 and LRP5/6 and their implications during forebrain formation
in detail, it was of crucial relevance to obtain a comprehensive understanding of their spatial
and temporal distribution at critical stages of murine telencephalic development. Since it was
not possible to visualize LRP4 and LRP5/6 protein abundance with immunohistochemical
methods (due to lack of functional antibodies), in situ hybridization experiments shed light on
the spatial and temporal aspect of expression for these LRP-candidates. Looking at the onset
of expression for all three LRP members, it becomes apparent that at first Lrp6 expression
can be detected and it is ubiquitously expressed at E8.5 [98]. Lrp5 starts to be expressed in
the neural folds at E8.5 and Lrp5 transcripts can also be detected in the secondary heart field
(Figure 4.2). This also pinpoints the moment of Lrp5 and Lrp6 co-expression in the neural
folds. Further, I could show that Lrp4 mRNA expression was induced a little bit later at E9.0-
E9.5 in the dorsolateral neural tube, whereas the ventral midline was void of Lrp4 transcripts.
Therefore, I could verify that Lrp4 and Lrp5/6 are co-expressed in most of the neural progen-
itors (NPC’s) within the developing forebrain from E9.5 onwards (Figure 4.1-4.3). Previous
work by Ahn et al. suggested a modulatory role of LRP4 acting on LRP5/6 during mammary
placode development [3]. I wanted to examine whether this concept of LRP4 acting on LRP5/6
function could also be applied to dorsolateral regions of the neural tube during early forebrain
development. I decided to generate compound loss-of-function mutants of either Lrp4;Lrp5
and Lrp4; Lrp6 to examine the role of LRP4 and LRP5/6 in more detail. The phenotypic anal-
ysis was completed by comparing observations with single loss-of-function mutant embryos
for Lrp4, Lrp5 and Lrp6, respectively. Compound mutants for Lrp5; Lrp6 were not part of the
study, since they display an implantation phenotype and do not develop past embryonic stage
E4.5 [98]. All three LRP members have been shown to act in a WNT-dependent manner at
different sites during embryogenesis. For instance, in limb development as well as in the
mouse mammary stem cell niche [3, 107, 137]. Since I could show that Lrp4 and Lrp5/6 are
co-expressed in the forebrain at E9.5, I intended to prove their involvement in WNT-related
development of the telencephalon by analyzing single and compound mutant embryos. On the
one hand, this enabled me to highlight common and distinct functions of LRP5 and LRP6 by
comparing observations in Lrp4; Lrp5 with Lrp4; Lrp6 compound mutant embryos (see Subsec-

tion 5.2). This is of relevance, since single loss-of-function mutants for Lrp5 display only minor
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phenotypic abnormalities affecting the bone mineral density (BMD), due to a compensation
by the highly homologous LRP6 receptor [73, 87]. Whereas Lrp6 loss-of-function mutants dis-
play several WNT-related phenotypes such as skeletal malformations, tailbud truncation and
impaired kidney development, indicating that LRP5 cannot fully compensate [73, 87, 146].
However, developmental defects that also affect morphology of the forebrain and synapsis
formation have been reported for Lrp6 loss-of-function mutants [60, 83, 110, 212]. In addi-
tion, Lrp6 single mutants embryos are susceptible for developing neural tube closure defects
(NTDs) [61, 60] and show impairments for induction of certain neuronal subtypes such as
dopaminergic neurons in the midbrain [21]. In contrast, only little is known about develop-
mental forebrain defects in Lrp4 loss-of-function mutant embryos, although LRP4 seems to be
involved in establishing synaptic intergration of the hippocampus [148]. Therefore, I intended
to shed light on potential gene interations of Lrp4 and Lrp5/6 by generating Lrp4; Lrp5 and
Lrp4; Lrp6 compound mutants to reveal functional relationships and syngergies during fore-
brain formation. In relation to already published data where it could be shown that LRP4 acts
inhibitory on LRP5/6 to modulate WNT signal transduction in non-neuronal tissue [2, 138], I
decided to concentrate my analysis on WNT-related early forebrain development at E9.5 and

E10.5 (when Lrp4 and Lrp5/6 are co-expressed).

5.2 Generation of Lrp4;Lrp5 compound mutants revealed embryonic

lethality at E10.5 and delayed closure of the anterior neuropore

It has been reported that Lrp4 loss-of-function mutation leads to perinatal lethality, because
Lrp4 is required to establish the neuromuscular synapse and thus the newborn mice cannot
breathe on their own [7, 191]. In contrast, Lrp5 loss-of-function mutants are viable and show
a rather mild phenotype merely affecting the BMD due to compensation by LRP6 [73, 87].
Interestingly, I could show that Lrp4; Lrp5 compound mutant embryos die at around E10.5
(Figure 4.4) and most Lrp4; Lrp5 compound mutants were completely apoptotic at E10.5 (Fig-
ure 4.5). A critical point in embryogenesis is the onset of fetal circulation, which emerges
between E8.5 and E9.5. Malformations of the blood vessel system or the heart of the embryo
usually lead to the degeneration of the fetus. To probe the cause of an embryonic lethal phe-
notype it is important to pinpoint the tissue in which the mutated genes are likely to have an
effect. Although, evaluation of transcript expression for Lrp4 and Lrp5 in the cardiovascular
systems was not part of my study, others showed that these genes seem to play a role in es-

