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Abstract
The aim of the present PhD thesis is to identify and characterize the gene responsible for the

mouse truncate (tc) mutation. Truncate is an autosomal recessive spontanous mutation perturbing

the development of the caudal notochord during embryogenesis. We have identified a homeobox

gene, which based on sequence and expression pattern represents a murine member of the

vertebrate Not gene family. We demonstrate that the truncate phenotype is due to a mutation in
the coding sequence of Not gene. The truncate allele (Not  tc/tc ) contains a point mutation in the

homeobox of Not that changes a conserved Phenylalanine residue in helix 1 to a Cysteine (F20C),

and significantly destabilizes the homeodomain. Reversion of F20C in one allele of homozygous

tc embryonic stem (ES) cells is sufficient to restore normal notochord formation in completely

ES cell-derived Embryos.
The phenotype of the Not  tc/tc allele and the expression domain of Not indicates that during

mouse embryonic development  proper Not function is essential for posterior notogenesis. We

report here that Foxa2 and T acts upstream of Not in the genetic cascade governing notogenesis,

since Not expression is abolished in Foxa2 and T mutant embryos. This is in contrast to zebrafish

embryos, in which flh (zebrafish Not) acts upstream of ntl (zebrafish T) and interacting in a

regulatory loop, and is essential for the development of the entire notochord, suggesting that the

genetic control of notochord development in different vertebrate species has diverged during

evolution. Additionally, we demonstrate in transactivation Luciferase assays that Foxa2 is most

likely a direct regulator of Not. An approximate 12kb upstream genomic region of Not spanning

the first exon and intron fused to a lacZ reporter gene, and containing the cis-regulatory

sequences, are able to drive the expression in the notochord, however not sufficient to reproduce

the endogenous expression pattern of Not in transgenic embryos. This finding suggests that

regulatory elements for the restriction of expression to notochord are located either upstream or

downstream of the genomic region tested in the transgene.

We also report that truncate mutation  affects laterality leading to a positional randomization of

the organs in mice, suggesting that  proper Not function is required for the normal establishment
of the left-right determination. The expression of L-R marker Nodal is altered in Not  

tc/tc mutants,

suggesting that Not regulates Nodal expression either directly or indirectly. Our analysis support

the previously proposed idea which suggests that laterality defects are associated to abnormal

midline tissue such as notochord. The identification of novel, so far unknown mutants with

impaired laterality is essential for the further understanding of LR-axis formation in vertebrates.



