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1. Introduction

1. Introduction

1.1 Neural Induction

In Xenopus, the majority of neurons are born in two main waves. In the
first wave, called primary neurogenesis, the early nervous system required for
movements and responses of the larvae is established (Hartenstein, 1989). In the
second wave, which begins at the onset of metamorphosis, the majority of
primary neurons are replaced with secondary neurons to generate the nervous
system of the adult animal (Wullimann et al., 2005). The molecular mechanisms
of both phases of neurogenesis may be conserved, as genes involved in the
process of primary neurogenesis are also active during secondary neurogenesis

(Wullimann et al., 2005).

During gastrulation, the dorsal ectoderm acquires the competence for a
neural fate in a process called neural induction. Cells of the dorsal ectoderm
receive inducing signals from the mesoderm and adopt a neural fate at the
expense of an epidermal fate (De Robertis and Kuroda, 2004). Prior to the onset
of gastrulation at blastula stages the combined activity of two signaling centers
predisposes the prospective neuroectoderm to neural induction (Kuroda et al.,
2004) (Figure 1). One is the blastula Chordin and Noggin expressing centre
(BCNE), which is located in dorsal animal cells and expresses the BMP
antagonists Chordin and Noggin, as well as Xnr3 and the homeobox gene Siamois
(Kuroda et al., 2004). The other is the Nieuwkoop center, which is localized in
dorsal vegetal cells and expresses Cerberus, an inhibitor of Wnt, BMP and Nodal
signaling (Piccolo et al., 1999) and the Nodal-related endomesodermal inducers
Xnrl, Xnr2, Xnr4, Xnr5 and Xnr6 that induce the Spemann organizer in overlying
mesodermal cells (Nieuwkoop, 1969; Agius et al., 2000; Takahashi et al., 2000;
Shivdasani, 2002; Kimelman, 2006).



1. Introduction

BCNE anterior
center CNS

anterior -
endoderm _

Nieuwkoop h\ Spemann
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blastula gastrula
Figure 1: Organizing centers during neural induction. During gastrula stages, the Nieuwkoop
center is found in the dorsal vegetal region while the blastula Chordin/Noggin expressing cells
(BCNE) are located in the animal region. Both centers induce the Spemann organizer during

gastrula stages and give rise to the anterior-most endoderm or the ectodermal anterior CNS,
respectively (after Kuroda et al., 2004, modified).

During gastrulation, the Spemann organizer expresses and secretes
several organizer-specific proteins such as the Wnt inhibitors Frzb-1, Dickkopf-1,
Crescent (Leyns et al., 1997; Glinka et al., 1998; Pera et al., 2000; Piccolo et al.,
1999), the TGF/Nodal inhibitors Lefty and Antivin (Meno et al., 1996; Thisse et
al., 1999), the BMP antagonists Chordin, Noggin and Follistatin (Piccolo et al,
1996; Zimmerman et al., 1996; lemura et al., 1998) and Cerberus, which inhibits

Nodal, Wnt and BMP signals (Piccolo et al., 1999) (Figure 2).

Frzb-1 Chordin
Dickkopf-1 Noggin Lefty/
Crescent Cerberus Follistatin Antivin
Wnts Xwnt-8 Xnrs BMPs BMPs TGF-B/Nedal

receptor

Figure 2: Overview of excreted signaling inhibitors expressed by the Spemann organizer and
the pathways inhibited. The secreted factors of the Spemann organizer antagonize an epidermal
fate in ectodermal cells and therefore enable a neural induction of the ectoderm (De Robertis et
al., 2000).

The Spemann organizer is not a homogeneous structure and can be
separated in three subregions that possess different inducing potentials: the
head organizer, the trunk/tail organizer and the deep yolky endoderm (Spemann

and Mangold, 1921; Spemann, 1931; Nieuwkoop et al., 1952; Saxen et al., 1962;
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Gerhart, 2001). With the onset of gastrulation, the first tissue to invaginate
through the early blastopore lip contains cells of the vegetal marginal zone
(ventral band), which form the yolky endoderm subregion of the organizer (Sasai
et al., 1995). These cells express Dickkopf and Cerberus and induce the most
anterior neural structures and the cement gland. The head organizer originates
in the ventral marginal zone and gives rise to mesodermal tissue of the organizer
(Harland and Gerhardt, 1997; Kodjabachian, 1998). The head organizer expresses
anti-BMPs, such as Chordin, Noggin and Follistatin, as well as the Wnt-inhibitor
Frzb-1 and Crescent, and induces the anterior neural plate that will give rise to
the forebrain and midbrain. The trunk/tail organizer originates in the dorsal band
of the marginal zone (Gerhardt, 2001) and induces the posterior neural plate
through Chordin, Noggin and Follistatin expression. FGF signaling was also found
to be essential for establishment and maintenance of the trunk/tail organizer

(Mitchel and Sheets, 2001; Delaune et al., 2005; Fletcher and Harland, 2008).

For the induction of a neural fate in the ectoderm, bone morphogenetic
protein (BMP) signaling levels have to be lowered, as BMPs induces genes like
the zinc-finger transcription factor GATA-1 drive ectodermal tissue to an
epidermal fate (Shibata et al., 1998; Gawantka et al., 1995). The secreted BMP
antagonists expressed by the Spemann organizer inhibit BMP signaling by
binding BMPs and preventing their interaction with BMP-receptors (Chordin and
Noggin) or by blocking activation of the receptor (Follistatin). Another inhibitor
of BMP signaling is Derriere (or GDF3), which like BMP belongs to the TGF-R
family of ligands (Levine at al., 2006; Levine et al., 2009), and is expressed
already before gastrulation in the BCNE. However, BMP inhibition alone is not
sufficient to induce a neural fate in the ectoderm; it has been shown that low
levels of FGF signaling are also required (Delaune et al., 2005). FGF inhibits BMP
signaling by downregulating the activity of Smads, intracellular transducers of
the BMP pathway via the Ras/MAPK pathway (Pera et al., 2003; Kuroda et al.,
2005). Although an inhibition of BMP is sufficient to induce early neural markers
like Zic1, FGF4 activity was found to be essential for the induction of early neural
genes like Zic3 and FoxD5a that were not induced by BMP inhibition alone

(Marchal et al., 2009). Recently, the necessity of simultaneous BMP inhibition
3
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and FGF signals for stable induction of neural genes was demonstrated. FGF
activation could induce the neural markers Sox2 and Sox3 in Xenopus ectodermal
explants, but BMP signals were able to revert the tissue to an epidermal fate
(Wills et al., 2010). In addition to BMP inhibition and FGF signaling, inhibition of
Whnt signaling is needed to allow the establishment of the neural ectoderm. Wnt
inhibition strongly increases the neuroectoderm size and activation of the
canonical Wnt pathway impairs the expression of neural markers (Heeg-Truesdell

etal., 2006).

1.2 Neuroectoderm maturation

The process of neural induction results in the expression of a large
number of genes that coordinately promote a neural fate, limit the size of the
neural plate and regulate the onset of neuronal differentiation (Sasai et al., 1996;
Moody et al., 2002). Although the transcriptional regulation of most panneural
genes has not been characterized to date, FGF4-mediated calcium influxes via
DHP-sensitive Ca* channels in the cells of the presumptive neural ectoderm were
shown to be essential and sufficient for the induction of early neural genes

(Moreau et al., 2008; Lee et al., 2009) (Figure 3).

l |

CaZ*signaling

}

Neural gene expression

] ! v | Ectoderm

Neuroectoderm

Epidermis

Figure 3: Neural Induction. Absence of BMP signaling together with low levels of FGF signaling
lead to a calcium dependent induction of neural genes in the ectoderm. High levels of BMP
inhibit a neural fate and promote an epidermal fate.
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The genes induced during neural induction include the forkhead
transcription factor FoxD5 (Solter et al., 1999), coiled-coil domain containing
DNA replication inhibitor Geminin (Kroll et al., 1998), the HMG-box genes Sox2,
Sox3, SoxD and Sox11 (Uwanogho et al., 1995; Mizuseki et al., 1998a; Kishi et al.,
2000; Wegner and Stolt, 2005; Dee et al., 2008), the zinc finger transcription
factors Zic1, Zic2 and Zic3 (Nakata et al., 1997; Brewster et al., 1998; Mizuseki et
al., 1998b) and the Iroquois genes Xiro1, Xiro2 and Xiro3 (Bellefroid et al., 1998).
While BMP antagonism alone is sufficient to induce Zicl, which like Zic3
promotes expression of downstream neural genes, activation of FoxD5 and Zic3
and their downstream targets Geminin and Sox11 requires FGF4 activity (Marchal
et al., 2009). The activation of Zic2, downstream of FoxD5, was in turn found to
be dependent on Notch signaling (Yan et al., 2009a). Sox11, Geminin and Zic2
were found to be sufficient to induce the downstream targets Sox2 and Sox3
(Yan et al., 2009b). Upon maturation of the neuroectoderm, additional panneural
markers like the neural cell adhesion molecule (NCAM) and SoxD are expressed
(Kintner et al., 1987; Mizuseki et al., 1998b). In contrast to Sox2 and Sox3, which
enhance the sensitivity of ectodermal cells to inducing signals, SoxD has been
shown to induce neuronal differentiation through the activation of Ngn2

(Mizuseki et al., 1998b, Hardcastle et al., 2000) (Figure 4).

Nodal related genes as targets of Wnt-8, VegT and Vg1 are proposed to restrict a
neural fate at the borders of the neural plate and thereby define the size of the

neuroectoderm (Heeg-Tuesdell et al., 2006).
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[ BMP antagonism ]

neuralinduction

early neuralectoderm

mature neural ectoderm

expand neural ectoderm, promote maturation,
induce neuronal differentiation

expand neural ectoderm, promote proliferation of
progenitors, repress neuronal differentiation

Figure 4: Neuroectoderm maturation. Upon BMP inhibition and low levels of FGF signaling, the
forkhead transcription factor FoxD5 is induced. Zic1 is induced independently of FGF signalling.
FoxD5 induces Notch dependent and independent further downstream neural genes like Zic3,
Sox11, Geminin or Zic2. Upon maturation of the neuroectoderm, the neural markers Sox2, Sox3,
NCAM and SoxD are expressed. Zicl, Zic3 and SoxD promote single cells in the mature
neuroectoderm to express neuronal determination factors and undergo differentiation.

1.3 Neuronal Differentiation

The primary neurons are born in three bilateral longitudinal domains in
the posterior neural plate and can be visualized by the expression of neural
specific type Il B-tubulin (N-tubulin) (Oschwald et al., 1991). With the exception
of the trigeminal placodes, neurogenesis in the anterior neural plate is delayed
until late neurula stages (Papalopulu and Kintner, 1996). The neuroectoderm at
the open neural plate stage is bilayered. While the primary neurons mainly arise
from the deeper sensorial layer, the cells in the superficial epidermal layer stay in
a proliferative state and undergo differentiation in a later phase of development
(Chalmers et al., 2002; Hartenstein, 1989) (Figure 5). As the neural plate folds
and forms the neural tube, the medial, intermediate and lateral stripe will give
rise to motor neurons, interneurons and sensory neurons, respectively (Chitnis et

al., 1995; Hartenstein, 1989) (Figure 5).
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g — ®
intermedial- - B ~l -l cag
lateral .
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N-Tubulin

C D

epidermal layer \
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ventricular zone
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-
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3 motorneurons
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Figure 5: Domains of primary neurogenesis. (A) Stage 15 embryo stained for N-tubulin by whole
mount in situ hybridization to mark postmitotic neurons. The embryo is shown in a dorsal view,
anterior up. (B) Schematic representation of the domains of primary neurogenesis at the open
neural plate stage (light grey). The characteristic domains are depicted in the three longitudinal
domains on both sides of the midline and the trigeminal placodes. (C) Schematic representation
of a transversal section of the open neural plate of the embryo as indicated with the dashed line
(sec) in (B). The neuroectoderm consists of a superficial and a deep cell layer. Primary neurons
are located in the deep layer. (D) Schematic representation of a transversal section of a stage 30
posterior neural tube. The neural plate has folded up to form the neural tube, the medial,
intermediate and lateral stripe of primary neurons give rise to motorneurons, interneurons and
sensory neurons, respectively. While proliferating progenitor cells are located in the ventricular
zone, differentiating neurons are located in the subventricular and mantle layer. tg, trigeminal
placodes; s, somite; nc, notochord; sec, plane of section.

The first proneural genes expressed in the areas of primary neurogenesis
belong to the neurogenin family of bHLH transcription factors (Ngn), Ngn1, Ngn2
(originally referred to as Ngnr-1) and Ngn3, which are distantly related to the
Drosophila proneural transcription factor Atonal (Jarman et al., 1993; Ma et al.,
1996, Nieber et al., 2009). Neurogenins are proposed to act as neuronal
determination factors (Sommer et al.,, 1996; Ma et al., 1996; Mizuseki et al.,
1998b) and several panneural genes like Zic1, Zic3 and SoxD have been shown to
induce Ngn2 expression. Zic2 is instead expressed in between the stripes of Ngn1
and Ngn2 and inhibits Ngn expression and function (Brewster et al., 1998),

thereby refining the territories of neurogenesis. Ngn2 instructs neural as non-
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neural ectoderm to undergo neuronal differentiation by activating a network of
downstream differentiation factors, such as NeuroD, Coe2, Xebf3, Mxil and
MyT1 (Bellefroid et al., 1996; Ma et al., 1996; Dubios et al., 1998; Klisch et al.,
2006; Pozolli et al., 2001). In addition, Ngn2 induces the cell cycle inhibitors p21
activated kinase 3 (Pak3) and the growth arrest and DNA damage induced gene
gamma (Gadd45-y) to enable cell cycle exit and differentiation of progenitor cells
(Souopgui et al., 2002; De la Calle-Mustienes et al., 2002). An additional cell cycle
regulator, the Cip/Kip cyclin dependent kinase inhibitor p27x’u is also highly
expressed in neuronally determined cells and was found to be required for
activation of downstream differentiation factors (Vernon et al., 2005; Carruthers
et al, 2003) and stabilization of Ngn2 by presumably preventing its
phosphorylation by CDK and subsequent degradation (Vosper et al., 2009 and
Philpott, unpublished data) (Figure 6). Ngn2 was additionally described to
activate transcription of genes that encode proteins involved in chromatin
remodeling like Brgl and the proneural RNA binding protein Seb4R, which are
essential for neuronal differentiation (Seo et al., 2005; Boy et al., 2004). More
recently, it has been shown that Ngn2 also induces genes encoding a variety of
other transport proteins, signal pathway components and transcription factors;
the underlying functionalities of the mainly uncharacterized genes remain to be

elucidated (Seo et al., 2007).

Transcription factor @ Determination

—
[:]r:eucyclereguiamr / l \

— | NeuroD M T1
( 275 | Gaddasy | (_Ebf3

W ‘Postmltotlc neuron

Figure 6: Neuronal differentiation. Schematic representation of genes that are activated by
Ngn2. Color code for transcription factors and cell cycle regulators is indicated on the left. Ngns
define neuronal determined cells and activate a network of downstream transcription factors like
Coe2, NeuroD, MyT1 and Ebf3, which finally leads to the expression of N-tubulin in postmitotic
neurons. The cell cycle regulators p27xiC1 and Gadd45y are also necessary for differentiation.