tablishing the cardiovascular system. Tomita et al. could show that Lrp4 is highly expressed
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in the murine heart [179] and another study revealed that LRP4 is involved in cardiovascular
formation [209]. On the other hand, several studies linked LRP5 function with vascularization
defects in the brain and in the retina [114, 203]. Moreover, various Lrp5 mutations in humans
could be linked to different heart diseases [19, 152]. Since I could show that Lrp5 starts to
be expressed in the secondary heart field of mouse embryos, it will be worthwhile to look in
more detail into the role of LRP5 during cardiogenesis. Lrp4;Lrp5 compound mutants might
serve as the ideal model system to study the implications of LRP4 and LRP5 in murine heart
development. Interestingly, the well-known WNT inhibitors DKK1 and DKK2 play a major
role in heart formation [145] and several studies showed that LRP4 and LRP5 can bind these
inhibitors [2, 26, 188]. To identify the cause of Lrp4; Lrp5 compound mutant lethality, examin-
ing WNT-dependent involvement of LRP4 and LRP5 represents a promising endeavor. This is
of special interest, because the observed embryonic lethality for Lrp4; Lrp5 compound mutant
embryos was not seen in Lrp4; Lrp6 double mutants (Figure 4.7). Therefore, one could also
reveal distinct functions of LRP5 and LRP6 by examining the cause of Lrp4; Lrp5 compound
mutant lethality.

Another aspect that I could observe in Lrp4; Lrp5 compound mutant embryos was a delayed
neural tube closure affecting the rostral neuropore. According to Theiler stage 14 definition
(13-20 somites), the formation and closure of the anterior neuropore (ANP) occurs during the
period when 15-19 somites have already formed and in any case the folds are closed at 19
somites [159, 178]. This corresponds with my observations in wild type C57Bl/6N mouse
embryos at E9.5, where all embryos showed a completely closed ANP at 19 somites. Nei-
ther loss of LRP4 nor LRP5 alone affected the timing of neurulation and ANPs of Lrp4”/- and
Lrp5”/- embryos were closed at latest with 20 somites. However, in Lrp4; Lrp5 compound mu-
tant embryos the ANP closure was delayed and it was still not completely closed when 21-23
somites had already formed (Figure 4.6). This phenotype of deferred ANP closure in Lrp4; Lrp5
compound mutants was restricted to embryos that were dissected at E9.5. All embryos that
were examined at E10.5 displayed a fully closed ANP (Figure 4.6). Thus, one could state
that it is rather a delay of ANP closure and not a complete failure of rostral neural tube clo-
sure.Interestingly, it was reported before for Lrp6 loss-of-function mutations as well as for
gain-of-function mutated mice that show neurulation defects to a certain extent [60, 146].
Pinson and others reported that a certain percentage of Lrp6 null embryos develop an ante-
rior neural tube closure defect that will ultimately lead to an exencephalus phenotype [146].
My analysis of Lrp6 single mutants and Lrp4; Lrp6 compound mutant embryos supported this
finding and about one fifth of Lrp6 and Lrp4; Lrp6 mutant embryos had still an open neural
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tube at E10.5. Interestingly, Lrp4; Lrp6 compound mutant embryos were more prone to dis-
play an open ANP at E9.5 compared to Lrp6 single mutant embryos, whereas this was not
reflected at E10.5 (Figure 4.8). However, this has to be carefully evaluated, since Lrp4; Lrp6
compound mutant embryos also develop structural abnormalities in the neural tube, which
are discussed further in Subsection 5.4. Nevertheless, the observed ANP closure delay in
Lrp4; Lrp5 compound mutant embryos might be an intersting subject for further studies. Al-
beit, it has to be considered that the embryonic lethality phenotypse might interfere with the
analysis of Lrp4; Lrp5 compound mutants at E9.5 and conditional compound mutants would

have to be generated.

5.3 Lrp67 embryos and Lrp4;Lrp6 compound mutants have a growth
deficit

Pinson and others were the first to report the phenotype of Lrp6 loss-of-function mice and
they could show that Lrp6”/- embryos displayed a size reduction of the tailbud starting from
at E8.5 onwards [146]. Along with this axial truncation a reduction of the somite count was
reported. I could show that this somite reduction affected Lrp6/- embryos at E9.5 and E10.5.
Whereas at E9.5 there was an average loss of five somites compared to wild type littermate
control embryos, somite count reduction at E10.5 was between 10-12 somites (Figure 4.9).
The axial truncation phenotype was also present in Lrp4; Lrp6 compound mutant embryos and
no significant difference was observed compared to the somites count of Lrp6 single mutant
embryos (Figure 4.9). This axial truncation phenotype is very likely due to impaired WNT3a
binding, because Wnt3a loss-of-function mutations lead to a similar phenotype with even
broader manifestation [205]. Several studies showed that WNT3a can bind to LRP6 and it is
therefore important for WNT3a signal transduction [24, 28]. Given that Lrp4; Lrp6 compound
mutant embryos display the same axial truncation phenotype and the somite count of Lrp4
single mutants is not different to wild types, indicates that Lrp4 does not seem to play a major
role in WNT-signaling dependent somitogenesis.