Zusammenfassung
Diese Promotionsarbeit hatte das Ziel, das in der truncate (tc) Mutation der Maus betroffenene
Gen zu identifizieren und zu charakterisieren. Bei tc handelt es sich um eine autosomale rezessive
Mutation, welche die Entwicklung des kaudalen Notochords während der frühen Embryogenese
stört. Als ein möglicher Kandidat wurde ein murines homeobox Gen identifiziert, welches
aufgrund der Sequenzhomologie und des Expressionsmusters im Vergleich zu anderen
Vertebraten (Zebrafisch, Xenopus und chick) dem zu diesem Zeitpunkt noch unbekannten
murinen Not Gen entspricht. Im Gegensatz zum Zebrafisch zeigte das murine Not eine
Restriktion der Expression im kaudalen Notochord. Als Ursache des Phänotyps in den Mutanten
wurde eine Punktmutation in der Homeobox vom Not identifiziert. Diese wandelt einen
erhaltenen Phenylalanin-rest in der Helix 1 zu Cystein (F20C) um und destabilisiert die
Homeodomäne in vitro merklich. Die durchgeführte Restauration der F20C-Punktmutation in
einem Allel homozygotischer tc embryonischer Stammzellen war für eine normale Notochord-
Bildung in allen von diesen embryonalen Stammzellen abgeleiteten Embryonen ausreichend.
 Eine Analyse der Genregulation zeigte, daß die Transkptionsfaktoren Foxa2 und T genetisch
oberhalb von Not agieren. Foxa2 (-/-) und T (-/-) mutante Embryos wiesen den vollständigen
Verlust der Not Expression auf. Dies steht im Gegensatz zu den Embryonen des Zebrafischs, in
denen flh (Zebrafisch Not) mit ntl (Zebrafisch T) in einer regulatorischen Schleife wechselwirkt
und für die Entwicklung des gesamten Notochords wichtig ist. Dies legt die Vermutung nahe, daß
eine unterschiedliche genetische Kontrolle der Notochord Bildung in unterschiedlichen
vertebraten Spezies stattfindet. In trans-aktivierenden Luciferase-Assays konnte eine direkte
Regulation einer 12kb upstream Region von Not einschließlich des erstes Exons und Introns
durch Foxa2 nachgewiesen werden.  Die Promoter Analyse weist darauf hin, dass diese mit dem
lac Z Reporter Gen fusionierte 12kb Sequenz in der Lage ist, die Expression im Notochord
anzuregen, aber für die Reproduktion des endogenen Expressionsmusters von Not in transgenen
Embryonen nicht ausreichend ist. Dieser Zusammenhang führt zu dem Schluß, daß sich
zusätzliche die Restriktion der Expression des Notochord regulierende Elemente entweder
upstream oder downstream außerhalb der untersuchten genomischen Region im Transgen
befinden.
Weiterhin konnte gezeigte werden, daß die truncate Mutation auch die Rechts-Links Ausrichtung
der inneren Organe stört. Zusätzlich wurde eine gestörte Expression des Rechts-Links Markers
Nodal in truncate mutierten Embryos als Hinweis darauf gefunden, daß die Nodal Expression
direkt oder indirekt durch Not beeinflußt wird. Dieses ist ein weiterer Beleg dafür, daß abnorme
Mittelliniengewebe wie Notochord die Rechts-Links Ausrichtung beeinflussen.



Projektskizze

Die truncate (tc) Mutation der Maus stört die Entwicklung des kaudalen Notochords. Im Rahmen

der Doktorarbeit sollen verschiedene Untersuchungen durchgeführt werden:

1. Identifizierung des betroffenen Gens der “truncate Mutation”

2. Expressionsanalyse des betroffenen Gens

• In wild-typ Embryonen

• In truncate mutanten Embryonen

3. Identifizierung der Natur der “truncate Mutation”

4. Funktionelle Analyse der “truncate Mutation”

• In vitro

• In vivo

5. Regulation des tc Gens

• Position des tc Gens in der Genetischen Kaskade der Notocherdentwicklung

• Identifizierung von potentiellen direkten Regulatoren des tc Gens

• Promoter Analyse des tc Gens in Reporter lacZ transgene

6. Analyse des Phänotyps von truncate Mutanten

• Histologisch / Makroskopisch

• Marker gen Analyse in truncate mutanten Embryonen.
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1. Introduction
The notochord is an embryonic midline structure common to all members of the phylum

Chordata. It serves as a source of midline signals that pattern the surrounding tissues such as

mesoderm, endoderm and ectoderm. Also, notochord plays an important structural role and is

essential for normal skeletal element formation. In vertebrates, the notochord arises from the

organizer. Functionally the significance of the notochord is well established, but molecularly only

few genetic elements that control its development are characterized such as T and Foxa2 genes.

Genetic screens in mice have identified several mutations that affect notochord development. One

of these mutations is the truncate mutation, where the involved gene was not identified so far.

1.1 Some aspects of notochord development
Notochord development has been extensively investigated since the nineteenth century.