Differentiation
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1.4 Lateral Inhibition

Neurogenins not only induce downstream differentiation factors, they
also activate the Notch pathway, which inhibits neurogenesis in a process called
lateral inhibition (Figure 7). This is achieved by induction of Delta-1, a single pass
membrane ligand for the Notch receptor (Chitnis et al., 1995). Delta-2 and
Serrate-1 are additional Notch ligands that were shown to function in Xenopus
primary neurogenesis (Peres et al., 2006; Kiyota et al., 2004). Upon Delta-1
binding the Notch receptor of a neighboring cell, a series of proteolytic cleavages
occurs that releases the intracellular domain of the Notch receptor (NICD) into
the cytoplasm (Louvi et al., 2006). NICD translocates into the nucleus, were it
replaces a co-repressor at the suppressor of hairless (Su(H)) transcription factor,
acts as a co-activator and drives expression of target genes (Louvi et al., 2006;
Wettstein et al., 1997). Some of the best-characterized Notch target genes are
the bHLH repressors of the enhancer of split-related (ESR) and Hairy family. The
ESR proteins inhibit Ngn2 expression and function. Thus, the signal-receiving cell
is prevented from undergoing neuronal differentiation (Chitnis et al., 1996,
Dawson et al., 1995) and a salt and pepper like pattern of primary neurons is
created (Figure 8A-D). If Notch signaling is artificially activated by expression of
NICD, neuronal differentiation is blocked in every cell of the neuroepithelium,
resulting in a loss of postmitotic neurons (Figure 8E,F). Vice versa, if Notch
activity is blocked by expression of a dominant negative Su(H), lateral inhibition
is blocked and all cells in the territories of primary neurogenesis undergo

neuronal differentiation (Figure 8G,H).
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Meuron . 4 neighbouring cell

nucleus N +=7 nucleus
\

Figure 7: Lateral inhibition by the Delta Notch signaling pathway. Expression of Ngn2 in the cell
fated to become a neuron activates Delta, a ligand of the Notch receptor. Upon Delta binding to
the Notch receptors of the neighbouring cell, a series of proteolytic cleavages releases the
intracellular domain of the receptor (NICD) which translocates to the nucleus and acts as a co-
activator in inducing expression of Enhancer of split related genes (ESR). The ESRs inhibit Ngn2
expression and function in the signal-receiving cell and prevent it from undergoing neuronal
differentiation.

How a single cell within the territories of primary neurogenesis can
escape lateral inhibition, enter neuronal differentiation and inhibit all
surrounding cells from differentiating remains unclear. It has been proposed,
that once a cell activates the transcription of downstream proneural genes
through elevated levels of Ngn, it becomes refractory to lateral inhibition in a
process that requires MyT1 (Van Doren et al., 1992; Bellefroid et al., 1996). This
is supported by the finding that ectopic neurogenesis induced by Ngn
overexpression can be blocked by Notch activation (Ma et al., 1996), while the
neuroectoderm of embryos injected with Ngn2 and MyT1 mRNA becomes

resistant to lateral inhibition by Notch (Bellefroid et al., 1996).

10
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Figure 8: Lateral inhibition defines the number of neurons in the neuroectoderm. (A) Upon
initial induction of neuronal determination factors like Ngn, the cells in the neuroectoderm
express Delta-1 and mutually inhibit each other from undergoing differentiation. (B) Some cells
express higher levels of Delta or become refractory to inhibitory signals. (C) Neuronal determined
cells suppress differentiation in neighbouring cell and undergo neuronal differentiation. (D) Salt
and pepper like pattern of primary neurons in a stage 15 embryo (E, F) Ectopic activation of
Notch signaling by the constitutively active NICD. All cells inhibit each other from undergoing
differentiation. (G, H) Inhibition of Notch signaling by Su(H)DBM, a dominant negative form of
Su(H). Lateral inhibition does not occur, all cells in the territories of primary neurogenesis
undergo neuronal differentiation (modified from Molecular Biology of the Cell, 2005).

1.5 Numb as cell fate determinant in neurogenesis

Numb was originally identified as a cell fate determinant in dividing
Drosophila sensory organ precursor cells (SOPs) (Uemura et al., 1989). In the
development of a sensory hair in Drosophila, a single SOP undergoes two
subsequent divisions, giving rise to four cells of different types: a hair cell, two
outer supporting cells and a neuron. While a loss of Numb generated four outer
supporting cells, Numb overexpression generated four neurons (Rhyu et al.,
1994) (Figure 9). Numb was found to be asymmetrically distributed to one
daughter cell upon cell division and inhibit Notch signaling in this cell, thereby

determining different cell fates in the daughters (Wang et al., 1997).

11
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Figure 9: Numb as cell fate determinant in Drosophila SOP. Numb is asymmetrically distributed
upon division of the SOP and the subsequent division of the Ilb cell, acting as intrinsic cell fate
determinant to inhibit Notch signaling and enable neuronal differentiation (modified from Rhyu
et al,, 1994).

The Numb proteins are highly conserved in their sequence throughout
species. In contrast to Drosophila, which has only one Numb gene, two closely
related Numb genes have been identified in vertebrates, Numb and Numblike
(NumbL) (Verdi et al., 1996; Zhong et al., 1996). The murine and the human
Numb homologues, mNumb and hNumb can substitute dNumb function and
similarly induce ectopic neuron formation when overexpressed in Drosophila
(Verdi et al., 1996; Toriya et al., 2006) suggesting Numb function is conserved

through evolution.

In mice, Numb and NumbL were also shown to function in vertebrate
neurogenesis, as a loss of both results in an overall loss of differentiated neurons
(Petersen et al., 2002; Li et al., 2003; Petersen et al., 2004). Numb and NumbL
were found to act in a partially redundant manner and to be essential for neural
development in the mouse. While a homozygous knockout of NumbL in mouse
causes no severe phenotype (Petersen et al., 2002), Numb depleted mice
showed defects in cranial neural tube closure and die around E11.5 (Zhong et al.,
2000). Conditional Numb knockout mice are viable and exhibited a loss of
differentiated neurons in the forebrain, an effect that could be enhanced in a

NumbL null background (Petersen et al., 2002; Li et al., 2003). Contradictory
12
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results were obtained with respect to the mechanism of the loss of differentiated
neurons. A double knockout of Numb and Numbl, using nestin-Cre mediated
excision at E8.5 prior to the onset of neurogenesis, resulted in a depletion of
neural progenitors and reduced number of differentiated neurons, suggesting a
function in progenitor cell maintenance at this early stage (Petersen et al., 2002).
Vice versa, a knockout of both genes, using Emx-Cre at E9.5 — E12.5, was found
to cause hyperproliferation of neural progenitors in the forebrain, impairing
differentiation (Li et al., 2003). Knockout of Numb at E10.5 in a NumbL deficient
background, using D6-Cre, similarly resulted in depletion of neural progenitors
(Petersen et al., 2004). Thus, Numb was shown to be essential for neurogenesis,
but playing two distinct roles, one in maintaining the proliferative state of

progenitors and a second in enabling differentiation of these cells.

1.6 Numb acts as scaffold protein

Numb contains several protein-protein interaction domains and
correspondingly, has been shown to interact with a wide variety of different
proteins. A highly conserved phosphotyrosine binding domain (PTB) is localized
in the N-terminus and a proline-rich repeat domain (PRR) more C-terminally. The
Numb PTB domain was shown not only to bind proteins containing
phosphotyrosine residues (Blaikie et al., 1994), but also mediate interaction with
PDZ-domain containing proteins like LNX or even more distinct peptide ligands
like putative serine/threonine kinase NAK (Chien et al.,, 1998). The PRR was
found to interact with a wide variety of proteins containing SH3 interaction
domains (Verdi et al., 1996). Located in the most distal C-terminus are DPF AP-2
and NPF Eps-15 interaction motifs, which mediate interactions with the

endocytotic machinery (Santolini et al., 2000) (Figure 10).
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Figure 10: Protein-protein interaction domains of Numb. Scheme of mNumb1l protein with
protein-protein interaction domains and interacting protein domains/ proteins.

1.7 Numb and Numblike isoforms

Four different isoforms of Numb (Numbl1-4), which are generated by
alternative splicing, have been described. The isoforms differ by the presence or
absence of an 11 amino acid insert in the PTB domain or the PRR domain (Dho et
al., 1999) (Figure 11). NumbL lacks both inserts and isoforms for NumbL have not

been reported.

1 PTBI PRRi DPF NPE5
miumb 1 = iie
1 np 604
mNumb 2 := '\/‘ Eﬂj
1 642
mNumb 3 Eq: - il
1 593
mump ¢ = I i;
PTBo PRRo
1 603
mNumbL

[

Qs repeat

Figure 11: Numb isoforms. Four different Numb isoforms are generated due to different splicing.
The isoforms differ from each other in the presence or absence of an insert in the PTB domain
and the PRR domain. NumbL lacks both inserts.
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The PTB insert was found to be crucial for membrane localization of Numb
(Verdi et al., 1996). Membrane localization of Numb can be achieved by either
binding phosphotyrosine residues of tyrosine kinase receptors via the PTB
domain (Verdi et al., 1996) or with assistance of an adaptor protein, Partner of
Numb (Pon) (Lu et al., 1998). Numb isoforms that are localized to the membrane
are able to be asymmetrically distributed upon cell division and therefore
distinguish between different cell fates. Asymmetric segregation of Numb is a
consequence of phosphorylation of Numb by the asymmetrically localized
Bazooka/Par-6/aPKC complex (Par-3/Par-6/aPKC) (Wirtz-Peitz et al., 2008; Smith
et al., 2007) or phosphorylation of Pon by Polo, a cell cycle connected kinase
(Wang et al., 2007). Both events trigger Numb release from the cortex and

therefore its localization to the opposite side of the cell.

The Numb isoforms have also been shown to exhibit different biological
activities. Specific expression of PRRi isoforms of Numb in murine neural
progenitors resulted in increased proliferation and decreased differentiation,
while expression of PRRo isoforms resulted in the opposite effect (Verdi et al.,
1999; Bani-Yaghoub et al., 2007). These results suggest that not only different
targets of Numb, but different context-specific downstream isoform responses
exist. This is in agreement with the changing expression patterns of the Numb
isoforms during mouse cortical development. In contrast to the differentiation
promoting PRRo isoforms, the proliferating promoting PPRi isoforms are
expressed mainly between E7 and E10 and become undetectable by E13 during a
rapid expansion the of neural progenitor cell population (Dho et al.,, 1999; Verdi
et al, 1999; Bani-Yaghoub et al., 2007). The divergent functions of the
mammalian Numb isoforms were further demonstrated by their overexpression
in the Drosophila other optic anlage (OOA) (Toriya et al., 2006). Even in
Drosophila, where no endogenous splice variants of Numb are present, the PRRi
Numb constructs promoted proliferation, while the PRRo isoforms strongly
increased neuronal differentiation in the OOA. Independent of the presence of
the PRR domain, Numb isoforms lacking the insert in the PTB domain were

shown to increase the sensitivity of transfected Drosophila PC12 cells to
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neurotrophic growth factors and therefore to undergo neuronal differentiation

(Pedersen et al., 2002).

1.8 Multiple functions of Numb

The most well characterized function of Numb is its ability to negatively
regulate Notch signaling (Rhyu et al.,, 1994). Two mechanisms are known by
which Numb can inhibit Notch. Numb and NumbL can antagonize Notch signaling
through simultaneous interaction with the AP-2 complex and the Notch receptor,
which results in endocytosis of the receptor (Santolini et al., 2000). Numb also
activates the E3 ligase Itch, which was found to target the Notch receptor as well
as the cleaved NICD for ubiquitination and subsequent proteasomal degradation
(McGill et al., 2003). High levels of Notch signaling were found to downregulate
Numb expression in the chick neuroepithelium (Chapman et al., 2006), which is

proposed as a mechanism to reinforce and maintain cell fate decisions.

In addition to Numbs ability to regulate Notch signaling levels, numerous
distinct functions have been described. Numb was found to activate ltch, which
targets Gli-1 for ubiquitination and degradation in mouse cerebellar granule cell
progenitors (GCPs) and GCP derived cancer cell lines (Di Marcotullio et al., 2006;
Di Marcotullio et al., 2010). As Glil is a downstream effector of SHH signaling,
this results in an inhibition of SHH signaling. Numb was also shown to function in
directional cell migration by mediating integrin endocytosis in the rear of
migrating Hela cells (Nishimura et al., 2007). Furthermore, Numb was found to
function in stabilization of the tumor supressor p53 through the formation of a
trimeric complex with p53 and the E3 ligase MDM2 (also known as HDM2).
Complex formation prevents ubiquitination of p53, enabling cell cycle arrest and
DNA repair (Colaluca et al., 2008). A function of Numb in oncogenesis is also
suggested by its frequent mutation in different cancer types (Westhoff et al.,

2009; Ostrakhovitch, 2009; Rennstam et al., 2010).
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1.9 Regulation of Numb

The critical role Numb plays during embryogenesis is underscored by the
multiple mechanisms by which it is regulated at the post-transcriptional level.
Numb was shown to be regulated on the translational level by Musashi, a neural
RNA binding protein, which was shown to bind Numb mRNA and prevent its
translation (Okano et al., 2002). Numb mRNA translation was also inhibited by
the micro-RNA miR146a in mouse satellite cells, were Numb promotes
differentiation into muscle cells by inhibiting Notch signaling (Kuang et al., 2009).

Furthermore, Numb activity is regulated via phosphorylation of two specific

1 310

serine residues, Ser’™* and Ser®'® (Tokumitsu et al., 2006). If phosphorylated,
these two serine residues trigger the binding of ubiquitously present 14-3-3
proteins to Numb, which mask the remaining protein-protein interaction sites
and prevent Numb from binding its targets. Also, in the context of endocytosis,
the adaptor-associated kinase 1 (aakl) was described to phosphorylate Numb,
resulting in its redistribution to perinuclear endosomes in Hela cells thereby

regulating the endocytotic activity of Numb (Sorensen et al., 2008).

1.10 Xenopus Numb and Numblike

In a previous study, it could be shown that X. laevis NumblL was
exclusively expressed in the presumptive neuroectoderm, the territories of
primary neurogenesis and later throughout the nervous system (Nieber 2007). In
whole embryos, NumbL was positively regulated by Ngn2 and inhibited by the
Notch pathway. A knockdown of NumbL using antisense MO inhibited neuronal
differentiation demonstrating NumbL is essential for neurogenesis. The
knockdown effect could be rescued by coinjection of X. laevis NumbL and mouse
NumbL RNA. Of the four murine Numb isoforms, only the structurally related

Numb4 rescued the NumbL MO phenotype.

An expression analysis of proneural genes in NumbL morphant embryos revealed

that the neuronal determination factor Ngn2 was still expressed, but all
17
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downstream targets were inhibited (Figure 12). Although NumbL exhibited in
luciferase reporter assays the ability to decrease the activation of a Notch
reporter, no increase in Notch target gene expression was observed upon NumbL

knockdown.

@ Determination

NumbL MO i :

l Differentiation

Postmitotic neuron

Figure 12: NumbL knockdown inhibits proneural factors downstream of Ngn. Upon injection of
the NumbL MO, all proneural transcription factors downstream of Ngn were inhibited, suggesting
a function for NumbL downstream of neuronal determination in the process of neuronal
differentiation. (Nieber 2007)

1.11 Aims

Numbl was identified as an essential gene in the process of primary
neurogenesis in Xenopus. However, a role for NumbL during neurogenesis could
not be explained by the classical model of Numbs function as a Notch inhibitor
during cell fate determination. Therefore, to understand NumbL role during
primary neurogenesis, a detailed analysis of NumbL function during the

development of the nervous system was performed.
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2. Materials and Methods

2.1 Organsims

2.1.1 Xenopus laevis and Xenopus tropicalis

The African clawed frog Xenopus laevis (X. laevis) and the western clawed frog
Xenopus tropicalis (X. tropicalis) were used as model organisms during this study.
Pigmented or albino frogs were purchased from Nasco (Ft. Atkinson, USA). The
developmental stages were distinguished according to Nieuwkoop and Faber

(1967).

2.1.2 Escherichia coli

XL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac[F’ proAB,
laclgzDM15, TN10(Tetr)]® (Bullock et al., 1987)

2.2 Oligonucleotides

2.2.1 RT-PCR oligonucleotides

RT-PCR oligonucleotides (primers) were purchased from Sigma-Aldrich. They

were dissolved in HPLC H,0 to a concentration of 500 puM.