A fundamental hallmark of the WNT factors is their function as growth stimulatory fac-
tors [131]. As a consequence, impaired WNT signal transduction can also lead to deficits in
tissue growth [89]. Therefore, I assessed the embryo growth of Lrp4; Lrp6 compound mutant
embryos and Lrp4 and Lrp6 single mutant embryos at E9.5 and E10.5 (Figure 4.10). Besides
the axial truncation phenotype which of course negatively affected the overall size of the em-

bryos along the longitudinal axis, I could show that Lrp67/- and Lrp4”/"; Lrp6”/- embryos at
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E9.5 and E10.5 displayed significantly reduced head dimensions (Figure 4.10). By measuring
the dorsoventral and anteroposterior length of the embryo heads of all dissected embryos at
E9.5 and E10.5, I could reveal that there is a significant reduction in head size for Lrp6”/- and
Lrp4”/-; Lrp67/-, but not for Lrp4”/- mutant embryos (Figure 4.10 B-C). This was also reflected
in the growth curves that illustrate the growth increment of the respective dimension (Figure
4.11). Whereas the growth curves of wild type and Lrp4’/ embryos display steady growth in
correlation to somite accumulation, Lrp67/- and Lrp4/~; Lrp6”/~ embryos show markedly im-
paired growth for R-C, D-V and A-P dimension (Figure 4.11). It was important to consider the
axial truncation phenotype of Lrp6 single mutants and Lrp4; Lrp6 compound mutant embryos
when comparing size measurements and growth curves. Taking this into account, I calculated
the linear regression for the growth curves and adjusted the somite count (Figure 4.12 G-H).
In doing so I could reveal that the growth deficit displayed by Lrp6”/- and Lrp4”/"; Lrp6”/~ em-
bryos is an actual growth phenotype and not only a delay in embryonic growth. This can be
documented by comparison of the linear regression values for the growth curves. A delayed
embryo growth would show the same/similar slope values for the linear regression of Lrp6~/-
and Lrp4”/-; Lrp6”/~ growth curves compared to wild type (see Subsection 4.3. However, the
slope values for all measured dimensions in Lrp6 single mutants and Lrp4; Lrp6 compound
mutant embryos are drastically reduced compared to wild type and Lrp4’/- embryos. The
concept that WNT proteins can act as growth factors and positively regulate proliferation has
been demonstrated for various tissues [10, 35, 91, 103, 118]. Disrupted WNT signal trans-
duction can therefore lead to proliferation defects that imply impaired growth of tissue and
organs. Since LRP6 is an essential component of the FZD-LRP receptor complex for WNT
proteins and it is ubiquitously expressed from E8.5 to E10.5 (Figure 4.3), it seems plausible
that loss of LRP6 leads to impaired proliferation and thus to smaller embryos at E9.5 and
E10.5. By investigating the gross morphology, I could reveal that Lrp6 single mutants and
Lrp4; Lrp6 compound mutant embryos displayed impaired growth of the head region, which
implied that the formation of the forebrain might also be affected. On the other hand, my data
did not reveal obvious differences in the gross morphology of Lrp6/- mutants and Lrp4; Lrp6

compound embryos, which prompted me to depict potential differences on a histological level.
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5.4 Lrp4;Lrp6 compound mutant embryos develop neuroepithelial ex-

crescences

My observations revealed that Lrp4; Lrp6 compound mutant embryos showed growth deficits
at £E9.5 and E10.5 to the same extent as Lrp6 single mutant embryos (Figure 4.12). This af-
fected the embryo length (R-C dimension) as well as the overall dimension of the embryo head
(A-P and D-V dimension). Since it was my purpose to study implications of LRP4 on LRP5/6
during forebrain formation, a reduced head size was the first evident indication that telen-
cephalic development could be affected in Lrp67/~ and Lrp4”/; Lrp6/~ embryos. Consequently,
I examined the proliferation rate with MPM-2 immunostaining as a mitosis-specific marker
[175] on forebrain sections of E9.5 embryos (Figure 4.14+4.15). I could show that Lrp67/-
embryos have a significantly reduced rate of actively proliferating progenitor cells within the
neuroepithelium of the prospective forebrain (Figure 4.15 C). This is in line with already pub-
lished data from Gray and others that showed a reduced rate of phospho-Histone H3 (another
M-Phase marker) positive neural progenitors in the neuroepithelium of Lrp6~/- embryos at
E9.0 [60]. Remarkably, I could show that Lrp4; Lrp6 compound mutant embryos develop
bulges of neural progenitor cells (referred to as neuroepithelial excrescences) that occur as
locally restricted protuberances of the neuroepithelium (Figure 4.14 G+H). These tumor-like
structures within the neuroepithelium were exclusively observed in Lrp4; Lrp6 compound mu-
tant embryos, neither Lrp4 /- nor Lrp6~”/- showed comparable malformations. The progenitor
cells within the neuroepithelial excrescences displayed an increased rate of proliferation com-
pared to non-affected neuroepithelial regions, leading to an assymmetric appearance of the
neural tube (Figure 4.15). Similiar assymmetrical structural defects of the neural tube have
been reported by Draganova and others, where they could show that aberrant g-catenin sig-
naling led to local increase of neural progenitors in the developing cortex [38, 90]. Yet another
study reported a similiar phenotype caused by disuption of Tulp3, a protein involved in Shh
pathway inhibition [80].

As a consequence of the localized thickening of the neuroepithelium the cellular organi-
zation as a pseudostratified columnar epithelium was disrupted - [79, 199]. Occasionally,
ectopic invaginations could be observed within the neuroepithelial excrescences and the cell
density seemed to be increased (Figure 4.19 and Figure 4.20). On the other hand, the over-
all proliferation rate of Lrp4; Lrp6 compound mutants excluding the neuroepithelial excres-
cences was not significantly higher compared to the proliferation rate of Lrp6”/- NPCs (Figure