The notochord is an axial structure of mesodermal origin (Fig.A) and its presence during

embryonic development defines members of the Chordate phylum. Notochord precursors emerge

during gastrulation from the organizer region of embryos, such as the blastopore lip of the

amphibian embryo, Hensen’s node of the chick and node of the mouse. The notochord is one of

the earliest embryonic structures to be formed and functions as a structural support for the entire

organism, either transiently (as in higher vertebrates) or persistently (as in some lower

vertebrates). The rigidity of the notochord maintains alignment of embryonic tissues during

development and allows axis elongation (Spemann, 1938; Adams et al., 1990).
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Figure A. Sagittal section of a chordate embryo. The notochord is a rod-like structure, located ventral to the neural

tube in the midline of the embryo. Signals from the notochord are involved in sclerotome differentiation in the

somites and floorplate induction in the neural tube during embryogenesis. (Photography From: Wolpert et al. 2002).

In mice, notochord development starts around embryonic stage E7 and notochord precursors are

located in the organizer region “node“. At embryonic stage E8, notochordal cells derived from

axial mesendodermal cells that migrate through the node along the midline of the embryo,

forming the notochordal plate (Lawson et al. 1991; Lawson and Pedersen 1992; Tam et al. 1997;

Kinder et al. 2001). During subsequent development the notochord arises from the tail bud

posteriorly to the hind limb buds, the mechanistic features and topographical fate maps being

similar to that of the formation of anterior notochord (Schoenwolf 1984; Gajovic et al.1993;

Gajovic and Kostovic Knezevic 1995; Wilson and Beddington 1996). At embryonic stage E9, the

chordal plate is elongated anteriorly and the notochord develops as a distinct anatomical entity

where the cells fold off and form a solid continuous rod tissue that detaches from the underlying

endoderm, surounded first by a basal lamina and later by a notochordal sheath along the antero-

posterior body axis. The notochord detaches itself from the endoderm, first at the level of the

cardiac primordium, then gradually in the caudal direction to come into contact with the ventral

surface of the neural tube. At this embryonic stage the notochord, as it detaches from the

endoderm, bends like a wave towards the neural tube and attaches itself to the ventral surface of

the latter. At embryonic stage E11, the entire trunk portion of the notochord is attached to the
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neural tube, and remains attached to the endoderm only at the extreme cephalic and caudal ends.

At this and later stages all the changes in the notochord occur in antero-posterior gradient. From

E11 onwards the notochord is circular in transverse section, and its diameter is 20 µm. At the

cephalic end it is slightly thinner (about 15 µm in diameter). Eventually, at embryonic stage

E11.5, the notochord leaves the endoderm along almost all its length, and except for the

hindbrain area, adheres to the ventral side of the neural tube. At embryonic stage E12, the

notochord detaches also from the neural tube, apparently because mesenchyme cells penetrate

between the neural tube and the notochord. This process also follows an antero-posterior

gradient. The activity of the mesenchyme cells detaches the notochord completely from the axial

organs and it becomes surrounded by the mesenchyme. Thus in a central position, parallel to and

about 100 µm ventral from the neural tube, it indicates the site of the future vertebral column. It

is now a uniform cylindrical rod, 25 µm in diameter, extending from a point close to Rathke’s

pocket to the end of the tail. At embryonic stage E13, the notochord is surrounded by evenly

scattered mesenchyme cells, which are denser than previously. At this stage, in the lumbo-sacral

area the notochord shows 10-15 slight short flexures, which are as long as the future vertebral

segments. The rest of the notochord does not show such flexures. Ventral convexities are

opposite to the future intervertebral discs, and dorsal ones opposite to the future vertebral centra.

During the next 36 hours the mesenchyme around the notochord undergoes segmentation and

forms more distinct vertebral cartilage condensations, while segmental bends in the lumbo-sacral

region disappear. At embryonic stage E14, the notochord first shows dilations opposite the

prospective intervertebral discs, and corresponding constrictions at the level of the vertebral

centra.

1.2 Notochord Significance in tissues patterning
          Many different studies have shown that in addition to its structural function, the notochord

plays a critical role in the patterning of ectodermal, endodermal, and mesodermal tissues, such as

the neural tube and the somitic derivatives. Thus, the notochord is a source of signalling

molecules that influence the developmental fate of ectodermal, endodermal and mesodermally

derived tissues.
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1.2.1 NOTOCHORD SIGNALLING TO MESODERM

1.2.1.1 The role of the notochord in somite differentiation
Numerous studies show that the notochord is involved in patterning of the paxial mesoderm.