Xt Numb PTB for 5-AGGAATCAAGAGGGATGCAC-3" 63°C, 35 cycles
rev.  5-CATCCACAACTCGAAGTCCA-3’

Xt Numb PRR for 5-ACACTTTCAGCATGCCACCT-3’ 65°C, 35 cycles
rev.  5-CTTCTTCAAGCCAACGGTCT-3’

Xt NumbL PTB for 5"-AGGAGTCGAGGGGAATGC-3’ 64°C, 35 cycles
rev.  5-ACAACACGCAGCCCATCA-3’
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Xt NumbL PRR

XI Numb RT

XI NumbL RT

Xt H4

Xl H4

NeuroD

N-tubulin

Zicl

Zic2

Zic3

NCAM

Sox2

Sox3

Noggin

Xt Ngnl

Xt Ngn2

Xt Ngn3

XI Ngn1

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

for
rev

5°-CTTCCACCACAACCAATGC-3’ 64°C,
5°-TCCTCAAGCCAGCGTTCC-3’

5-GAGGATATGGCAAGGCAAAA-3" 60°C,
5"-AACCACAGCCAGTCCAGTTC-3’

5"-AAGCCATCCTCTGGGTTTCT-3’ 64°C,
5"-CTGTCACCCCACACTCCTTT-3’

5°-ATAACATCCAGGGCATCACC-3"  60°C,
5°-AAAGAGCCTTTGGGTTCGAT-3’

5'-CGGGATAACATTCAGGGTATCACT-3’
5°-ATCCATGGCGGTAACTGTCTTCCT-3’

5'-GAAGGAGCAACAAGAGGAAG-3" 64°C,
5°-TTCCCCATATCTAAAGGCAG-3’

5-ACACGGCATTGATCCTACAG-3" 57°C,
5-AGCTCCTTCGGTGTAATGAC-3’

5'-GAGAAGTGGAACAAATTGGC-3" 56°C,
5'-GTCTGCGAAGGGATTGATG-3’

5-GGGCAGACTTCTGCTTTCAC-3"  64°C,
5’-ATCCCGGGGAATAGTAGGTG-3’

5°-TTCTCAGGATCTGAACACAT-3"  56°C,
5°-CCCTATAAGACAAGGAATAC-3’

5"-CACAGTTCCACCAAATGC-3’ 50°C,
5"-GGAATCAAGCGGTACAGA-3’

5’-GAGGATGGACACTTATGCCCAC-3" 56°C,

5'-GGACATGCTGTAGGTAGGCGA-3’

35 cycles

30 cycles

32 cycles

25 cycles

56°C, 25

cycles

32 cycles

30 cycles

29 cycles

29 cycles

27 cylces

27 cycles

25 cycles

5’-GCGCACATGAACGGCTGGACTA-3" 57°C, 28 cycles

5'-GTGTGGGAGGTGATGGCTGGAG-3’

5-AGTTGCAGATGTGGCTCT-3’ 57°C,
5"-AGTCCAAGAGTCTCAGCA-3’

5’-GCTGCACACCATCAAGAAGA-3" 60°C,
5'-GCTGGAAGTGCACACTGAGA-3’

5°-TTCCACCCTATCACCCATGT-3’ 60°C,
5-GGTTGCCAGTACTCCAGCAT-3’

5°-CCCATATGCAGAGGAGAAGC-3" 60°C,
5°-TCATCTGGGAAGGTGGGTAG-3’

5"-CAGGAGGAGAAGGACACGAG-3" 60°C,
5-GGCTTCTCTTTGCACTGGTC-3’

30 cycles

27 cycles

27 cycles

27 cycles

30 cycles
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Xl Ngn2 for 5'-GCGCGTTAAAGCTAACAACC-3" 60°C, 30 cycles
rev.  5-GTTCAGGTGGAGCTCAGAGG-3’

Xl Ngn3 for 5"-AACGAGGTCTCCCCTCTCTC-3’ 60°C, 30 cycles
rev.  5-GAGTCCCATTCACTGGAGGA-3’

2.2.2 General oligonuclotides

Oligonucleotides (primers) were purchased from Sigma-Aldrich. They were

dissolved in HPLC H,0 to a concentration of 100 uM.

SP6 5-TATTTAGGTGACACTATAG-3’ 56°C
T7 5°-TAATACGACTCACTATAGGGCGA-3’ 56°C
T7 (pCS2+)  5°-TCTACGTAATACGACTCACTATAG-3’ 56°C

2.2.3 Morpholino oligonucleotides

Antisense morpholino oligonucleotides (Morpholinos, MO’s) were purchased
from Gene Tools, LLC (Philomath, USA). They were dissolved in RNAse free water
to a concentration of 10 pg/ul. MO were stored at -20°C. Prior to use, MO were

heated to 65°C for 5 minutes.
NumbL MO: 5 -GCGCAGTAGTTGATGTTTGCCCTCA-3’

NumbL mmMO: 5’-GCCCAGTACTTCATCTTTGGCGTCA-3’

21



2. Materials and Methods

2.3 Constructs

2.3.1 Overexpression constructs

NumbLpCS2+ harbors the full open reading frame of XI Numbl, including ATG
and stop codon. The fragment was generated by PCR amplification using
NumbLpKBCMV (previously isolated by Dr. K. Henningfeld) as template, 5’"NumblL
(EcoRI/ATG) 5'- ATGAATTCATGAACAAACTGCGTCAG-3" and 3’NumblL (Xhol) 5'-
CGCTCGAGCTATCAATTCTATTTGAAAAGTC-3" as primers and inserted into
EcoRlI/Xhol linearized pCS2+ (D. Turner and R. Rupp,

http://sitemaker.umich.edu/dlturner.vectors). For sense RNA, the construct was

linearized with Notl and transcribed with SP6 RNA polymerase

MT-NumbLpCS2+ harbors the full open reading frame of XI NumblL, including
ATG and stop codon. The fragment was generated by PCR amplification, using
NumbLpCS2+ as  template, NumblL MT sc  for EcoRI 5'-
ATGAATTCAATGAACAAACTGCGTCAG-3" and NumbL MT sc rev Xhol 5'-
CGCTCGAGCTATCAATTCTATTTGAAAAGTC-3" as primers and inserted into
EcoRI/Xhol linearized MTpCS2+. For sense RNA, the construct was linearized with

Notl and transcribed with SP6 RNA polymerase.

NumbL(SA)pCS2+ harbors the full open reading frame of XI NumblL, including
ATG and stop codon. The fragment was generated using the QuikChange XI Site-
Directed Mutagenesis Kit (Stratagene), using NumbL pCS2+ as template and XLN
S291A for 5'- GCTGGTGAGACAGGGAgGCCTTTCGTGGATTCC-3", XLN S291A rev 5'-
GGAATCCACGAAAGGCTCCCTGTCTCACCAGC-3’, XLN S310A for 5'-
CCTTTTAAACGGCAGCTTgCGCTGAAACTCAATGAGC-3’'and XLN 310A rev 5'-
GCTCATTGAGTTTCAGCGCcAAGCTGCCGTTTAAAAGG-3"as  primers  (introduced

mutations in small letters) in two subsequent rounds of mutagenesis. For sense
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RNA, the construct was linearized with Notl and transcribed with SP6 RNA

polymerase.

NumbL(SD)pCS2+ harbors the full open reading frame of XI NumblL, including
ATG and stop codon. The fragment was generated using the QuikChange XL Site-
Directed Mutagenesis Kit (Stratagene), using NumbL pCS2+ as template and XLN
S291D for 5- GCTGGTGAGACAGGGAgaCTTTCGTGGATTCCCTGC-3", XLN S291D
rev 5- GCAGGGAATCCACGAAAGtcTCCCTGTCTCACCAGC-3’, XLN S310D for 5'-
CCTTTTAAACGGCAGCTTgacCTGAAACTCAATGAGCTCCCG-3"and XLN 310D rev 5'-
CGGGAGCTCATTGAGTTTCAGgtcAAGCTGCCGTTTAAAAGG-3’ as primers
(introduced mutations in small letters) in two subsequent rounds of
mutagenesis. For sense RNA, the construct was linearized with Notl and

transcribed with SP6 RNA polymerase.

NumbL-CTappCS2+ harbors the full open reading frame of XI NumbL cloned
upstream of the GS-TAP tag (Kyriakakis et al., 2008). For cloning, the NumbL
fragment was generated using XI NumbL pCS2+ as template and 5"NumbL EcoRI
5- ATGAATTCATGAACAAACTGCGTCAG-3° and NL-CTap fusion rev 5'-
CTTCTCGTCCAT CAATTCTATTTGAAAAGTC-3" as primers. CTap fragment was
generated using pMK33-CTap (Kyriakakis et al., 2008) as template and NL-CTap
fusion for 5-CAAATAGAATTGATGGACGAGAAGACCACC-3" and 3'Xhol CTap 5°'-
ATCTCGAG TCATTATTCAGTGACAGTG-3"as primers. Both fragments were fused a
primerless PCR and then inserted into EcoRI/Xhol linearized pCS2+. For sense
RNA, the construct was linearized with Notl and transcribed with SP6 RNA

polymerase.

NumbL(DLA)pCS2+ harbors the full open reading frame of XI Numbl, including
ATG and stop codon. The fragment was generated using the QuikChange XL Site-

Directed Mutagenesis Kit (Stratagene), using NumbLpCS2+ as template and NL
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mut AP2 for 5'- AGGAAGTGGACCtGgcTGAAGCTCAATGGG-3"and NL mut AP2 rev
5’- CCCATTGAGCTTCAgcCaGGTCCACTTCCT-3"as primers (introduced mutations in
small letters). For sense RNA, the construct was linearized with Notl and

transcribed with SP6 RNA polymerase.

MT-NumbL(DLA)pCS2+ harbors the full open reading frame of XI NumblL,
including ATG and stop codon. The fragment was generated using the
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene), using MT-NumblL
pCS2+ as template and NL mut AP2 for 5'-
AGGAAGTGGACCtGgcTGAAGCTCAATGGG-3'and  NL  mut AP2 rev 5'-
CCCATTGAGCTTCAgcCaGGTCCACTTCCT-3"as primers (introduced mutations in
small letters). For sense RNA, the construct was linearized with Notl and

transcribed with SP6 RNA polymerase.

NumbL(DLA-SA)pCS2+ harbors the full open reading frame of XI Numbl,
including ATG and stop codon. The fragment was generated using the
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene), using
NumbL(SA)pCS2+ as  template and NL mut AP2 for 5'-
AGGAAGTGGACCtGgcTGAAGCTCAATGGG-3'and  NL  mut AP2 rev 5'-
CCCATTGAGCTTCAgcCaGGTCCACTTCCT-3"as primers (introduced mutations in
small letters). For sense RNA, the construct was linearized with Notl and

transcribed with SP6 RNA polymerase.

Xt Numb3pCS107 harbors the full Xt Numb3 open reading frame including ATG
and stop codon. It was obtained from an EST Clone library (clone TEggl132124)
(Gene Service, Gilchrist et al., 2004): For sense RNA, the construct was linearized

with Apal and transcribed with SP6 RNA polymerase.
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MT-Xt NumbpCS2+ harbors the full open reading frame of Xt Numb, including
ATG and stop codon. The fragment was generated using the Xt Numb-pCS107 as
template and MT-Xt Numb sc for 5- GAATTCGATGAACAAACTGCGTCAG-3'and
MT-Xt Numb sc rev 5'- CTCGAGCTACAATTCTATTTGAAAAGTCTTTTG-3"as primers
and inserted into EcoRI/Xhol linearized pCS2+-MT. For sense RNA, the construct

was linearized with Notl and transcribed with SP6 RNA polymerase.

mNumb1-4pCS2+ harbor the full open reading frames of the mNumbl-4
isoforms (Dho et al., 1999). The clones mNumb1-4pEN clones were obtained
from Dr. J. Mc Glade (Dho et al., 1999). For cloning mNumb1-4 isoforms into
pCS2+, the inserts were excised with EcoRl and ligated into EcoRI linearized
pCS2+ . For sense RNA, the constructs were linearized with Notl and transcribed

with SP6 RNA polymerase.

MT-mNumb1pCS2+ harbors the full open reading frame of mNumb1, including
ATG and stop codon. The fragment was generated using mNumb1-pCS2+ as
template and mN1-MT sc for 5'-GAATTCAATGAACAAACTACGGCAA-3 and mN1-
MT sc rev 5- CTCGAGCTAAAGTTCTATTTCAAATGTTTTC-3" as primers and inserted
in EcoRI/Xhol linearized pCS2+-MT. For sense RNA, the construct was linearized

with Notl and transcribed with SP6 RNA polymerase.

mNumbLpCS2+ harbors the full open reading frame of mNumbL (GenBank
#U70674), including ATG and stop codon. It was excised with EcoRl and Xhol
from mNumbL pBSK(-) (received from Dr. W. Zhong, Zhong et al., 1997) and
subcloned (EcoRI/Xhol) into pCS2+. For sense RNA, the construct was linearized

with Notl and transcribed with SP6 RNA polymerase.
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Xt Ngn1pCS2+ harbors the full open reading frame of Ngn1l, including ATG and
stop codon. The fragment was generated using Ngnl1pCS108 (RZPD/imaGenes,
CX475730) as template and Xt Ngnl sC for 5-
CGGAATTCATGGCTTCCAACATGGACAG and Xt Ngnl e rev 5'-
GCTCTAGATGTCATTGGAGTTAGCAGGC-3° as primers and inserted into
EcoRI/Xbal linearized pCS2+. For sense RNA, the construct was linearized with

Notl and transcribed with SP6 RNA polymerase.

Xt Ngn2pCS2+ harbors the full open reading frame of Ngn2, including ATG and
stop codon. The fragment was generated using Ngn2pCS108 (RZPD/imaGenes,
CX510880) as template and Xt Ngn2 sc for 5'-CGGAATTCATGGTGCTGCTGAAGTG-
3" and Xt Ngn2 sc rev 5'- GCCTCGAGGTATGCAAGAACTCAAGTGGAA-3" as primers
and inserted into EcoRI/Xhol linearized pCS2+. For sense RNA, the construct was

linearized with Notl and transcribed with SP6 RNA polymerase.

Xt Ngn3pCS2+ harbors the full open reading frame of Ngn3, including ATG and
stop codon. The fragment was generated using Ngn3pCS108 (RZPD/imaGenes,
CX366256) as template and Xt Ngn3 sc for 5'- CGGAATTCATGGTGCTGCTGAAGTG
and Xt Ngn3 sc rev 5'- GCTCTAGAGTATGCAAGAACTCAAGTGGAA-3" as primers
and inserted into EcoRl/Xbal linearized pCS2+. For sense RNA, the construct was

linearized with Notl and transcribed with SP6 RNA polymerase.

XI Ngn1pCS2P+ harbors the full open reading frame of Xl Ngn1 including ATG and
stop codon, 102bp 5°'UTR and 227bp 3'UTR. XI Ngn1pCS2P+ was received from
NIBB (XL267p21ex). For sense RNA, the construct was linearized with Notl and

transcribed with SP6 RNA polymerase.
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XI Ngn3pCS2P+ harbors the full open reading frame of Xl Ngn3 including ATG and
stop codon, 31bp of 5°'UTR and 741bp of 3'UTR. XI Ngn3pCS2P+ was received
from NIBB (XL265d10ex). For sense RNA, the construct was linearized with Notl

and transcribed with SP6 RNA polymerase.

Following overexpression constructs have been described previously:
Su(H)"®MpCcs2+ (Wettstein et al., 1997); Delta-1*""pCS2+ (Chitnis et al., 1995);
NICDpCS2 (Coffman et al., 1993); NogginpGEMS5ZF (Smith et al., 1993), XI Ngnr-1
(Ngn2)pCS2+ (Ma et al., 1996); LacZpCS2+ (Chitnis et al., 1995); mGFPpCS2+
(Moriyoshi et al., 1996, provided by A.Schambony, University of Erlangen,

Germany).

2.3.2 Constructs for whole mount in situ

XI NumbLpBKCMV harbors the full open reading frame of XI NumbL including 98
bp of 5°UTR and 1233bp 3°'UTR. XI NumbL-pBKCMV was isolated by Dr. K.
Henningfeld in a APhage screen from a X. laevis tadpole head library (Hollemann
et al. 1999). For antisense RNA synthesis, the construct was linearized with EcoRl

and transcribed with T7 RNA polymerase.

Xl NumbpBLuescript SK- harbors 475 bp of the Numb 3’UTR and was received
from the RZPD/imaGenes (BE189039). For antisense RNA synthesis, the construct

was linearized with EcoRl and transcribed with T7 RNA polymerase.

Xt Ngn1pCS108 harbors the full Ngnl open reading frame, including 362 bp of
3°UTR. It was purchased from the RZPD/imaGenes (CX475730). For antisense
RNA synthesis, the construct was linearized with Sall and transcribed with T7

RNA polymerase.
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Xt Ngn2pCS108 harbors the full Ngn2 open reading frame, including 260 bp of
3’UTR. It was purchased from the RZPD/imaGenes (CX510880). For antisense
RNA synthesis, the construct was linearized with Sall and transcribed with T7

RNA polymerase.

Xt Ngn3pCS108 harbors the full Ngn3 open reading frame, including 529 bp of
3°UTR. It was purchased from the RZPD/imaGenes (CX366256). For antisense
RNA synthesis, the construct was linearized with Sall and transcribed with T7

RNA polymerase.