4.15 E). Given the fact that increased proliferation of neural progenitor cells led to a prema-
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turely thickening of the neuroepithelium, the primary question was whether the cells undergo
symmetric division (proliferative division) or that they already turn neurogenic (asymmetric
division) - [58, 74]. To test this, I compared immunostainings of neural progenitor marker
SOX-2 [69] with immunostainings of Vimentin as a marker for gliogenesis [185] and TUJ-
1 (see Subsection 3.1.6), which appears in newly generated immature postmitotic neurons
(Figure 4.18+4.20). I could show that at E9.5 the cells within the neuroepithelial excres-
cences were primarily positive for SOX-2. This implies that the increased proliferation does
not lead to a prematurely asymmetric cell division as it naturally occurs at E10.0/E10.5 in
the prospective forebrain [20]. While the proliferating NPCs at E9.5 mainly divided symmet-
rically, I could detect one exception where a cluster of Vimentin positive cells appeared in a
neuroepithelial excrescence (Figure 4.18). At E10.5, when asymmetric cell division starts to
occur in the murine forebrain and NPCs undergo neurogenic division, I could show that post-
mitotic cells (TUJ-1 positive) could be detected in neuroepithelial excrescences although they
did not migrate to the basal side, which might also be a secondary effect of the excrescences

formation as ectopic structures (Figure 4.17).

Neuroepithelial excrescences lead to disruption of cellular organization

Wild type (coronal section at E9.5) Lrp4;Lrp6 compound mutant embryos

Lrp4 mRNA

Pseudostratified Neuroepithelium Neuroepithelial Excrescences

Figure 5.1: Schematic of neuroepithelial excrescences leading to disruption of the cel-
lular organisation in the pseudostratifed NE

This schematic shows a coronal section of the forebrain at E9.5 (left side) with Lrp4 expression
highlighted in red. On the right side, a section of an Lrp4;Lrp6 compound mutant embryo
is illustrated. Neuroepithelial excrescences always appeared in the regions where Lrp4 was
expressed. Insets: On the left side a schematic of the pseudostratified NE structure is shown
with NPCs spanning from the apical to basal side of the NE. On the right side the disorganized
celluar alignment within an excrescence is depicted. The cells are no longer capable of spanning
the whole apical-basal distance of the NE.
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When examining phenotypes that affect proliferation, it is also advisable to consider im-
plications on cell survival and apoptosis. Especially, since various studies reported that the
WNT pathway is tightly linked to regulation of proliferation, cell survival and apoptosis dur-
ing development of many tissues [10, 11, 23, 143]. Pharmacological studies found evidence
that LRP6 is crucial for cell survival and inhibition of LRP6 leads to apoptosis and impaired
proliferation [10, 103, 113]. Keeping this in mind, I performed immunostainings for apoptosis
factor cleaved-Caspase-3 and TUNEL assays to examine whether cell survival and apopto-
sis was affected in Lrp6~/- and Lrp4”/~; Lrp6”/~ embryos. I could consistently detect patches of
apoptotic cells within the neuroepithelium of Lrp6 single mutant embryos and Lrp4; Lrp6 com-
pound mutants at E9.5 (Figure 4.16). This is in contrast with findings of Gray and others who
investigated LRP6 loss-of-function and gain-of-function embryos at E9.0 [60]. One potential
explanation could be the different mouse strains on which the mutations were maintained.
Gray and others used A-strain and C3H/HedJ mice for their studies, whereas I kept my mouse
models exclusively on a C57Bl/6N background. However, my results could deliver evidence
that LRP4 in combination with LRP6 is required to maintain the balance of proliferation and

cell survival in the neuroepithelium of E9.5 embryos [60].

5.5 WNT pathway is affected in Lrp6 single mutants and Lrp4;Lrp6

compound mutant embryos but not in Lrp4”

To prove the assumption that in Lrp6 single mutants WNT signal transduction is affected
in the developing forebrain and further to find evidence that Lrp4; Lrp6 compound mutant
embryos might display a divergent WNT target gene expression, I performed in situ hybridiza-
tion experiments. Moreover, I intended to analyze other major pathways that are involved
in formation of the telencephalon (Subsection 1.1.1). For this, I conducted ISH experiments
of the appropriate morphogens and their corresponding gene targets (Subsection 4.5). My
results show that neither BMP signaling nor SHH signaling pathway was affected on the
level of morphogen expression and activation of respective target gene expression (Subsec-
tion 4.5.1+4.5.2). Unfortunately, I had not enough samples of Lrp4; Lrp6 compound mutant
embryos to include sufficient number of sections into the ISH analysis addressing BMP and
SHH signaling pathway gene expression. However, my study was focused to address the
question to what extent LRP4 contributes to WNT-LRP mediated WNT signal transduction.
And since the observed phenotype of developing neuroepithelial excrescences in Lrp4; Lrp6

compound mutant embryos could likely be linked to the effect of WNT factors, which act as
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growth factors [131] , I concentrated on the transcript expression analysis of WNT signaling
components (Subsection 4.5.4). I could show that Wntl and Wnt3a expressing domains were
present in the dorsal midline of Lrp6 single mutant forebrains (Figure 4.5.3), this was es-
sential to verify since Pinson and others reported that Wnt3a expression in the tail of Lrp6
loss-of-function mutants is lost [146]. However, since it was shown that LRP6 plays a role in
WNT signal transduction, it was critical to examine WNT downstream target gene expression
in the prospective forebrain of Lrp6”/- and Lrp4”/-; Lrp6~/- embryos. I could show that loss of
LRP6 leads to a markedly reduced expression of WNT downstream targets Lef1 [45, 77] and
Axin2 [84, 115] in neuroepithelial cells of the prospective forebrain. Thus, my results deliver
supporting evidence that LRP6 is essential for proper WNT signal transduction in NPCs during
forebrain development. Conversely, my results deliver evidence that in the neuroepithelium
of Lrp4; Lrp6 compound mutant embryos expression of WNT downstream target genes Lefl
and Axin2 was partially restored (Figure 4.5.4). In dorsolateral regions of the prospective fore-
brain, where Lrp4 is normally expressed transcripts of Lefl and Axin2 could be detected and
clearly exceeded the expression levels of Lrp6/~ embryos (Figure 4.5.4). Interestingly, Lrp4~/-
embryos seem to express Axin2 and Lefl to same extent as wild type littermate control em-
bryos. Although, staining intensity of ISH sometimes appeared a bit stronger in Lrp4 single
mutant embryos (more quantitative methods would be necessary to validate this impression)
- (Figure 4.5.4). After all, I found evidence that additional loss of LRP4 on a Lrp6 loss-of-
function background leads to a partial compensation of reduced WNT target gene expression

in the neuroepithelium of the developing forebrain.