XI Ngn1pCS2P+ harbors the full open reading frame of XI Ngn1 including ATG and
stop codon, 102 bp 5°'UTR and 227 bp 3’"UTR. XI Ngn1pCS2P+ was received from
NIBB (XL267p21ex). For antisense RNA synthesis, the construct was linearized

with EcoRI and transcribed with T7 RNA polymerase.

XI Ngn3pCS2P+ harbors the full open reading frame of XI Ngn3 including ATG and
stop codon, 31 bp of 5°"UTR and 741 bp of 3’"UTR. XI Ngn3pCS2P+ was received
from NIBB (XL265d10ex). For antisense RNA synthesis, the construct was

linearized with EcoRl and transcribed with T7 RNA polymerase.

Following constructs were previously described: N-tubulin (Oschwald et al,
1991); Ngnr-1 (Ngn2) (Ma et al., 1996); MyT1 (Bellefroid et al., 1996), NeuroD
(Lee et al., 1995); NCAM (Tonissen et al., 1993); Sox3 (Penzel et al., 1997); Sox2
(Mitzuseki et al., 1998); Zicl (Aruga et al., 2001); Zic2 (Brewster et al., 1998); Zic3
(Nakata et al., 1997); XDeltal (Chitnis et al., 1995); XDelta2 (len et al., 1997);
ESR1 (Schneider et al., 2001); ESR3/7 (Perron et al., 1998); ESR5 (len et al.,,
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1997); ESR8; ESR9; ESR10 (Gawantka et al., 1998); epidermal keratin (Jonas et
al., 1985); Twist (Hopweed et al., 1989)

2.4 Total RNA extraction and cDNA synthesis

Total RNA was isolated using the TRIZOL reagent (TriFast, Peqlab). To lyse the
cells, 3-5 whole embryos or 30-50 animal caps were macerated with a 29-Gauge
syringe in 500 pl TRIZOL reagent and centrifuged 10 minutes at maximum speed
to remove debris. Further steps were performed according to the manufacturer’s
manual. The RNA was re-suspended in 30 ul RNAse free H,0 and treated for 1
hour at 37°C with DNAsel to digest genomic DNA. DNAsel was inactivated by

addition of 1/10 vol. of DNAse inactivation solution (Ambion).

For cDNA synthesis, 100 ng total RNA was used in a 10 pl reaction containing 5
mM MgCl,, 2.5 ng random hexamer, 5 mM dNTP mix, 0.8 units RNAse out
(Invitrogene) and 20 units reverse transcriptase (Roche) in 1X MgCl,-free GoTaq
incubation buffer (Promega). After a 20 minute annealing step at 20°C, the
reaction was carried out at 42°C for 60 minutes and terminated by heating to

95°C for 5 minutes.

2.5 RT-PCR analysis

For semi-quantitative RT-PCR analysis, 5 pl cDNA was used in total reaction
volume of 25 pl, containing 0.2 mM of each RT primer, 1.5 mM MgCl,, 0.5 units
GoTag polymerase (Promega) in 1x MgCl,-free GoTaq incubation buffer
(Promega). Histone H4 was used as a loading control for equal cDNA

concentrations and to test for cONA contamination by genomic DNA.
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2.6 In vitro synthesis of RNA

2.6.1 Capped sense RNA

The capped mRNA for microinjections was synthesized using the mMessage
mMachine™ Kit (Ambion) according to the manufacturer’s protocol. In 20 ul
total reaction volume, 1 pg of linearized template plasmid was used. The
transcription was incubated for at least two hours at 37°C. After incubation,
template DNA was removed by addition of 5 units DNAsel followed by 30
minutes incubation at 37°C. The mRNA was purified using the RNeasy ™ Mini Kit

(Qiagen), eluted in 30 pl of RNAse-free H,0, aliquoted in 2 ul and stored at -80°C.

2.6.2 Antisense RNA

Labeled antisense RNA, used for probes in whole mount in situ hybridization,
was synthesized in a total reaction volume of 25 ul, containing 1 pg of linearized
template plasmid, 1 mM ATP, 1 mM GTP, 1 mM CTP, 0.64 mM UTP, 0.36 mM
digoxigenin or fluorescein labeled UTP, 0.03 uM DTT, 1.6 units RNAse out
(Invitrogene), 0.05 units Pyrophosphatase and 0.08 units RNA polymerase in 1x
transcription buffer. After 3 hours of incubation at 37°C, the template DNA was
removed by addition of 5 units DNAsel and subsequent incubation for 30
minutes at 37 °C. The labeled antisense RNA was purified using the RNeasy ™
Mini Kit (Qiagen), eluting twice with 50 pl of pre-heated RNAse free H,0 (80°C)
and stored in Hybridization Mix at -20°C.

2.7 T\T in vitro translation

In vitro transcription and translation was performed using the TyT® Coupled
Reticulocyte Lysate System (Promega) according to the manufacturer’s protocol.
Proteins were separated by denaturing SDS-polyacrylamide gel electrophoresis
(Sambrook and Russel, 2001). The dried gels were exposed to phosphoimager

screens (Amersham) and scanned using a Typhoon Phosphoimager (Amersham).
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2.8 Embryo culture an microinjections

10x MBS Salts: 880 mM NacCl, 1mM KCI, 10 mM MgSQ,, 25 mM NaHCO3, pH 7.8
1x MBS: 1x MBS Salts, 0.7 mM CacCl,

5x MBS AC (animal caps): 880 mM NaCl, 10 mM KCI, 10 mM MgSQ,4, 25 mM
NaHCO3, 2.05 mM CaCl,, 1.65 mM Ca(NOs),, pH 7.8

Agar dishes: 60 mm petri dishes coated with 0.7% - 1.5% agar made with 0.8x
MBS AC.

Dejelly solution: 2% (w/v) L-cysteine hydrochloride in H,0, pH 8
Injection buffer: 1% (w/v) Ficoll in 1x MBS

Nile Blue staining solution: 0.01% (w/v) Nile Blue chloride, 89.6 mM Na,HPQ,,
10.4 mM NaH,POy4, pH 7.8

X. laevis embryos were obtained by HCG-induced egg-laying, using 800 units of
HCG per frog. Spawns were in vitro fertilized and embryos staged after
Nieuwkoop and Faber, 1967. Embryos were injected in one blastomere of the
two- or four-cell stage. For in situ analysis, 75 pg nuclear LacZ mRNA was
coinjected. Embryos were injected in injection buffer, incubated for several
hours and then incubated at 12.5 — 18 °C in 0.1x MBS until they reached the
desired developmental stage. For ectodermal explants and pulldown
experiments, the embryos were injected in both animal blastomeres at the two-

cell stage.

Animal caps were dissected from stage 8-9 embryos in 0.8x MBS AC in agarose
coated dishes and cultured in 0.8x MBS AC until control embryos reached the

desired developmental stage.

X. tropicalis embryos were either obtained by natural mating or HCG-induced
egg-laying, as well. For mating, male and female frog were pre-primed with 20
units of HCG, incubated for at least 12 hours and then boosted with 100 units of

HCG. For in vitro fertilization, females were primed with 150 — 200 units of HCG.
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X. tropicalis embryos were injected like X. laevis embryos and cultured in 0.11x

MBS at room temperature until they reached the desired developmental stage.

2.9 X-Gal staining

10x MEM: 1 M Mops, 20 mM EGTA, 10 mM MgSQ,, pH 7.4 sterile filtered and
stored in the dark

10x PBS: 1.75 M NacCl, 1 M KCl, 65 mM Na,;HPO,4, 18 mM KH,PO,4, pH 7.4
Dent’s solution: 20% (v/v) DMSO in methanol

K3FE(CN)g: 0.5 M in H,0, stored in the dark

K4FE(CN)g: 0.5 M in H,0, stored in the dark

MEMFA: 4% (v/v) formaldehyde (37%) in 1x MEM

X-Gal: 40 mg/ml 5-Bromo-4-chloro-3-indolyl-R-D-galactopyranoside in
formamide, stored at -20°C in the dark.

X-Gal staining solution: 1 mg/ml X-Gal, 5 mM K3FE(CN)s, 5 mM K4FE(CN)g, 2 mM
MgCl, in 1x PBS

Embryos were cultivated to the desired developmental stage and fixed for 30
minutes in MEMFA. After washing three times with 1x PBS, embryos were
transferred to X-Gal staining solution and incubated in the dark until sufficient
staining was observed (10-30 minutes). The staining was stopped by washing the
embryos three times with 1xPBS, followed by a second fixation step in MEMFA
for 30 minutes. For whole mount in situ, the embryos were dehydrated by
washing several times in absolute ethanol and then stored at -20°C. For pH3
staining, embryos were dehydrated with absolute methanol and stored in Dent’s

solution for at least 24 hours at -20°C.

32



2. Materials and Methods

2.10 Whole mount in situ hybridization

10X PBS: 1.75 M NaCl, 1 M KCl, 65 mM Na,HPQ,4, 18 mM KH,PO,4, pH 7.4
20X SSC: 3 M NaCl, 0.3 M NaCitrat,pH7.2-7.4
5X MAB: 500 mM maleic acid, 750 mM NaCl, pH 7.5

Antibody solution: 2% BMB, 20% heat treated horse serum, 1:2000 dilution of
anti-digoxigenin or anti-fluorescein antibody coupled to alkaline phosphatase
(Roche) in 1X MAB

APB: 100 mM Tris-HCIl, pH 9.0, 50 mM MgCl2, 100 mM NaCl, 0.1% TWEEN-
20

BCIP: 50 mg/mL in 100% Dimethylformamide; stored at -20°C
Color reaction solution: 80 pug/ml NBT, 175 pg/ml BCIP in APB
EtOH series: 100%, 75%, 50% ethanol in H,0, 25% ethanol in PTw

Hybridization Mix (Hyb Mix): 50% Formamid, 1 mg/ml, Torula-RNA, 10 pg/ml
Heparin, 1X Denhardt’s, 0.1% Tween-20, 0.1% CHAPS, 10 mM EDTA in 5X SSC

MeOH series: 100%, 75%, 50%, 25% methanol in H,0

MAB/BMB: 2% BMB in 1X MAB

MAB/BMB/HS: 2% BMB, 20% heat-treated horse serum in 1X MAB
NBT: 100 mg/mL in 70% Dimethylformamide; stored at -20°C

PTw: 0.1% Tween-20 in 1X PBS

PTw/FA: 4% (v/v) formaldehyde in PTw

Proteinase K: 5 pg/ml Proteinase K in 0.1X PBS

RNAse Solution: 10 pg/ml RNAse A, 0.01 U/ml RNAse T1 in 2X SSC

Whole mount in situ was performed as described (Harland, 1991,
Hollemann et al., 1999), using antisense RNA probes labeled with digoxigenin-11-
UTP or fluorescein-UTP. Double in situ hybridization was performed according to
Knecht et al., 1995. All steps were performed at room temperature with mild
shaking. The embryos were rehydrated in the EtOH series to PTw, washed three

times with PTw for 10 minutes and the subjected to Proteinase K treatment for
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several minutes to enhance penetration of the antisense probe. To stop
Proteinase K digestion, embryos were washed twice in 0.1 M triethanolamine
and pH 7.5 were acetylated by adding 25 pl of acetic anhydride to the
triethanolamine to reduce unspecific binding of the probe. After treatment,
embryos were fixed in PTw/FA for 25 minutes, washed five times in PTw,
transferred to HybMix and incubated for 5 hours at 65°C in a shaking incubator.
Subsequently, HybMix was exchanged for the antisense probe, and hybridization

took place overnight at 65°C.

On the second day, the RNA probes were recovered and stored at -20°C
for further use. After washing the embryos for 10 minutes at 65°C in HybMix and
three times 2x SSC for 15 minutes at 65°C, non hybridized RNA probe was
removed by RNAse digestion for 1 hour in RNAse solution at 37°C. After washing
once for 15 minute in 2x SSC and washing twice in 0.2x SSC for 30 minutes at
65°C, embryos were transferred to MAB for blocking. After 2 MAB washing steps,
embryos were incubated for 20 minutes in MAB/BMB and 40 minutes in
MAB/BMB/HS to reduce unspecific binding of the antibody. Antibody incubation
took then place for 4 hours shaking at ambient temperature, followed by three

MAB washing steps. Embryos were stored in MAB at 4°C overnight.

At the third day, embryos were washed twice with MAB and the caps of
the vials exchanged followed by another three MAB washings. After transfer of
the embryos to APB and three washing steps using APB, the embryos were
transferred to the color reaction solution and incubated at 4°C in the dark until
staining was sufficient. To stop the reaction, embryos were transferred absolute
methanol and washed in the methanol series to reduce background staining.

Samples were stored in MEMFA.
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2.11 Phosphorylated Histone 3 (pH3) staining

10X PBS: 1.75 M NaCl, 1 M KCI, 65 mM Na;HPO,4, 18 mM KH,PO,, pH 7.4

1° AB solution: 20% horse serum, 5% DMSO, 1:200 dilution rabbit anti-pH3
antibody (Biomol)

2° AB solution: 20% horse serum, 5% DMSO, 1:200 dilution goat anti-rabbit 1gG
horseradish peroxidase-coupled secondary antibody (Sigma)

MeOH series: 100%, 75%, 50%, in H,O and 25% methanol in 1xPBS
PBS-TB: 0.05% Tween-20, 0.2% BSA in 1x PBS

PBS-TBN: 0.3 M NaCl in PBS-TB

The pH3 assay was performed as described (Dent et al., 1989). All steps were
performed at ambient temperature with mild shaking. After rehydration in the
MeOH series to PBS, the embryos were pre-incubated in 20% horse serum in PBS
for 2 hours. The solution was exchanged to the 1° AB solution and incubated for
3 hours. After washing twice with PBS-TB for two hours, the embryos were
washed overnight in PBS-TB. On the second day, after incubation in PBS-TBN for
3 hours followed by a brief wash in PBS-TB, the embryos were transferred to the
2° AB solution and incubated for 5 hours. The embryos were washed twice in
PBS-TB for 2 hours, once in PBS TBN for 2 hours and again in PBS-TB for 2 hours
before they were washed overnight in PBS-TB. HRP activity was detected as for

wmISH.

2.12 Sections

Gelatin/albumin: 4.88 mg/ml gelatin, 0.3 g/ml bovine serum albumin, 0.2
mg/ml sucrose in PBS. The gelatin was dissolved by heating the solution to 60°C
followed by the addition of Albumin and sucrose, filtered with a 0.45 pum

filter (Sartorius) and stored at -20°C.
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Mowiol: 5 g Mowiol was stirred overnight in 20 ml PBS. After addition of 10
ml glycerol, the solution was stirred again overnight. Mowiol that was
undissolved was collected by centrifugation for 30 min at 20,000 g. The

supernatant was pH adjusted to pH 7.0 (using pH strips) and stored at -20°C.

Samples were transferred to PBS and after equilibration in gelatin/albumin for 20
minutes mounted by addition of glutardialdehyde. Sections (30 um) were cut on

a Leica VT1000M vibratome and mounted in Mowiol (Hollemann et al., 1999).