5.6 Further evidence that WNT readout is reduced in Lrp6”/ and to some
extent compensated in Lrp4”/; Lrp6’/ neuroepithelium of the prospec-

tive forebrain

To find further evidence that Lrp6 single mutants show a reduction of WNT downstream tar-
gets and Lrp4; Lrp6 compound mutants might transduce WNT signaling more effciently in the
developing forebrain, I additionally performed immunostainings for cyclin D1 and PAX6. On
the one hand, it was reported that cyclin D1 expression is initiated upon g-catenin accu-
mulation in the nucleus [176] and activated by direct WNT target LEF1 transcription factor
which can bind to the promoter region of cyclin D1 [162]. On the other hand, cyclin D1 is
well-known for its function as a regulator of proliferation and was shown to be increasingly

expressed in proliferating tissues [130, 149, 169]. Therefore, cyclin D1 represented an ade-
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quate read-out to first examine WNT target gene activation and second to study proliferative
capacity of NPCs in the neuroepithelium of Lrp6~/- and Lrp4”/-; Lrp6”/~ embryos. I could show
that cyclin D1 expression was massively downregulated in the neuroepithelium of Lrp6 single
mutant embryos at E9.5. As depicted in Figure 4.26-C the dorsal region of the forebrain is
almost void of cyclin D1 positive NPCs and further the neuroepithelium appears to be thinner
than in wild type littermate embryos. In a variety of Lrp6~/~ embryos at E9.5, I observed this
phenomenon which could be a secondary effect of the reduced proliferation rate of NPCs (Fig-
ure 4.27). I observed higher expression levels of cyclin D1 in dorsal regions of the forebrain
at E9.5 in Lrp4; Lrp6 compound mutant embryos (Figure 4.27). Moreover, the neuroepithe-
lial excrescences of Lrp4”/"; Lrp6/~ embryos were also positive for cylclin D1 immunostaining.
This might be an indication that higher levels of cyclin D1 could contribute to the imbalanced
regulation of NPC proliferation and ultimately facilitating the emergence of excrescences in the
neuroepithelium of Lrp4~/; Lrp67/~ embryos (Figure 4.27). However, the analysis of E10.5 Lrp6
single mutants and Lrp4; Lrp6 compound embryos revealed that cyclin D1 was still expressed
in neuroepithelial excrescences, but cyclin D1 levels of Lrp6”/~ embryos in the prospective
forebrain were no longer dramatically reduced compared to wild type or Lrp4”/- littermate
control embryos (Figure 4.28). The cause of the observed differences in cyclin D1 levels in
the neuroepithelium of Lrp6 single mutant embryos at E9.5 and E10.5 remain to be eluci-
dated. However, I could deliver supporting evidence that another WNT downstream target is
differentially expressed in the developing forebrain of Lrp6~/- and Lrp4”/~; Lrp6~/~ embryos.
PAX®6 is a transcription factor that is also tightly linked to the regulation of proliferation
and cell cycle progression and was reported to play a prominent role in balancing proliferation
and differentiation in NPCs [41, 186, 190, 210]. Recent publications also suggested PAX6 as
a bona fida WNT/ 3-catenin downstream target, but it is not yet reliably proved to act in such
manner [53, 200]. Nonetheless, I included immunostaining of PAX6 to my E9.5 Lrp6”/- and
Lrp4/; Lrp67/- forebrain analysis. I found that in the dorsal neuroepithelium of Lrp6 single
mutant embryos immunostaining of PAX6 consistently appeared stronger compared to litter-
mate control embryos (Figure 4.30+4.31). Gray and other reported in their studies that on a
transcriptional level Pax6 was expressed in a broader domain of the neuroepithelium of E9.0
embryos [60]. In contrast, this elevated PAX6 immunostaining was not reflected in Lrp4; Lrp6
compound mutant embryos (Figure 4.31). Considering PAX6 as target of WNT signal trans-
duction would be in contradiction with the findings that WNT target genes were less active
in Lrp67/- NPCs (Subsection 5.5). Regarding proliferation regulation of PAX6, several studies
could show that high PAX6 levels have a negative effect on proliferation. Mi et al. and Du-
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parc et al. revealed that loss of PAX6 increases proliferation of neural progenitors and that
overexpression of Pax6 leads to repression of cellular proliferation respectively [41, 125, 190].
This would be in line with my findings that Lrp67/- embryos have elevated PAX6 levels and
show decreased proliferation of NPC in the neuroepithelium. On the other hand, PAX6 lev-
els appeared to be less in Lrp4; Lrp6 compound mutants, when compared to Lrp6”/~ embryos
(Figure 4.31). The fact that neuroepithelial excrescences admittedly contained PAX6 positive
NPCs but showed lower staining intensity than Lrp6~/- samples, could represent a connection
to the observed hyperproliferation within the neuroepithelial excrescences.

One of the best read-outs for active WNT signaling and proper WNT signal transduction is
the distribution of -catenin (Subsection 1.3.2). Translocation of S-catenin into the nucleus
indicates active WNT signaling. Unfortunately, immunostainings with §-catenin antibodies
on embryo sections do not depict precise localization of §-catenin on a cellular level (Fig-
ure 4.17). Nonetheless, I found indirect evidence that WNT signal transduction in the fore-
brain of Lrp6 single mutants and Lrp4; Lrp6 compound mutants is affected and thus intra-
cellular g-catenin levels are changed. Further evidence for the activation of WNT downstream
targets were found by examining Gfp expression of the TCF/Lef:H2B-GFP reporter strain (Sub-
section 3.3.5). Thus, I could monitor Tc¢f/Lef promoter activity downstream of WNT/ 3-catenin
in Lrp6 single mutants and Lrp4; Lrp6 compound mutant embryos (Figure 4.32). My results on
TCF/Lef:H2B-GFP reporter activity in the neuroepithelium of the developing forebrain revealed
that the number of WNT responsive NPCs in Lrp6”/- embryos is greatly reduced, whereas in
Lrp4; Lrp6 compound mutant embryos I could detect many dorsolareally located GFP-positive
NPCs in the prospective forebrain (Figure 4.32). Thus, I could deliver further evidence that
WNT signals are more efficiently transduced in dorsal NPCs of Lrp4”/~; Lrp6~/~ E9.5 embryos

compared to a markedly reduced WNT signal transduction in Lrp6 single mutants.

5.7 WNT3a uptake of Lrp6 single mutant embryos is markedly reduced,
whereas WNT3a binding reduction seems to be reversed in Lrp4; Lrp6
compound mutants

Various WNT proteins are expressed in the prospective forebrain at E9.5 [66, 142]. Whereas

WNT1 and WNT3a are expressed in the dorsal midline, which is a rather restricted domain

(Figure 4.23), other WNT proteins - such as WNT7a and Wnt7b - show broader domains of

expression in the developing forebrain [75, 142, 150]. Furthermore, distinct WNT factors

seem to play diverse roles during formation of the central nervous system. For instance,
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Megason and others could show that WNT1 and WNT3a have a mitogenic effect on neural
precursor cells, whereas other WNT proteins (e.g. WNT3, WNT4, WNT7a, WNT7b) do not
affect proliferation of NPCs [124]. It has been shown that WNT1 and WNT3a are tightly linked
to proliferative activity of neural progenitor cells [85, 141, 160]. Initially, loss-of-function
experiments revealed that major parts of the brain were not forming in mice that were deficient
for Wntl and Wnt3a [105, 123]. Wntl/Wnt3a compound mutants display even additional
reduction of brain mass, showing that WNT1 and WNT3a - even though their expression
domains overlap (see also Figure 4.23) - have a synergistic effect on proliferative activity in
the developing brain [81]. On the other hand, artificially increased levels of WNT1 and WNT3a
cause ectopic proliferation of progenitor cells [52, 141].

To prove whether the observed proliferation phenotype in Lrp6~7/- and Lrp4”/"; Lrp6”/~ em-
bryos (Subsection 4.4.1+4.4.2) can be linked to WNT1 or WNT3a signaling, I performed ex
vivo uptake experiments (Subsection 4.7). Unfortunately, I could not establish uptake exper-
iments with murine WNT1, since either the recombinant ligand could not be labeled or the
embryos did not bind labeled WNT1 (data not shown). For that reason, I had to concentrate on
uptake experiments with labeled WNT3a (Subsection 4.7.1). On the other hand, it has been
reported that the extracellular domain of LRP6 contains binding sites for WNT3a [12, 28].
WNT3a also seemed to be a promising candidate for causing the observed proliferation de-
fects in Lrp6~/- and Lrp4”’/-; Lrp6”/- embryos. Various studies delivered lines of evidence that
WNT3a is a potent activator of proliferation [34, 67, 85, 160, 189]. With my ex vivo uptake
experiments, I could show for the first time that WNT3a binding and uptake is significantly
reduced in Lrp6 single mutant embryos (Subsection 4.7.1). This delivers strong evidence that
defective WNT3a signal transduction could be the cause for the observed reduction in pro-
liferation activity in the neuroepithelium of Lrp6 single mutants at E9.5 (Subsection 4.7.2).
In contrast, one would expect the exact opposite namely elevated WNT3a levels to explain
the observed hyperproliferative areas in the neuroepithelium of Lrp4; Lrp6 compound mutant
embryos (Subsection 4.7.2). Although, I could analyze only one Lrp4; Lrp6 compound mutant
embryo at E9.5 in a WNT3a uptake assay so far. This Lrp4/~; Lrp6~/~ embryo showed indeed a
strikingly increased binding and uptake of fluorophore-labeled WNT3a compared to Lrp6 sin-
gle mutants. Especially, in the regions of the neuroepithelium that displayed excrescences,
the number of internalized WNT3a-A488 positive vesicles was increased (Figure 4.35). Never-
theless, further uptake experiments with Lrp4; Lrp6 compound mutants are required to verify
that elevated WNT3a levels are causative for the observed neuroepithelial excrescences.