2.13 Fluorescent labeling of animal caps

10X PBS: 1.75 M NaCl, 1 M KCI, 65 mM Na;HPO,4, 18 mM KH,PO,, pH 7.4

1° AB solution: 1:100 goat anti-myc-Cy3 (Sigma) and 1:1000 rabbit anti-GFP
(Abcam) in Ptw

2° AB solution: 1:200 swine anti-rabbit IgG-FITC (DAKO) in PTw
DAPI solution: 1:1000 DAPI in 1xPBS
MEMFA: 4% (v/v) formaldehyde (37%) in 1x MEM

PTw: 0.1% Tween-20 in 1X PBS

For fluorescent labeling, animal caps were incubated until control siblings
reached the desired developmental stage. The caps were fixed in MEMFA for 1
hours at ambient temperature or overnight at 4°C. After three 10 min washes of
PTw, the first Antibody solution was applied for 2 hours at ambient temperature
in the dark. After three 10 min washes of PTw, the second Antibody solution was
applied for 1 hour at ambient temperature in the dark. Caps were then washed
for 10 min once with PTw and once with PBS. To label nuclear DNA, DAPI solution
was applied for 10 min. Caps were then transferred to PTw and stored up to one

week at 4°C in the dark before evaluation at the confocal microscope.
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2.14 Tandem affinity purification (TAP)

Lysis buffer: 5 mM Tris, 5% (v/v) Glycerol, 0.2% (v/v) NP-40, 1.5 mM MgCl,, 125
mM NaCl, 25 mM NaF, 1mM NaV04, 1mM DTT, 1 mM EDTA, 1 protease inhibitor
tablet (Roche) per 50 ml, pH 7.5

TEV cleavage buffer: 10 mM Tris, 100 mM NacCl, 0.1% NP-40, 1mM DTT, 0.5 mM
EDTA, pH 7.5

Tandem affinity purification was essentially performed as described (Kyriakakis
et al., 2008). All steps were performed at 4°C. For tandem affinity purification of
NumblL, 2000 embryos each were injected in both blastomeres at the 2-cell stage
with NumbL-CTap or CTap alone (500 pg/injection), grown until they reached
stage 15 and then shock frozen in liquid nitrogen. Embryos were lysed in 10 pl
lysis buffer per embryo, using first a yellow pipette tip, then a 29-gauge syringe.
After 30 minutes centrifugation at 4°C and maximum speed, the supernatant was
transferred without any debris into new vials and mixed 1:1 with Freon to
remove remaining yolk. After 10 minutes centrifugation at 4000 rpm at 4°C, the
supernatant was again recovered into 15 ml falcon tubes (aliquots kept for
“input”). 200 pl of IgG-sepharose beads were added in each tube and samples
were incubated on a nutator for 2 hours at 4°C. After 1 minute centrifugation at
4°C, samples were three times washed with 2 ml of TEV cleavage buffer. For TEV
cleavage, 1 ml of TEV cleavage buffer and 10 ul of TEV (AcTev, Invitrogen) were

added and samples were incubated overnight on a nutator at 4°C.

For the second pulldown, samples were centrifuged 1 minute at 4000 rpm
at 4°C, supernatant was recovered (aliquot saved for “1*' pulldown”) into new
tubes and 100 ul of streptavidin-beads were added, followed by a 2 hours
incubation on a nutator at 4°C. After three washing steps with 2 ml TEV cleavage
buffer, 500 pl of 2x SDS loading buffer were added and samples were boiled 5
minutes at 95°C to elute bound proteins. Samples were cooled on ice,

centrifuged 1 minute at max speed and supernatant was recovered. To reduce
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the volume of the eluate, samples were loaded on Amicon centrifugation
columns (cut-off 5kDa) and were centrifuged 1 hour at 4000 rpm at 4°C until
sample volume reached 100 pl. To separate the eluted proteins, 25 pl of each

sample were loaded on 10% SDS gel.

Protein bands were visualized first by Colloidal Coomassie staining (Neuhoff,
1988, modified by Dr. O. Jahn, (Proteomics Unit, MPI for Experimental Medicine,
Gottingen, Germany) and then subjected to mass spectrometry analysis using a
Bruker Ultraflex MALDI-TOF-MS and a Thermo Finnigan LCQ Deca XP plus ES-IT-
MS.
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3. Results

3.1 Xenopus Numb isoforms switch during neural development

Mammalian Numb and NumbL have been shown to play an essential role
during early development, particularly in the context of the nervous system
(Gulino et al., 2010). However, the functional role and molecular mechanism of
action has been under debate. Therefore, to gain further insight into the function
of this important class of proteins during early vertebrate development, the role
of the Numb proteins during Xenopus embryogenesis was evaluated. Four
different isoforms of mammalian Numb, which are generated by alternative
splicing, have thus far been described (Verdi et al., 1999; Dho et al., 1999). These
isoforms differ by the presence or absence of an insert in the PTB and PRR
domain and were shown to exhibit different functional activities (Toriya et al.,
2006). Therefore, in a first approach to analyze the expression of the Numbs in
Xenopus, RT-PCR analysis on staged embryos was performed as it can distinguish

between the possible different isoforms.

X. tropicalis cDNA was used, as genomic sequence information is available
allowing the design of primer sets spanning the putative insert regions of the
splice variants. As shown in Fig. 13, multiple bands for Numb and a single size
PCR product for NumblL were generated using the specific primers pairs. To
unambiguously confirm that the observed PCR products indeed represent the
different isoforms of Numb indicated, the amplified products were isolated and

sequenced (see Appendix Fig. 1).

Starting at gastrula stages and throughout all later developmental stages
analyzed, NumbL transcripts were detected that encode for a single protein
lacking both the insert in the PTB and PRR domain (PTBo/PRRo). In contrast, PCR
products corresponding to the PTBo/PTBi and PRRo/PRRi splice variants of Numb
were detected, which is consistent with the previously described murine
isoforms. Furthermore, a switch in Numb isoform expression occurs during

development. In early cleavage stages the maternal transcripts encode for Numb
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PTBo isoforms, which do not harbor the PTB insert (Numb3 or Numb4). However,
starting from stage 15 and during subsequent developmental stages, increasing
levels of PTBi isoforms (Numb1 or Numb2) with a simultaneous decrease in PTBo
isoform levels are detected. Throughout development, most Numb isoforms
contain the PRR insert (Numb1, Numb3) since only low but stable levels of PRRo
transcripts (Numb2, Numb4) are detected. In contrast to the PTBi/PTBo ratio, the
PRRi/PRRo ratio does not change during ongoing development. Thus during early
developmental stages Numb3 is the most abundant Numb transcript expressed
and during later developmental stages transcripts encoding Numb1 and Numb3

are both present.

stage 3 7 10 105 12 14 15 17 21 25 27 35

PTBI

Numb PTB PTBo

Numb PRR

NumbL PTB

NumbL PRR PRRo

H4

Figure. 13: Temporal expression analysis of X. tropicalis Numb and NumbL isoforms.
Semi-quantitative RT-PCR analysis of staged embryo cDNA. Stages are indicated in the
upper lane, the primer sets used at the left. To control for genomic DNA, a control RT-
PCR reaction was done on the staged RNA in the absence of reverse transcriptase.
Histone 4 was used as a loading control. Arrows at the right indicate the expected PCR
product size of the isoforms.

3.2 Numbl is expressed in the territories of primary neurogenesis

Numb and Numbl are expressed in partially overlapping expression
patterns in the mouse (Zhong et al., 1996; Zhong et al, 1997). Thus it is
anticipated that they have common as well as distinct functions that correlate
with their specific expression patterns. While Numb is expressed at low levels
ubiquitously throughout the developing embryo, NumblL expression is highly
restricted to the nervous system. Moreover, while Numb is found throughout all
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layers of the neural tube, NumbL is only present in the mantle layer where cells

are actively differentiating (Zhong et al., 1997).

To evaluate their potential role in the development of the nervous system
in Xenopus embryos, a detailed comparative expression analysis of Numb and
Numbl was performed (Fig. 14). Whole mount in situ hybridization analysis was
performed to determine the spatial expression of Numb and NumbL in X. laevis
embryos. Numb is expressed at low levels throughout the embryo during early
cleavage and gastrula stages (Fig. 14A, B). At open neural plate stages, Numb is
weakly detected throughout the ectoderm and is enriched in a single longitudinal
domain on both sides of the midline as well as in a horse-shoe domain that
marks the panplacodal primordium (Schlosser 2006) (Fig. 14C, D). At stage 30,
Numb transcripts are concentrated in the anterior region of the embryo
including the brain and throughout the spinal cord. High expression levels of
Numb are also found in the otic vesicle and the pronephros (Fig. 14J)). As
previously described (see Nieber 2007), during gastrula stages, NumbL is strongly
detected above the blastopore lip, which demarcates the presumptive neural
ectoderm (Fig. 14E, F). At the open neural plate stage, NumbL is detected in the
midline and strikingly found in the territories of primary neurogenesis including
the three longitudinal domains in the posterior neural plate, as well as in
neurogenic trigeminal and olfactory placodes (Fig. 14G, H). At tailbud stages,
Numbl continues to be expressed in the nervous system and is detected

throughout the brain, spinal cord, eye and branchial arches (Fig. 14L).

The tissue-specific differences in NumbL and Numb expression in the
neuroectoderm of open neural plate stage embryos are shown in transversal
sections (Fig. 141, K). Numb is found adjacent to the midline in the superficial
epidermal layer of the bilayered neuroectoderm, which stays in a proliferative
state and primarily undergoes differentiation in the later, secondary wave of
neurogenesis (Chalmers et al., 2002; Hartenstein 1989). In contrast, all three
longitudinal expression domains of NumbL are located in the deep layer of the
neuroectoderm, which mainly gives rise to the primary neurons (Fig 14K). The

midline staining of NumbL is also located in the deeper sensorial layer in the
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tissue that will give rise to the spinal cord floorplate. At tailbud stages, Numb is
weakly expressed throughout the neural tube (Fig. 14M), while the expression of
NumbL is more restricted (Fig. 14N) and is excluded from the ventricular zones
were proliferating progenitor cells are located. In a double in situ for NumbL and
N-tubulin (Fig. 140), both expression domains partially overlap in the outer
mantle zone, but in addition, NumbL is expressed in the intermediate zone,

suggesting a function for NumbL during the onset of neuronal differentiation.

Numb NumblL Numb

NumblL
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Figure 14: Comparison of spatiotemporal expression of X. laevis Numb and NumbL.
Whole mount in situ expression analysis of Numb (A-D, 1-J,M) and NumbL (E-H, K,L,
N,0). (A,B and E,F) Gastrula stage embryo shown in view of the blastopore. (C and G)
Neurula stage embryo, dorsal view, anterior up. Dashed line indicates plane of the
transversal section shown below. (D and H) Neurula stage embryo, anterior view, dorsal
up. (J and L) Tailbud stage embryo shown in a lateral view. Dashed line indicates plane
of the transversal section shown below. (0) Transversal section of a stage 30 embryo
hindbrain. Double in situ on NumbL (black) and N-tubulin (red). bp, blastopore; nc,
notochord; st, stage; m, medial stripe; i, intermediate stripe; |, lateral stripe; ov, otic
vesicle; pn, pronephros; ba, branchial arches; fb, forebrain; mb, midbrain; hb, hindbrain;
ol, olfactory placode; pp, panplacodal primordium; tg, trigeminal placode; vz, ventricular
zone; svz, subventricular zone.

3.3 Numbl is positively regulated by Neurogenin 1-3

As Xenopus Numbl exhibited a restricted expression in the areas of
primary neurogenesis and loss-of-function experiments suggested an essential
role of NumbL (Nieber 2007) in the process of primary neurogenesis, a detailed
functional analysis of NumbL in this context was performed. A knockdown of
Numbl has been shown to inhibit the expression of neuronal differentiation
factors such as MyT1 and NeuroD, which act downstream of the proneural
determination factor Ngn2 (Nieber 2007). Moreover, both the temporal
expression of NumbL in the territories of primary neurogenesis, as well as the
expression in the intermediate zone of the neural tube suggest a role for NumbL
in Xenopus neurogenesis as cells have already started to initiate differentiation.
It was therefore tested, if NumbL is indeed regulated by the Ngn family of
proneural transcription factors. X. laevis embryos were injected in one of two
cells with Ngn1, Ngn2 or Ngn3 mRNA and the influence on NumbL expression
examined at stage 15 by whole mount in situ hybridization (Fig. 15). As shown in
Fig. 15G-I, all three Ngns activate N-tubulin and NumbL in both the neural and
nonneural ectoderm (Fig. 15A-C). Corresponding to the induction of N-tubulin
only in the sensorial layer upon Ngn2 overexpression (Chalmers et al., 2002),
NumblL is also exclusively activated in the sensorial layer of the epithelium (Fig.

15D-F).
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In a second approach, the animal cap assay was used where both animal
blastomeres of two-cell stage embryos were injected with Ngn mRNA. The
animal caps were excised at the blastula stage, cultured until control siblings
reached stage 15 and the expression level of target genes analyzed by semi-
quantitative RT-PCR. As shown in Figure 15J, all three Ngns strongly activated N-
tubulin and NumbL in naive ectoderm. This is consistent with the Ngn-induced
activation in the nonneural ectoderm of the embryo. Moreover, Numb was not
activated by Ngn, which further demonstrates that NumbL, but not Numb, is

activated during neuronal differentiation downstream of the proneural factors.

NumbL N-tubulin
J

NumbL

Numb

N-tubulin

Figure 15: Numbl is positively regulated by the neurogenins. (A-C and G-lI) Whole
mount in situ hybridization analysis of neuronalized embryos. X. laevis embryos were
injected with 20 pg of Ngn1, Ngn2 or Ngn3 mRNA, as indicated in the upper right corner,
and fixed at stage 15 prior to analysis. 50 pg of B-Gal mRNA were co-injected as lineage
tracer and mark the injected side, which is blue and always on the right. Embryos are
shown in a dorsal view, anterior up. In situ probes are indicated at the top, statistics in
the lower right corners. Dashed lines indicate plane of transversal sections adjacent to
the embryos. All three Neurogenins induce NumbL as well as N-tubulin. (D-F) Transversal
sections as indicated in A-C. (J) Semi-quantitative RT-PCR analysis of cDNA of X. laevis
animal caps injected with 20 pg of Ngn1, Ngn2 or Ngn3 mRNA, as indicated. Explants
were cultured until control siblings reached stage 15 and then total RNA was extracted.
To control for genomic DNA a control RT-PCR reaction was done on the staged RNA in
the absence of reverse transcriptase. H,O represents a negative control were no RNA
was added to the RT reaction. All three Neurogenins induce NumbL and N-tubulin, but
not Numb.
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3.4 NumblL gain-of-function leads to an increase in neural tube size

As the expression, regulation and loss-of-function analysis support a role
for NumbL during Xenopus primary neurogenesis, a detailed analysis of NumbL
function in this context was performed. At first, MT-NumblL mRNA was
overexpressed in X. laevis embryos and the influence on primary neuron
formation was monitored by whole mount in situ hybridization (Fig. 16). At the
open neural plate stage, a slight increase in density of N-tubulin positive cells in
the lateral stripe was observed (Fig. 16A). In a transversal section of the neural
plate, all N-tubulin positive cells were located in the sensorial layer of the
neuroepithelium (Fig. 18B). The same effect was obtained by overexpression of
the NumbL(SA) double mutant, in which two serines (5264 and S281) that
represent phosphorylation sites for negative post-translational regulation of
Numbl (Kobayashi et al., 2006) were exchanged to alanine (Fig. 16C). At tailbud
stage, the embryos overexpressing NumbL do not exhibit an obvious phenotype
except a slight bending of the embryo axis (Fig. 16D). In transverse, an increase in
the size of the neural tube with a concomitant increase in N-tubulin positive cells
is observed (Fig. 16E). Taken together, in gain-of-function analysis of NumbL in X.
laevis embryos, NumbL is not sufficient to induce ectopic neurogenesis, but
rather increases differentiation of primary neurons in the territories of primary

neurogenesis.
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Figure 16: NumbL overexpression promotes neurogenesis and enlarges the neural
tube. Whole mount in situ analysis of embryos that were injected with 500 pg of NumbL
or NumbL(SA) mRNA as indicated in the upper right corner. 8-Gal mRNA was co-injected
as a lineage tracer. Embryos were cultured until the stage indicated in the lower left
corner, fixed and probed for N-tubulin. Statistics are indicated in the lower right corner.
(A) Embryo shown in a dorsal view, anterior up. Dashed line indicates the plane of the
section shown in B. (C) Embryo shown in a dorsal view, anterior up. At open neural plate
stage, overexpression of NumbL or NumbL(SA) results in a slight increase in N-tubulin
positive cells on the injected side. (D) Embryo shown in a lateral view, anterior to the
left. Dashed line indicated the plane of section shown in E. At tailbud stages, NumbL
overexpression results an increased neural tube and an increased number of N-tubulin
positive cells.

3.5 NumbL knockdown does not activate the Notch pathway

One of the best-described functions of members of the Numb family is
their ability to act as an inhibitor of Notch signaling (Uemura et al., 1989; McGill
et al., 2003). The loss of neuronal differentiation observed upon knock-down of
NumblL in X. laevis (Nieber 2007) may therefore be the result of increased Notch
signaling, which then suppresses neurogenesis. As described previously, neither
the Notch target genes ESR1 and ESR9 nor the Notch ligand Deltal were found to
be upregulated upon NumbL knockdown (Nieber 2007; Fig. 17A,B,F). To further
provide evidence that Notch activity is indeed not increased by knock-down of
NumblL, additional Notch target genes were analyzed by whole mount in situ in

NumbL MO injected embryos (Fig. 17). The expression of all tested ectodermal
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Notch target genes, ESR3, ESR8 and ESR10 (Fig. 17A-C, E-G), was not altered
upon NumblL knockdown. The Notch target gene ESR5 and the Notch ligand
Delta2 were shown to act in segmentation of the paraxial mesoderm (Sparrow et
al., 1998). Corresponding with previous studies that demonstrated defects in
somite formation in the mesoderm upon Numb/NumbL double knockout in mice
(Petersen et al, 2005), ESR5 and Delta-2 were inhibited upon NumbL knockdown
(Fig. 17D,H), indicating decreases in Notch signaling levels upon NumbL

knockdown in the mesoderm.

100% n=33 ; B6% n=15

81% n=27 g ; 100% n=18 § ESR10 100% n=16 100% n=20

Figure 17: NumblL knockdown does not cause an increase of the Notch signaling
pathway in the open neural plate. Whole mount in situ hybridization analysis of Notch
target genes and Notch ligands in NumbL morphant embryos. Embryos were injected
with 12.5 ng of NumbL MO and 50 pg of B-Gal mRNA as a lineage tracer in one
blastomere of 2-cell embryos and cultured until stage 15. The injected side is marked by
blue B-Gal staining and is always at the right. Embryos are shown in a dorsal view,
anterior up. Probed genes are indicated in the lower left corner, statistics in the lower
right corner. (A-C; E-G) NumbL knockdown does not upregulate ectodermal Notch target
genes or the Notch ligand Delta-1. (D,H) NumbL knockdown results in an inhibition of
the mesodermal Notch target gene ESR5 and the Notch ligand Delta-2. *: previously
published (Nieber, 2007)

3.6 Notch inhibition does not rescue NumbL knockdown

To further provide evidence that the NumbL knockdown phenotype in the
neural ectoderm is not a result of elevated Notch levels, the Notch inhibitors
Delta-Stu (Chitnis et al., 1996) and Su(H)*®™ (Wettstein et al., 1997) were
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employed in co-injections with the NumbL MO. As a read-out, whole mount in
situ on N-tubulin was performed, as it shows a strong phenotype upon NumblL
knockdown (Nieber 2007). Injection of mRNA encoding both dominant-negative
constructs induced the typical increase in neuronal density in the territories of
primary neurogenesis (Chitnis et al, 1996; Wettstein et al., 1997) as shown by the
expression of N-tubulin (Fig. 18A,B). However, inhibition of Notch signaling by
these constructs could not rescue the loss of N-tubulin positive cells in the
NumbL knockdown embryos (Fig. 18C,D). These results further support the
hypothesis that the function of NumbL is independent of Notch signaling in the

context of primary neurogenesis

83% n=46 | N-tub
MO +Delta" | D MO +5u(H)P8M

80% n=20 | N-tub

Figure 18: Notch inhibition does not rescue NumbL knockdown. Whole mount in situ
analysis of NumbL morphants that were co-injected with 12.5 ng NumbL MO and 100 pg
of the indicated Notch signaling inhibitor. B-Gal mRNA was co-injected as a lineage
tracer. Inhibitors are indicated in the upper right corner, probed genes in the lower left
corner. Statistics are shown in the lower right corner. Embryos were fixed at stage 15
prior to analysis. Embryos are shown in dorsal view, anterior up. (A and B) Notch
pathway inhibition results in increase in N-tubulin density in the areas of primary
neurogenesis. (C and D) Notch inhibition does not rescue the loss of N-tubulin upon a
knockdown of NumblL.
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3.7 A knockdown of NumblL leads to an increase in neural progenitors

The Numb/NumbL double knockout mice exhibit a severe influence on
the neural progenitor cell population (Petersen et al., 2002; Li et al., 2003,
Petersen et al., 2004). Dependent on the stage of development that gene
inactivation occurs, either depletion of neural progenitors as a consequence of
premature differentiation, hyperproliferation of the neural progenitors or
impaired differentiation of the progenitor population was observed. To
determine, whether the observed loss of postmitotic neurons upon NumblL
knockdown in X. laevis embryos was the consequence of alterations in the neural
progenitor pool, the expression of the early neural genes Sox3 and NCAM was
evaluated by whole mount in situ in NumbL knockdown embryos (Fig. 19). The
expression domains of Sox3 and NCAM were significantly increased on the side
of the embryo injected with the NumbL MO compared with the uninjected side
(Fig. 19A and B). This demonstrates that the inhibition of neuronal differentiation
is not due to the loss of the progenitor population and suggests that a loss of
NumbL function may in fact increase proliferation of the neural progenitors and

thereby impairing differentiation.

83% n=26

Figure 19: NumbL knockdown leads to an increase in early neural gene expression.
Whole mount in situ analysis of NumbL morphant embryos. Embryos were injected with
12.5 ng NumbL MO and 50 pg R-Gal mRNA and cultured until stage 15 prior to analysis.
The probed genes are indicated in the lower left corner, statistics in the lower right
corner. The injected side is marked by blue B-Gal staining and is always at the right.
Embryos are shown in a dorsal view, anterior up. Neuroepithelium size is represented by
the double arrow for the injected site (blue) and the uninjected site (black). (A) NumbL
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knockdown leads to a broadened expression domain of NCAM. (B) NumbL knockdown
leads to an increased expression domain of Sox3.

3.8 NumbL knockdown increases the number of mitotically active cells in

the ectoderm at early gastrula stages

As the expression domains of panneural genes like Sox3 or NCAM were
found to be increased in size upon NumbL knockdown, proliferation rates in the
neuroectoderm were analyzed at different stages by immuno-labeling of
phosphorylated Histone 3 (pH3), which marks mitotically active cells (Fig. 20).
Embryos were unilaterally injected with the NumbL MO, cultured to the desired
developmental stages and then subjected to pH3 staining. The stained embryos
were sectioned and pH3 signals in a reference area on each side were counted in
15 consecutive sections. At neurula stages when loss of N-tubulin expression is
observed, there was no difference in the number of pH3 positive cells on the
NumbL MO injected side compared with the uninjected control side. Although,
at stage 15 no significant difference in mitotically active cell number was
observed, a knockdown of NumblL resulted in a thickening of the neuroectoderm
on the injected site at this stage (Fig. 20F). Therefore to determine if increased
proliferation was occurring during the establishment of the neural plate, we
performed the pH3 assay on earlier stage embryos. While at stage 12 only a
slight increase in pH3 positive cells could be detected (Fig. 20C, D and E), a
significant increase in mitotically active cells in the prospective neuroectoderm

was observed at the onset of gastrulation at stage 10 (Fig. 20A, B and E).

Differentiation of progenitor cells requires withdrawal from the cell cycle.
This is achieved by the expression of cell cycle regulators like Gadd45y, Pak3 and
p27xiC1 (Souopgui et al., 2002; De la Calle-Mustienes et al., 2002; Vernon et al.,
2005). Consistent with the increase in mitotically active cells, a loss of Gadd45y
and Pak3 expression was observed in stage 15 NumbL morphants (Fig. 20G and

H), thus raising the possibility that the neuronal progenitors are prevented from
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undergoing differentiation and stay in a proliferative state because they are not

able to exit the cell cycle.

MumbL MO  uninjected  NumblLMO  uninjected

stage 10 stage 12

Figure 20: NumbL knockdown leads to increased proliferation during gastrula stages
and loss of cell cycle regulators. Phosphoryllated Histone 3 staining of NumbL MO
injected embryos. Embryos were injected with 12.5 ng NumbL MO and 50 pg R-Gal as
lineage tracer. Embryos were cultured until they reached the indicated stage and then
fixed for pH3 immuno-labeling. Stained embryos were sectioned and pH3 positive cells
on injected and uninjected side were counted in 15 consecutive sections. (A,C) Embryos
are shown in a dorsal view, anterior up. Dashed line represent plane of transverse
sections shown in S1 and S2. Stage is indicated at the lower right corner. (B, D) Boxes
indicate evaluated area on each side. (E) Graph summarizing the results. NumbL
knockdown cause a significant increase in proliferation rates on the injected side during
gastrula stages but not at later stages. (F) Transversal section of the neuroepithelium of
a stage 15 NumbL morphant embryo. Epithelium thickness is represented by the double
arrow for the injected site (blue) and the uninjected site (black). (G,H) In situ analysis of
stage 15 NumbL morphants. Embryos are shown in a dorsal view, anterior up. The
injected site is marked by blue R-Gal staining and is always on the right. Stained markers
are indicated in the lower left corner, statistics in the lower right corner. nc, notochord;
s, somite
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3.9 NumblL knockdown promotes neural crest formation at tailbud stages

As described above, the knockdown of NumbL resulted in an increase in
Sox3 and NCAM positive cells at stage 15 (Fig. 19). To elucidate the fate of the
observed increased progenitor population upon NumbL knockdown, the identity
of the formed tissue was analyzed at stage 30 (Fig. 21). All NumbL MO injected
embryos showed a thickened neuroepithelium on the injected side. The
progenitor markers Sox2 and Sox3 were tested to ensure that the cells of the
neuroepithelium were able to exit the progenitor state (Fig. 21A,B). While Sox2
was only slightly expanded (Fig. 21A), Sox3 appeared normal in comparison to
the uninjected control side, indicating that the cells were not kept in a progenitor
state. N-tubulin as marker for postmitotic neurons was found to be
downregulated (Fig. 21C), with a slight recovery effect on expression on the MO
injected side. Epidermal keratin expression was not altered upon NumblL
knockdown (Fig. 21D). The head neural crest instead, marked by Twist, was

found to be increased in NumbL morphants (Fig. 21E, E’)
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Figure 21: NumbL knockdown promotes neural crest fate at tailbud stages. Whole
mount in situ analysis of NumbL morphants at tailbud stage. Embryos were injected with
12.5 ng MO, cultured until stage 30, fixed for in situ, probed for the genes that are
indicated in the upper right corner and then transversally sectioned. The injected side is
marked by blue B-Gal staining. Compared to the uninjected side, some additional tissue
developed on the MO injected side. This tissue was weakly positive for Sox2 and Sox3
(A,B), negative for N-tubulin and epidermal Keratin (C,D) and strongly positive for Twist
(E, F). is, injected side; nis, non-injected side.

3.10 Ngn expression patterns are disturbed in NumbL morphants

An expansion of neural progenitors marked by Sox3 was detected and
important cell cycle regulators that are induced during neuronal differentiation
were lost upon knockdown of NumbL. Therefore, the question arose whether
these cells were prevented from undergoing neuronal differentiation due to the
loss of essential neuronal determination factors, thereby causing the loss of
differentiated neurons. The best-characterized proneural factors expressed in
the open neural plate are members of the Ngn family (Ngni1-3). We therefore
tested the influence of NumbL MO on the expression of the Ngns in X. laevis
embryos by whole mount in situ hybridization. As observed previously, on the

NumbL MO-injected side of the embryo (Nieber 2007), the expression of Ngn2
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was still present, however, the expression domains appeared dispersed (Fig.
22B). The expression of Ngnl was also not inhibited by the presence of the
NumbL MO. Ngnl expression domains were slightly extended and strongly
increased in density on the injected side (Fig. 22A). The Ngn3 expression domain
was elongated on the NumbL MO injected side and at the same time appeared
condensed in comparison to the uninjected control side (Fig. 22C). All together,
all three Ngns are still expressed in NumbL morphants and loss of Ngn expression
cannot be the reason for the complete loss of neuronal differentiation in the

presence of the NumbL MO.

Figure 22: NumbL knockdown influences Neurogenin expression. Whole mount in situ
hybridization analysis of NumbL morphants. Embryos were injected with 12.5 ng MO,
cultured until stage 15, fixed for in situ and probed for the genes indicated in the lower
left corner. Embryos are shown in a dorsal view, anterior up. The injected side is marked
by blue B-Gal staining. Dashed lines represent the plane of the section shown below the
embryo. Statistics are shown in the lower right corner. (A, D) Ngn1l expression appears
condensed upon NumbL knockdown. (B,E) Ngn2 expression pattern is disturbed upon
NumbL knockdown. (C, F) Ngn3 expression domain appears condensed upon NumbL
knockdown. nc, notochord; is, injected side; nis, non-injected side.

3.11 NumbL knockdown leads to an increase in early neural gene

expression

In order to explain why a knockdown of NumbL prevented activation of
neuronal differentiation factors downstream of the Ngns, the expression levels of
negative regulators of neurogenesis were analyzed by whole mount in situ in
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NumbL morphants (Fig. 23). We have already shown that expression of the ESR
family of bHLH repressors is not increased upon knockdown of NumbL. An
additional negative regulator is Zic2, which is a member of the Zic family of zinc-
finger transcription factors. Zic2 is expressed at the borders of the neural plate
and in between the stripes of primary neurons (Brewster et al., 1998).
Functionally, Zic2 was shown to promote a general neural fate in the ectoderm
during neural induction and later to inhibit Ngn2 expression and function
resulting in an inhibition of neuronal differentiation at the expense of a neural
crest fate. Upon knockdown of Numbl, Zic2 expression was strongly increased
on the injected side (Fig. 23B). The other members of the Zic family, Zic1 and
Zic3, also promote a general neural fate, but distinguish themselves from Zic2 by
promoting neuronal differentiation (Nakata et al., 1997; Mitzuseki et al., 1998b).
Both Zicl and Zic3 were strongly increased upon NumbL knockdown (Fig. 23A,C).
Remarkably, the increased Zic expression is predominantly found in the anterior

neural plate and weaker in the posterior region of the embryo.

Figure 23: NumbL knockdown leads to an increase in Zic gene expression. Whole
mount in situ analysis of NumbL morphant embryos. Embryos were injected with 12.5
ng NumbL MO and 50 pg B-Gal mRNA and cultured until stage 15 prior to analysis. The
probed genes are indicated in the lower left corner, statistics in the lower right corner.
The injected side is marked by blue B-Gal staining and is always at the right. Embryos
are shown in a dorsal view, anterior up. (A-C) Expression domains of all three neural
Zics are increased.
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3.12 Zic expression is increased in a Notch independent manner upon

NumbL knockdown

In mammalian cell lines, Numb and NumbL were shown to act as potent
Notch inhibitors (McGill et al., 2003), and also in X. laevis embryos NumbL has
the ability to attenuate Notch activation of a luciferase reporter (Nieber 2007). In
addition to its function in neuronal differentiation, Notch signaling has been
shown to be involved in the activation of early neural genes like Zic2 (Yan et al.,
2009a). Given two different modes of Zic activity depending on the
developmental stage, the hypothesis was tested, whether NumbL could act as
Notch inhibitor during gastrula stages where Notch signaling would influence Zic
expression and thereby its function during neural induction. Embryos were
injected with the constitutively active form of the Notch receptor, NICD, in one
blastomere of the two-cell stage and the influence on Zic expression analyzed by
whole mount in situ hybridization (Fig. 24). At stage 10, no alteration in Zicl,
Zic2 and Zic3 expression was observed upon Notch activation (Fig. 24A, C and E).
At stage 15, Notch activation by NICD injection lead to an increase in all three
Zics (Fig. 24B, D and F), while N-tubulin was found to be inhibited (Fig. 24G),
indicating that Notch pathway activation leads to increased Zic expression levels
at the open neural plate stage, but does not influence early Zic expression during

gastrulation.

To determine if the activation of Zic genes upon NumbL knockdown at
stage 15 could be the result of Notch activation, Zic3 expression was analyzed in
NumbL morphants that were co-injected with the Notch signaling inhibitors
Delta®™ or Su(H)®®™ (Fig. 241 and K). The inductive effect of the NumblL
knockdown on Zic3 expression was not rescued by Notch inhibition, indicating
Notch activation upon loss of NumbL is not the reason for the expansion of the
Zic3 expression domain. Notch inhibition alone did not influence Zic3 expression,

suggesting Zic3 is regulated independent of Notch (Fig. 24H and J).
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stage 15
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Figure 24: Zic genes are activated by Notch but Notch inhibition does not rescue the
NumblL knockdown phenotype. Whole mount in situ analysis of embryos injected as
indicated with 75 pg of NICD, 12.5 ng NumbL MO or 100 pg of the indicated Notch
inhibitor. Embryos were cultured until they reached the stage indicated in the upper
lane. Embryos were probed for the genes that are indicated in the lower left corner.
Statistics are shown in the lower right corner. All embryos are shown in a dorsal view,
anterior up. (A,C,E) NICD overexpression does not influence Zic gene expression during
gastrula stages. (B,D,F) NICD overexpression causes an expansion of Zic expression
domains at the open neural plate stage. (G) NICD inhibits N-tubulin expression at the
open neural plate stage. (H,J) Inhibition of Notch signaling does not influence Zic3
expression. (I,K) Notch inhibition does not rescue the NumbL MO effect on Zic3
expression.