So far, this leads to the presumption that in absence of LRP6, WNT3a binding is dramat-
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ically impaired. But when both LRP6 and LRP4 are missing, impairment of WNT3a binding
is reversed (reflecting my observations of WNT downstream target activation in Lrp6/- and
Lrp4”/-; Lrp6”/- embryos - described in Subsection 4.5+4.6. This would require two inferences:
First, LRP4 needs to have an inhibitory effect on WNT3a binding and signaling (either direct
or indirect). This would be in line with the proposed function of LRP4 in WNT-dependent
signal transduction models for other tissues [3, 137] - see also Subsection 1.3.4. Secondly,
another receptor besides LRP6 (likely LRP5) would be capable of transducing (though to a
limited extent) WNT3a signals, but it is repressed from binding WNT3a in presence of LRP4.
Other studies correlated altered WNT3a signal transduction to malformations and disor-
ganization in neural tissue. For instance, Munji and others could show that ectopic WNT3a
expression in embryonic cortical tissue leads to increased proliferation of NPCs, formation
of ectopic neural bulges (referred to as nodules) and tissue dysplasia [128]. Megason and
others could reveal by electroporation experiments in chick embryos that WNT3a overexpres-
sion causes markedly increased NPC proliferation, which ultimately leads to ectopic invagina-
tions of the neural tube [124]. Thus, the observed growth-related phenotypes in Lrp6”/~ and
Lrp4/; Lrp67/- embryos, including formation of neuroepithelial excrescences and ectopic in-

vaginations might be a direct or indirect consequence of modified WNT3a signal transduction.

5.8 Summary and hypothetical models for WNT pathway regulation in

the neuroepithelium during early embryonic forebrain development

My results deliver lines of evidence that LRP4 and LRP6 are essential for keeping the bal-
ance of proliferation and cell survival in neuroepithelial progenitor cells during critical stages
of embryonic forebrain development. Impaired WNT signal transduction accompanied by re-
duced proliferative activity of NPCs in the neuroepithelium of Lrp6/- embryos shows that
LRP6 is essential to transduce WNT signals in neural precursor cells in the prospective fore-
brain. Further, I could show that binding of WNT3a is significantly reduced in Lrp6/-embryos
and that the impaired WNT3a binding capacity might lead to the observed reduction of mi-
togenic activity in NPC in the prospective forebrain. This is supported by the finding that
in the neuroepithelium of Lrp4; Lrp6 compound mutant embryos the WNT downstream tar-
gets are expressed at higher levels compared to Lrp6~/- embryos, which is associated with the
appearance of ectopic NPC proliferation leading to the formation of neuroepithelial excres-
cences. These findings suggest that LRP4 has an inhibitory effect on WNT signal transduction

in the developing forebrain. In Lrp4; Lrp6 compound mutants, when LRP4 function is lost on
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a Lrp6~/- background the inhibitory effect on the FZD-LRP receptor complex is relieved and
WNT signals are more effectively transduced compared to Lrp6/~ embryos where the LRP4
inhibition is present. It remains to be elucidated whether the inhibitory effect of LRP4 on
WNT signal transduction during forebrain formation is of a direct nature or in combination
with other WNT inhibiting factors. Ahn and others reported on multiple modes of WNT -related
modulation by LRP4 and inhibition in interplay with WNT antagonist WISE or SOSTDC1 in
non-neural tissue [3, 4]. Since WISE is not expressed in the neuroepithelium early but can
be detected at later stages (E13.5) in the brain [32], the inhibition of LRP4 in early forebrain
development might be in interaction with a different WNT antagonist — referred to as WNT

inhibiting facor X.

Loss of LRP5 Loss of LRP4
WNT-3a WNT-3a
LRP4 LRP6 130 LRP5/6
WW WNT-3a
LRR4 Winh.X

Frizzled 9( Frizzled

\ !

DVL DVL
- modulation of LRP6-FZD present - modulation of LRP-FZD still present
- WNT target genes expressed - WNT target genes expressed

Figure 5.2: Schematics for LRP-FZD modulation: WNT downstream target activation in
the prospective forebrain of LRP5 and LRP4 loss-of-function mutant embryos

(Loss of LRP5) In absence of LRP5, LRP6 can fully compensate the loss of LRP5 function in the
developing forebrain. Therefore, this schematic also represents the wild type situation. LRP4
modulates the WNT signal transduction in interplay with WNT inhibitor X (WInh.X) by inhibiting
WNT3a binding to the LRP-FZD receptor complex. (Loss of LRP4) In absence of LRP4, WNT
inhibitor X can still bind to the LRP-FZD receptor complex (at least to a certain extent) so that
expression of WNT downstream targets is not affected.

My findings contribute to lay the foundation of a model how LRP4 can modulate WNT signal
transduction in a LRP5/6 dependent manner during early forebrain development. However,
further experiments need to be performed to establish a profound model of how LRP4 is acting
on the efficiency of signal transduction by the FZD-LRP receptor complex. Nevertheless, I want
to illustrate my findings in hypothetical models to propose theoretical support to understand
the observed phenotypes of the different mouse models that I analyzed.

Assuming LRP4 acts in an inhibitory fashion in interplay with another WNT antagonist

during early forebrain development to modulate LRP-FZD function, could lead to the following
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hypothetical models (following the proposed model from Ahn et al. [3, 4]. LRP4 with WNT
inhibitor X acts in a modulatory manner on the WNT binding capacity of LRP5/6 and thus
acting on the WNT signal transduction efficiency (illustrated in Figure 5.2). Loss of LRP5 does
not lead to significant changes in this model, because LRP6 can fully compensate. Since I
could not quantify any changes of WNT downstream target expression in Lrp4 single mutant
embryos (perhaps more quantitative analyzing methods could potentially reveal differences in
WNT target gene activation of Lrp4 single mutants compared to wild types) , I would propose
that in absence of LRP4 the WNT inhibiting factor X alone can still (at least to a certain extent)
bind to the LRP-FZD complex and thus modulate WNT readout — WNT downstream target
expression is not different compared to wild type embryos (Figure 5.2). In contrast, WNT
downstream target expression is greatly reduced when LRP6 function is lost. LRP5 cannot
fully compensate for the loss of LRP6 and on top of that LRP4 with WNT inhibitor X represses
WNT binding capacity of LRP5 leading to a markedly decreased WNT signal transduction
(Figure 5.3). In Lrp4; Lrp6 compound mutants, LRP4 can no longer present WNT inhibitor
factor X to LRP5 and without LRP6 being present, WNT inhibiting factor X cannot bind to
LRP5 effectively. Therefore, WNT binding capacity of LRP5 is greater when LRP4+LRP6 are
absent compared to absence of LRP6 alone, leading to elevated expression levels of WNT

downstream targets (compared to the situation in Lrp6 single mutant embryos).