3.13 Xenopus Numb and NumbL are localized in the cytoplasm

Numb proteins have been shown to act as intrinsic cell determinants that
are differentially inherited to daughter cells during cell division (Uemura et al.,
1989) or being asymmetrically distributed within single cells for example during

migration (Nishimura et al., 2007). These described functional activities of Numb
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require its ability to localize to the membrane of a cell. Membrane localization of
Numb can be achieved by either binding phosphotyrosine residues of tyrosine
kinase receptors via the PTB domain (Verdi et al., 1996) or with assistance of the
adaptor protein Partner of Numb (Pon) (Lu et al., 1998). In addition, studies in
which the single Numb isoforms were overexpressed suggest different functions
of the cytoplasmatically and membrane localized isoforms (Bani-Yaghoub et al.,

2007; Kyriazis et al., 2010).

Therefore, to gain insight in the possible function of Numb and NumbL in
the ectoderm of developing Xenopus embryos, the subcellular localization of
Myc-tagged (MT) versions of X. laevis NumbL and X. tropicalis Numb3 in animal
caps (ectodermal explants) was analyzed. The X. tropicalis MT-Numb3 was used
as it is the predominant Numb isoform during neurula stages (Fig. 13) and a full-
length X. laevis Numb3 has not been isolated to date. Mouse MT-Numb1 was
used as a control and was found to localize to the membrane (Fig. 25A-C) as
described previously (Dho et al., 1999). Neither MT-NumblL (Fig. 25D-F) nor MT-
Numb3 (Fig. 25G-1) localized to the membrane and instead both were distributed
symmetrically in the cytoplasm. The distribution of both constructs correlates
with the structure of NumbL and Numb3, as the PTB insert, which was found to
be essential for membrane localization of Numb is absent in both proteins (Verdi

et al., 1999; Dho et al., 1999; Zhong et al., 1997).
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Figure 25: Subcellular localization of mouse MT-Numbl, X./aevis MT-NumbL and
X.tropicalis MT-Numb3. Confocal images of labeled fluorescent proteins in animal caps.
Caps were isolated from embryos injected with 500 pg of the indicated MT-Numb mRNA
together with 100 pg mGFP mRNA and fixed at stage 15. Fluorescent labels are indicated
in the lower left corner. Mouse MT-Numb1 is localized at the membrane, while X. laevis
MT-NumbL and X. tropicalis MT-Numb3 are distributed in the cytoplasm. X. laevis MT-
NumbL and X. tropicalis MT-Numb3 form clusters at the cell membrane. The scheme at
the top represents the domain structure of the isoforms used.
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Numb and NumblL are adaptor proteins containing many protein-protein
interaction domains (Verdi et al., 1996). Therefore, we tested the hypothesis that
the subcellular localization of the Numbs could change during the differentiation
of the ectoderm to a neuron, depending on the presence or absence of
regulatory proteins or signals. To examine this possibility, X. laevis animal caps
were prepared from embryos injected with the indicated MT-Numb mRNA that
were neuralized by co-injection of mRNA encoding the BMP inhibitor Noggin
(Nog) or driven to undergo neuronal differentiation by the co-injection of mRNA
encoding the proneural bHLH factor Neurogenin2 (Ngn2) (Fig. 26). Both MT-
NumbL (Fig. 26A-C) and MT-Numb3 (Fig. 26D-F) were found to persist in the
cytoplasm even when coinjected with Noggin or Ngn2 mRNA, confirming the
necessity of the PTB insert to localize to the membrane. Thus, a function of
Xenopus NumbL or Numb3 via asymmetrical distribution in dividing or polarized

cells is unlikely.

control +Noggin

&

control

Figure 26: Subcellular localization of X. laevis NumbL and X. tropicalis Numb under
wildtype and neuralized conditions. Confocal images of fluorescently labeled proteins
in animal caps. X. laevis embryos were injected with 500 pg MT-Numb mRNA, 100 pg
mGFP mRNA and 20 pg Ngn2 mRNA or 50 pg Noggin mRNA. Fluorescent labels are
indicated in the lower left corner, co-expressed mRNAs in the upper right corner.
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Neuralization or neuronalization of the explanted tissue does not change the subcellular
distribution of MT-NumbL and MT-Numbs3.

3.14 Numbl interacts with the AP-2 complex

Numb family proteins are scaffold proteins containing multiple protein
interaction domains. In order to understand NumbL function in the context of
the developing nervous system, its direct interaction partners in this context
have to be identified. To achieve this, a tandem affinity purification approach
was used, by injecting mRNA encoding a double-tagged version of NumbL into X.
laevis embryos. The TAP-tag containing a Streptavidin binding protein (SBP) and
a ProteinG (ProtG), separated by 2 TEV precision protease cleavage sites, was
cloned c-terminally to NumblL, creating NumbL-CTap (see Fig. 27 for scheme).
NumbL-CTap or control CTap mRNA were injected in both blastomeres at the
two-cell stage, the embryos cultivated until stage 15 and protein extracts
prepared. In two subsequent pull-downs against ProtG and SBP, NumbL-CTap
and CTap interacting proteins were isolated. The recovered proteins were
separated by SDS-PAGE, first visualized by colloidal coomassie blue staining and

then silver staining (Fig. 27).

As shown in the gel in Fig 27, two prominent bands are observed after the 2"
pull-down in both the CTap and Numb-CTap lanes that correspond to the
streptavidine subunits. In addition, in the NumbL-Ctap lane several protein bands
were present that were not found in the CTap control lane. To identify the
proteins, the bands were excised from the gel and analyzed by mass
spectrometry (Fig. 27, table). The interacting proteins that were identified were
the B1 subunit of the AP-2 complex, the a2 subunit of the AP-2 complex and the
pl subunit of the AP-2 complex. These results strongly indicate an interaction of
NumbL with the Adaptor-related protein complex 2 (AP-2) in Xenopus embryos

at the time primary neurons are differentiating.
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Figure 27: NumblL interacts with components of the AP-2 complex. Tandem affinity

purification of NumbL-CTap from whole embryo lysates. Embryos were injected with
500 pg of NumbL-CTap oder CTap mRNA, cultured until stage 15 and frozen for protein
extraction. The gradient gel is colloidal coomassie blue stained, loaded samples are
indicated at the top. Marker sizes are indicated at the left. Identified bands are marked
with numbers and described in the table at the right. Streptavidin subunit bands are
marked by asterisks, TEV protease band by the pound sign on the gel.

3.15 Interaction with the AP-2 complex is essential for NumbL function

To determine if the identified interaction of NumblL with the AP-2
complex was of functional relevance, mutants of NumbL and NumbL(SA) were
designed. In Numb, mutation of the DPF motif to DLA has been shown to abolish
Numb binding to AP-2 (Santolini et al., 2000). Therefore, the corresponding motif
in Numbl, the DQF motif, was mutated to DLA. NumbL(DLA)-CTap was then used
in a second TAP experiment that paralleled the one previously done with the
wild-type NumbL. In this experiment, interactions with the AP-2 subunits were
not observed (Appendix Fig. 2). These results suggest that this domain in NumbL
is indeed responsible for interaction with the AP-2 complex. In vitro verification

of NumbL interaction with the single AP-2 subuntis by co-immunoprecipitation
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were not performed as the isolated adaptins of the do not fold properly when

expressed alone (Collins et al., 2002).

The NumbL DLA mutants were then tested for a possible dominant-
negative effect by overexpressing them in X. laevis embryos and analyzing the
influence on N-tubulin expression at stage 15 (Fig.28 A-C). Overexpression of
MmRNA encoding NumbL(DLA) and NumbL(SA-DLA) caused a phenotype,
comparable to wild-type NumblL, exhibiting slightly increased numbers of N-
tubulin positive cells in the lateral stripe. To show the necessity of the AP-2
interaction for NumbL function, rescue experiments were done. In these
experiments, in contrast to the wild-type NumblL, the NumbL(DLA) mutants could
not rescue the MO phenotype (Fig. 28,D-F). These results strongly suggest that
the interaction with the AP-2 complex is essential for activity of NumbL during

neuronal differentiation.

+NumbL(DLA) [ D + NumbL{SA-DLA)

£

64% n=48 | N-tub 91% n=55 | N-tub 75% n=34

NumbL(DLA) NumbL(SA-DLA)
+MO +MO

96% n=27 | N-tub 815% n=37

Figure 28: Interaction with the AP-2 complex is crucial for NumbL function. Whole
mount in situ analysis of embryos that were injected with 500 pg NumbL construct
MRNA and 12.5 ng NumbL MO, as indicated in the upper left corner. Embryos were
cultured until stage 15, fixed and probed for N-tubulin. Statistics are shown in the lower
right corner. Embryos are shown in a dorsal view, anterior up. (A-C) Overexpression of
NumbL, NumbL-DLA or NumbL SA DLA does not show a dominant negative effect on N-
tubulin expression. (D-1) The NumbL MO phenotype can be rescued by coinjection of
MRNA encoding NumblL, but not by NumbL(DLA) or NumbL(SA-DLA).
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4 Discussion

4.1 Numbl has a dual function during Xenopus primary neurogenesis

Numb and Numbl are expressed in the developing nervous system
of mice, chicken and zebrafish (Zhong et al, 1997; Niikura et al., 2006;
Wakamatsu et al., 1999; Reugels et al., 2006). Numb is expressed ubiquitously,
including the mitotically active progenitor cells within the neural epithelium
(Zzhong et al., 1996; Zhong et al., 1997; Wakamatsu et al., 1999; Reugels et al.,
2006), while Numbl is expressed specifically in the developing nervous system in
post-mitotic differentiating cells (Zhong et al., 1997). Correlating with its
expression in other organisms (Zhong et al., 1997), X. laevis NumblL is exclusively
expressed in differentiating neurons in the open neural plate as well as in the
closed neural tube, while Numb is more ubiquitously expressed. The conserved
expression patterns of the Numb family genes already suggests that the
functions of the Numbs in the context of neurogenesis may also be also be
conserved. In addition to the expression of NumbL in the differentiating neurons,
we also observe an early expression of in the dorsal ectoderm of gastrula stage
embryos. At this stage when NumblL is expressed in prospective neural ectoderm,
this tissue is characterized by BMP inhibition and FGF signals (Marchal et al.,
2009). Simultaneously, the first cells express the Ngn proneural genes and
become determined to enter a neuronal fate (Sommer et al., 1996; Ma et al.,
1998), however, downstream markers for neuronal differentiation are not yet
present. Thus the expression of NumbL during X. laevis early embryogenesis
suggests at least two unique functions of NumbL during the development of the
nervous system (Fig.14); one early function during the establishment of the

neural ectoderm and a later function in the process of neuronal differentiation.

Previously we showed that a knockdown of NumbL resulted in a
complete loss of postmitotic neurons at the open neural plate stage (Nieber
2007). This differs from the mouse NumbL homozygous mutants that were

reported to be viable but show no obvious phenotype (Petersen et al., 2002).
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The lack of phenotype was attributed to partial redundancy with other Numbs
(Petersen et al., 2002). Consistent with redundancy, Numb mutant mice exhibit
severe cranial neural tube closure defects and die around E11.5, and double
mutants of Numb and NumbL die earlier at around E9.5 with more widespread
and severe defects than the single mutant (Petersen et al., 2002). Moreover,
several conditional knockouts (cKO) were created where Numb was eliminated at
different time points from E8.5 to E12.5. While Numb cKO are viable and fertile
and do not distinguish from wild-type animals, the Numb cKO in a NumblL
deficient background results in embryonic lethality and a loss of differentiated
neurons at E10.5 - 11.5. Taken together the mouse knockouts clearly
demonstrate an essential role of the Numbs during neurogenesis. Furthermore,
in Xenopus we could show that NumbL is essential for primary neurogenesis. The
failure to observe a neural phenotype in mouse NumbL knockouts may be
attributed to the incompleteness of the knockdown, as still low levels of NumbL

are detectable in the homozygous mutants (Petersen et al., 2002).

A knockdown of NumbL with a morpholino antisense oligonucleotide in X.
laevis was found not only to inhibit differentiation of primary neurons but also to
increase proliferation in the ectoderm specifically during gastrula and early
neurula stages (Fig. 20). This results in a thickened neuroepithelium at stage 15.
The expression domains of the neural progenitor gene Sox3 and the panneural
gene NCAM were increased at stage 15 following NumbL knockdown. This
suggests a dual function of NumbL and is consistent with the results obtained in
mouse. Depending on the developmental stage of gene inactivation in mouse,
cDKO of Numb and Numbl either promoted premature differentiation and
therefore depletion of the neural progenitor population (Petersen et al., 2002;
Petersen et al, 2004) or impaired differentiation with concomitant
hyperproliferation of these cells (Li et al., 2003). This suggests a dual function for

the Numb and NumbL in both progenitor cells maintenance and differentiation.

Similar to Numb proteins, the Zic zinc-finger transcription factors exhibit
two different functions during neural induction and neuronal differentiation. In

X. laevis, one early function of the Zics is to induce neural markers like NCAM and
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to promote a general neural fate. During neuronal differentiation, Zicl and Zic3
promote differentiation through activation Ngn2 (Nakata et al., 1997; Mitzuseki
et al., 1998). Zic2, in contrast, inhibits neuronal differentiation by inhibiting Ngn2
expression and function (Brewster et al., 1998) and is expressed between the
stripes of primary neurogenesis. In addition, the Zics were described to function
in patterning of the spinal cord by antagonizing SHH signals from the notochord
and therefore confer dorsal neuronal and neural crest cell fates to neural
progenitors (Nakata et al., 1998; Aruga et al., 2004). At the open neural plate
stage, Zicl, Zic2 and Zic3 are strongly increased in NumbL morphants (Fig. 23).
Corresponding to the strong activation in the anterior neural plate (Fig. 23) and
the neural crest inducing activity of all three Zic genes (reviewed by Aruga, 2004),
increased expression of the neural crest marker Twist is observed at tadpole
stages (Fig. 21). Thus, the early activation of the Zic genes would explain the
observed increase in proliferation in the neuroepithelium while the later increase
in Zic expression could impair neuronal differentiation by promoting a neural
crest cell fate in neural progenitors. However, since Ngn expression is not lost
upon a NumbL knockdown (Fig. 22), the neuronal precursors exit the cell cycle
and enter the differentiation pathway nevertheless. Therefore, the early function
of NumbL to commit neuronal differentiation in the progenitors of the dorsal
ectoderm may be independent of its later function during the process of

neuronal differentiation itself.

Overexpression of mNumb in murine neural precursor cells caused
isoform dependent either differentiation or proliferation of these cells (Bani-
Yaghoub et al., 2007). Consistent with the overexpression of mNumb4, the
structurally most similar isoform to NumbL, NumbL gain-of-function in X. laevis
does not promote ectopic formation of primary neurons, but rather a slight
increase in neuronal density in the territories of primary neurogenesis at the
open neural plate stage (Fig. 16). NumbL role during differentiation of primay
neurons is further supported by its regulation through Ngnil-3 (Fig. 15). The
failure to obtain a strong gain-of-function phenotype may be due to post-
transcriptional negative regulatory mechanisms. For example, the RNA binding

protein Musashi inhibits translation of Numb transcripts (Okano et al., 2002). As
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Musashi, like most RNA-regulatory proteins characterized to date, bind within
the untranslated regions of its target mRNA (Imai et al., 2001), the used NumbL
mRNA did not harbor its endogenous untranslated regions. However, one cannot
exclude regulatory binding sites within the coding sequence for other regulatory
proteins. Furthermore, translation of Numb mRNA was shown to be regulated by
miR146a in mouse satellite cells (Kuang et al., 2009), raising the possibility that
NumbL mRNA translation might be regulated by micro RNAs, as well. Numb is
also on a post-translational level by phosphorylation of two serine residues,
Ser® and Ser*'® (Tokumitsu et al., 2006). If phosphorylated, these two residues
promote the binding of ubiquitous present 14-3-3 proteins, which mask Numbs
protein-protein interaction domains and prevent it from binding it targets.
Overexpression of phosphorylation mutants of NumbL in which the two
conserved serines were exchanged to alanine (NumbL(SA)), did not result in a
significantly stronger phenotype than wild-type gain-of-function (Fig. 16C).
However, additional uncharacterized sites of negative regulation within NumbL
may still be present. Alternatively, since NumbL functions as a scaffold protein,
its activity is most likely dependent on the availability of its interaction partners.
Therefore, the weak phenotype upon NumbL overexpression may also be

explained by limiting amounts of interacting proteins.

4.2 NumblL function during Xenopus primary neurogenesis is independent of

Notch signaling

Overexpression of Drosophila Numb results in an inhibition of Notch
activity and an increased neuronal differentiation of SOP cells (Rhyu et al., 1994;
Guo et al.,, 1996). As the comparable phenotype in X. laevis can be created by
overexpression of Notch inhibitors and is much stronger than the effect observed
for NumbL overexpression (compare Fig. 16A and Fig. 18A,C), it is likely that the
increase in neuron density relies on a mechanism different from Notch signaling

inhibition. Overexpression of distinct mouse Numb isoforms in murine neural
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progenitor cells or Drosophila other optic anlage cells (OOA) revealed that
although the different Numb isoforms possess different developmental potential
in driving either proliferation or differentiation, Notch signaling was equally
inhibited by the single isoforms (Toriya et al., 2006; Bani-Yaghoub et al., 2007).
These results strongly support that the opposing isoform activities are

independent of Notch signaling.

The knockdown of NumbL in X. laevis was shown to efficiently inhibit the
formation of differentiated neurons (Nieber 2007). While the impaired neuronal
differentiation upon a knockdown of NumbL phenocopies an activation of the
Notch signaling pathway, no evidence for NumbL acting as an inhibitor of Notch
signaling in this context was found. Neither were Notch target genes activated
upon a loss of NumblL (Fig. 17), nor could the NumbL knockdown effect on
neuronal differentiation be rescued by inhibition of Notch signaling (Fig. 18).
These results further suggest a Notch independent function of NumbL during
neuronal differentiation. Also, the underlying molecular mechanism of Zic
activation is unclear as the induction of the Zic genes is subject to recent debate.
Notch activation by overexpression of NICD resulted in an increase in Zic
expression (Fig. 24). This could be either a direct effect, as Notch signals were
shown to be essential for the induction of Zic2 expression during neural
induction (Yan et al., 2009b), or an indirect effect as Notch activation increases
proliferation of neural progenitors, leading to an enlarged neural plate (Louvi et
al., 2006). However, as shown for the NumbL knockdown phenotype on N-
tubulin expression (Fig. 18), the increase in Zic expression was also found to be
Notch independent. Inhibition of Notch did not rescue the knockdown

phenotype in Zic gene expression (Fig. 241 and K).

Similar to the Notch activation upon Numb knockdown in Drosophila
SOPs (Guo et al., 1996), Notch signaling was suggested to be de-regulated and
influence progenitor cell maintenance in the mouse Numb/NumbL double
knockout, but no evidence for elevated Notch signaling has been demonstrated
thus far. However, cNumb was described to bind and modulate Notch-1 activity

upon overexpression in the chick neuroepithelium (Wakamatsu et al., 1999). In
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addition, NumbL overexpression in X. laevis embryos could decrease the
activation of a Notch luciferase reporter by NICD (Nieber 2007). These data raise
the possibility that Numb and NumbL can under certain developmental contexts

act as Notch inhibitors.

Additional pathways that might be regulated by NumbL in the context of
primary neurogenesis in Xenopus are BMP and FGF, as they are active in the
ectoderm during neural induction. While BMP inhibition was shown to be
sufficient for induction of Zic1, Zic3 can only be activated if FGF4 signaling is not
compromised at the same time (Marchal et al., 2009). Zic2 activation requires in
turn Notch signaling downstream of the forkhead transcription factor FoxD5, an
immediate target of Zicl and Zic3 (Yan et al., 2009b). Thus, candidate pathways
for being regulated by NumbL at this stage are either BMP signaling, FGF
signaling or events like calcium signals that might mediate the activation of
target genes upon activation of FGF signals. Interestingly, Numb4, the
structurally most similar isoform to Numbl, was recently described to influence
calcium signaling in the context of neuronal differentiation. Numb4 was found to
trigger neuronal differentiation upon overexpression in cultured mouse neuronal
progenitor cells depending on a calcium influx via L-Type calcium channels and
subsequent MAPK pathway activation (Lu et al., 2009). Furthermore, a stress
induced switch in Numb isoforms from PTBi (Numb1, Numb2) to PTBo (Numb3,
Numb4) in PC12 cells specifically led to elevated Notch signaling levels and
subsequent transcription of the transient receptor potential channel 6 (TRP6), an
L-Type calcium channel (Kyriazis et al., 2010). These data suggest the possibility
that NumbL might be involved in calcium signaling regulation downstream of FGF
signaling and upstream of early neural gene expression as well as in the context
of neuronal differentiation. However, the context specific regulation of the Zic

genes has to be evaluated in further studies.

69



4. Discussion

4.3 Numbl is localized in the cytoplasm and interacts with the AP-2

complex

Numb is known to act as asymmetrical distributed cell fate determinant in
Drosophila SOPs and neural progenitor cells (Uemura et al., 1989, Lu et al,,
1998). Numb has also been shown to function in mediating localized interactions
between target proteins like the AP-2 complex and integrins (Nishimura et al.,
2007; Ezratty et al., 2009). Both activities are dependant on Numbs ability to
localize to the membrane, either prior to cell division or during a specific function
carried out by the cell, i.e. migration. An insert within the PTB domain was found
to be crucial for membrane localization of mammalian Numb (Verdi et al., 1996).
In this thesis, Xenopus Numb proteins lacking this insert (Numb3 and Numbl)
were also found not to localize to the membrane in ectodermal explants (Fig.
25), even under neuralizing and neuronalizing conditions (Fig. 26). These results
strongly suggest that NumbL protein will not be asymmetrically distributed
during cell division. On the functional level, cytoplasmatic isoforms of hNumb
were shown to specifically induce differentiation of rat PC12 cells upon growth
factor withdrawal while cell expressing membrane localized isoforms stayed in a
proliferative state (Pedersen et al., 2002). Therefore, also the cytoplasmatic
localization of X. laevis MT-NumbL would correlate with a possible function in

neuronal differentiation.

Numb proteins were shown to interact with components of the AP-2
complex (Santolini et al., 2000) and attach target proteins for endocytosis.
Although the AP-2 interaction motif DPF in Numb is exchanged to a DQF motif in
Numbl, strong interactions with AP-2 could nevertheless be detected in Xenopus
open neural plate stage embryos (Fig. 27). As this interaction is crucial for NumbL
ability to rescue the MO effect (Fig. 28), NumbL might act in vivo as an
endocytotic protein, as well. The seemingly contradiction, that NumbL could act
in endocytosis although it is not membrane localized per se can be explained by
adaptor proteins that mediate interaction under certain conditions. Taking into

account that mouse Numb was reported also to interact with adaptor proteins to
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localize to the membrane (Lu et al., 1998), this raises the possibillity that X. laevis
NumbL might nevertheless function as scaffold protein in membrane-associated
processes like for instance endocytosis. Furthermore, Numb was shown to
regulate not only endocytosis but also post-endocytotic trafficking and is
localized to endosomes, as well (McGill et al., 2009; Nishimura et al., 2007).
Therefore, a role for NumbL in downstream events of endocytosis in endosomal

trafficking or recycling is possible.

Known targets endocytosed by Numb are the Notch receptor or integrins
during directional cell migration (Santolini et al., 2000; Nishimura et al., 2007).
Since Notch de-regulation could be excluded from causing the NumbL
knockdown phenotype (Fig. 19; Fig. 20), NumbL target for promoting endocytosis
remains to be identified. Possible targets for endocytosis by Numbl are FGF
receptors (FGFR). FGFRs are tyrosine receptor kinases (TRKs) and dimerize to
form an active ternary complex upon binding of an FGF ligand. They activate a
downstream signaling cascade via mutual phosphorylation of both TRK domains
(Ornitz et al., 2001). After activation, the ternary complexes are endocytosed to
terminate the signal and either degraded in lysosomes (mainly FGFR1-3) or
recycled (mainly FGFR-4) (Haugsten et al., 2005). Thus, since MAPK activation
and calcium influx as readouts for FGF activation were observed upon mNumb4
overexpression in cultured neural progenitors (Lu et al., 2009), mNumb4 could
promote endocytosis and recycling of FGF receptors in this context. NumbL as
closely related protein could possess similar activities and function in FGFR
endocytosis or alternatively in recycling of the endocytosed membrane
components, as it was suggested for Numb in the context of integrin recycling
(Nishimura et al., 2007). A knockdown of NumbL would then result in an
increased number of ternary FGF/FGFR complexes that reside active at the
membrane and increase FGF signaling levels, leading to increased neural gene
expression but inhibited differentiation. The identification of the specific target
proteins of NumbL will be an interesting topic of future studies. This is important
not only due to the essential of NumbL during Xenopus neurogenesis, but also

the emerging role of Numb proteins in cancer (Pece et al., 2010).
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5. Summary

In summary, two functions of NumbL were shown during neurogenesis.
One in the context of neural induction, were NumblL is important for the
activation of early neural genes upon inductive stimuli and a second function
during the process of neuronal differentiation were NumblL is found in
differentiating neurons and is essential for this process (Fig. 29). Mechanistically,
one aspect of NumbL function lies in endocytosis by attaching targets to the AP-2
complex, which is essential for NumbL functionality. Howwever, the specific
targets and influenced signaling pathways could not be identified so far, also
other possible functions of NumblL like interactions with E3 ligases remain to be
revealed in future studies. Interestingly, NumbL functions, in contrast to what
was expected, independent of Notch signaling since a loss of NumbL does not

elevate Notch activity.
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Figure 29: Scheme of NumbL dual function during primary neurogenesis. NumbL is
involved in regulation of early neural gene expression. In addition, NumbL function is
essential in the process of neuronal differentiation.
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AGGCCGTCCTGTGGGTTTCAGCTGATGGACTTCGAGTTGTGGATGAAAAGACAAAGGATCTTCT
GGTTGACCAGACTATTGAGAAAGTCTCCTTCTGTGCTCCAGATAGAAATTTTGACAGAGCCTTTT
CTTATATCTGTCGTGATGGTACAACTAGGCGATGGATCTGTCACTGCTTCATGGCTGTTAAAGAT
ACGGGCGAGAGGCTCAGCCATGCTGTTGGATGTGCATTTGCTGCTTGTCTTGAGAGGAAGCAG
AAGCGGGAAAAGGAGTGTGGAGTGACTGCTACATTTGATGCCAGCAGAACTACTTTCACCCGG
GAAGGCTCTTTCAGGGTCACCACAGCCACAGAGCAAGCAGAGAGAGAGGAAGTCATGAAGCA
GATACAGGAATCCAGGAAAGAGCTGGAAGTGAAAGCACCAGTCGTACCAGCAGCACCTTCAAC
AACTGTGTCTTCCACTCCAACCCCAGTGCTACAATCCTCTCCAACCTCTGAGGTGTTTGTGGTCCA
GGACAGTAAAGATCTAAATTACCCCCATGCAATCCCTCGAAGGCATGCTCCTGTGGAACAGCTT
GCCAGACAGGGCTCCTTCCGGGGTTTTCCTGCTCTCAGCCAAAAAATGTCCCCATTCAAGCGTCA
GCTTTCCTTAAGGATCAATGAGCTGCCATCAACTGTTCAAAGAAAATCTGACTTTCAGGCTACAA
ATCCAGTTGCAGAGATGGAAGGAGAAAACGACAGCATAAGTGCCCTGTGTTCCCAGATCACAA
ACACTTTCAGCATGCCACCTGAGGATCCATTCACTTCTGCGCCCATGACTAAAGCCACCACACCA
CAGTCCCCACCTTTTGAAGTAAATGGCACTGCCTCTGCATTCAGTTTGCCTGCTGCTACACCAAC
ACCAATCTCTGTAACCAGCACCGCAGCAGCACCTGTGCGTGAGACCAACCCTTGGGCAAATGCT
CCCGCGGCTTCTAACTTACCAGTCACTACCACTGGGACACTGTCTGTAGCCCCCTTAGTTGGTCC
TGTCCCTTCATCTGGTACTCACCAGTCAAACCACAAACGAACACCCTCTGAGGCAGACCGTTGGC
TTGAAGAAGTATCCAAAACAATCATGCAAAGACAGTCTCCAGTTCCTGCAGTCCCAACTCAGCCT
ATGGTACAACCTGCCCTTGCCGCACCACAGCCTAACCAGCCTTACCTGGCCAATGCTTATGTGAC
CTCACAGTCTATGCCTGTCTCTGTTGTCCCAGGTCTGCACCCTCCCTTCATGCCTGTGCAGCCACC
ATACTCTGTAGCCAATGGAATGAGCTACCCAGCTTCCAGTGTTCCAGTTGTTGGCATAACCCCTT
CTCAAATGGTAGCTAATGTTTTCGGAGTTGCAAGTCCACAGGTATTCCAGCCTAAGCCATCTCCA
AATTTAGCCACACAGCAAACCTATCCAACTTATGAAGCATCCAGTGCATCCAGCAGTCCATTCTA
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TAAGCCTCCTGCCCAGCAACAGAATGGCTCTGTTGCTTTTAATGGGGTTGAAAGTAGTGGGTGG
GAATTGGGCGCTAAGAGCCAGCAAGCTCCAGCTGCCCCTCCTCCTGTAGACCCATTTGAAGCTC
AATGGGCAGCTCTTGAAGGCAAATCTAGACCACGTGCAAACCCATCTCCTACAAATCCTTTCTCT
AGTGACCTTCAAAAGACTTTTGAAATTGAACTATAG

Xt Numb protein:

MNKLRQSFRRKKDIYVPEASRPHQWQTDEESVRNGKCSFQVKYLGHVEVEESRGMHICEEAVKRLK
SERKYFKGFFAKSGKKAIKAVLWVSADGLRVVDEKTKDLLVDQTIEKVSFCAPDRNFDRAFSYICRDG
TTRRWICHCFMAVKDTGERLSHAVGCAFAACLERKQKREKECGVTATFDASRTTFTREGSFRVTTAT
EQAEREEVMKQIQESRKELEVKAPVVPAAPSTTVSSTPTPVLQSSPTSEVFVVQDSKDLNYPHAIPRR
HAPVEQLARQGSFRGFPALSOQKMSPFKRQLSLRINELPSTVQRKSDFQATNPVAEMEGENDSISALC
SQITNTFSMPPEDPFTSAPMTKATTPQSPPFENGTASAFSLPAATPTPISVTSTAAAPVRETNPWAN
APAASNLPVTTTGTLSVAPLVPVPSSGTHQSNHKRTPSEADRWLEEVSKTIMQRQSPVPAVPTQPM
VQPALAAPQPNQPYLANAYVTSQSMPVSVVPGLHPPFMPVQPPYSVANGMSYPASSVPVVGITPS
QMVANVFGVASPQVFQPKPSPNLATQQTYPTYEASSASSSPFYKPPAQQQNGSVAFNGVESSGW
ELGAKSQQAPAAPPPVDPFEAQWAALEGKSRPRANPSPTNPFSSDLQKTFEIEL

Appendix Figure 1: Genomic structure of X. tropicalis Numb and identified insert
sequences. Schematic representation of scaffold_710, 113,854 — 137,594 (Xenopus
tropicalis genome draft 4.1), showing the Xt Numb gene locus. Relative positions of the
PTB and the PRR exon are indicated by arrows. In the cDNA and peptide sequence of Xt
Numb, the identified PTB insert is shown in blue and the PRR insert in green. (genome
draft source:
http://www.xenbase.org/fgh2/gbrowse/Xenopus tropicalis 4 1/?name=scaffold 710:1
13854-137594, modified)
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Appendix Figure 2: Tandem affinity purification of NumbL DLA-CTap. 4%-12% gradient
gel showing the samples of subsequent pulldown steps. Left hand panel shows colloidal
coomassie staining, right hand panel silver stained gel. Excised gel bands are marked by
boxes. C5 was identified by mass spectrometry as NumbL DLA-CTap. Gradient gel and
mass spectrometry were performed by Dr. Olaf Jahn (MPI for Experimental Medizine,
Gottingen, Germany).
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