Loss of LRP6 Loss of LRP4 and LRP6
WNT-3a WNT-3a
LRP4 LRP5 LRP5
L Winh.X
e @Dy

Frizzled LMS Frizzled

! !

DVL DVL
- modulation of LRP5-FZD is strong - modulation of LRP5-FZD inefficient
- WNT target genes reduced - partial WNT target activation

Figure 5.3: Schematics for LRP-FZD modulation: WNT downstream target activation in
the prospective forebrain of LRP6 single mutants and LRP4; LRP6 compound mutant
embryos

(Loss of LRP6) When LRP6 function is lost, LRP5 cannot fully compensate and binding of
WNT3a is impaired which leads to great reduction of WNT target gene expression. In addition,
LRP4 inhibition in interplay with WNT inhibiting factor X acts on the LRP5-FZD complex. WNT
signal transduction is markedly reduced. (Loss of LRP4; LRP6) In Lrp4;6 compound mutants,
LRP4 can no longer present WNT inhibitor X to the LRP-FZD complex and LRP5 binding of Winh.X
is too weak to have an inhibiting effect on binding of WNT3a. Therefore, WNT downstream
targets are expressed to a higher extent compared to LRP6 loss-of-function situation.
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Although these models still need to be verified (or refined) by further experiments, they can
deliver a theoretical attempt to explain the observed phenotypes in the neuroepithelium of the
analyzed mouse models during early forebrain development. In the next section, I critically

assess the findings and propose further experiments to support my data.

5.9 Critical assessment of the results and future perspectives

My findings deliver clear indications that LRP4 is implicated in WNT signaling transduction
and regulation of NPC proliferation during early forebrain development. However, it is not
conclusive why Lrp4 loss-of-function mutant embryos do not reveal increased levels of WNT
downstream targets, when LPR4 has an inhibitory function on the LRP-FZD receptor com-
plex. On the one hand, there might be slightly higher levels of downstream targets in Lrp4~/
embryos, but the methods (i.e. IHC and ISH) that were used in my study might be not precise
enough to detect these differences compared to wild type embryos. This could be tested with
more quantitative methods such as protein immunoblots or by real-time PCR. On the other
hand, lack of LRP4 could be compensated (as suggested in Figure 5.3 ) by sufficient binding
of WNT antagonists to LRP5/6, but not to LRP5 alone. However, there are slight indications in
my results that loss of LRP4 alone could lead to changes in WNT downstream target expres-
sion. In Figure 4.25-C+c’, the Lefl expressing domain in Lrp4 mutants appears to extend into
the roof plate, whereas it is void of Lef] in the wild type (Figure 4.25-A+a’). A similar effect
can be seen Figure 4.32-C, the Lrp4”/~ embryo appears to have a little more GFP-positive cells
in the dorsal domain compared to the wild type (Figure 4.32-A). Nonetheless, these are just
hints that Lrp4 /- embryos could have slightly increased WNT target gene activation in the
forebrain and further experiments that are more sensitive (quantitative) to reveal even slight
differences are required.

Another aspect that remains unresolved is the observation that hyperproliferation in Lrp4; Lrp6
compound mutant embryos does not affect all sites of the neuroepithelium where Lrp4 is nat-
urally expressed. Instead, neuroepithelial excrescences appear locally restricted in an unpre-
dictable manner. As already mentioned, I could neither detect neuroepithelial excrescences in
Lrp4”/- nor Lrp6 single mutant embryos. However, I observed a high variability in manifesta-
tion of the phenotype affecting forebrain morphology in Lrp6 single mutant embryos — this was
also reported by Gray and others [60]. This might also explain why the Lrp4; Lrp6 compound
mutant phenotype appears in different ways including discrete appearance of neuroepithelial

excrescences within the neuroepithelium.
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A general limitation to the progress of my studies was the low rate of generating Lrp4; Lrp6
compound mutant embryos. Certainly, in vivo experiments are advantageous compared to ex
vivo or in vitro assays in regard of natural physiological/environmental conditions. However,
to further investigate the modulatory role of LRP4 on the LRP-FZD receptor complex in NPCs,
it might be beneficial to establish an in vitro system to recapitulate the observed proliferation
phenotypes and WNT transduction modulation. Another possibility to increase the number
of LRP4; LRP6 deficient embryos could be the pharmacological inactivation of LRP6 in E8.5
or E9.5 Lrp4”’/- embryos ex vivo — several agents to inactivate LRP6 function are reported
[10, 104, 113].

In summary, my results lay a profound basis of in vivo observations that reveal the impli-
cations of LRP4 and LRP6 in transducing WNT signals and regulating proliferation in NPCs
during early forebrain development. However, to fully understand the mechanism how LRP4
modulates the LRP-FZD complex in respect of WNT binding and transduction capacity in the

developing telencephalon further experiments are required.
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