Somites are epithilial spheres within the paraxial mesoderm in a craniocaudal (anteroposterior)

sequence. In amniote embryos, the ventromedial portion of the somite undergoes an epithelial to

mesenchymal transition to form the sclerotome. The dorsolateral portion remains epithelial,

forming the dermomyotome, which subsequently gives rise to the dermatome (presumptive

dermis) and the myotome (presumptive muscle). In the chick embryo, removal of the notochord

results in the failure of sclerotome formation and a corresponding enlargement of the

dermomyotome (Goulding et al., 1994). The molecular control of  somite differenciation has

been elucidated in both chick and mouse models (Dockter, 2000). Shortly after somite formation,

signals from the notochord induce the expression of the transcription factors Pax1 and Mfh1

within the somite (Fan and Tessier-Lavigne, 1994; Furumoto et al. 1999). Pax1 expression

subsequently becomes localized to the ventral portion of the sclerotome, while in the dorsal

sclerotome Pax9 expression is initiated (Peters et al. 1995). Pax1 and Mfh1 are essential for

maintaining sclerotomal proliferation and are dependent on signals from the notochord for their

continued expression (Furumoto et al. 1999). In vitro experiments have demonstrated that

coculture of presomitic mesoderm with notochord or floorplate can induce expression of Pax1

and that Sonic Hedgehog (SHH) mimics this effect, suggesting that SHH directs sclerotome

induction (Fan and Tessier-Lavigne, 1994). It is therefore somewhat surprising that Pax1 is

expressed, albeit at a low level, in Shh-deficient mice. This expression, however, is not

maintained at later developmental stages (Chiang et al. 1996). This finding suggests that the

notochord may express other molecules capable of inducing sclerotome. Noggin appears to be

such a candidate in that it is expressed by the notochord at the time of sclerotome formation and

also because it can induce Pax1 expression in cultured somites (McMahon et al. 1998). On the

other hand, sclerotome forms in Noggin-deficient mice, although this is delayed (McMahon et al.

1998). It appears, therefore, that sclerotome induction requires both Noggin and SHH from the

notochord for the initiation and maintainance of Pax1 expression in the sclerotome lineage.

In zebrafish, the myotome forms the bulk of the differentiated somite, while the sclerotome

comprises a very minor portion of the somite. In addition, a distinct population of presumptive
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muscle cells, the adaxial cells, develops medially between the notochord and sclerotome (Holley

and Nusslein-Volhard, 2000; Stickney et al. 2000). In the zebrafish mutant ntl and flh, both of

which lack a notochord, exhibit fused somites which are characterized by disrupted somite

chevron formation and by the lack of muscle pioneer cells (Halpern et al., 1993, 1995). The

somites of ntl mutant embryos correspondingly exhibit incorrect spatiotemporal expression of the

muscle determination gene, myoD (Weinberg et al., 1996). While it is clear that development and

differentiation of the zebrafish myotome is dependent on signals from the notochord (reviewed

by Holley and Nusslein-Volhard, 2000), it is less clear whether sclerotome differentiation and

survival depends on such signals. Since attenuation and overactivation of Hedgehog signalling

both result in inhibition of sclerotome differentiation, the precise role of Hedgehog proteins

remains to be determined (Hammerschmidt and McMahon, 1998). Noggin may also play a role in

sclerotome induction, as Noggin2 is expressed in the zebrafish notochord (Furthauer et al. 1999).

Although the factors that induce the sclerotome remain to be elucidated, more is known about the

molecular differentiation of these cells in the zebrafish. A distinct cluster of mesenchymal cells is

first apparent within each somite 2-3h after the somite individuates from the presomitic

mesoderm (Morin-Kensicki and Eisen, 1997). These cells lie adjacent to the notochord,

occupying a ventromedial position within the somite. Lineage tracing of these cells have revealed

that anterior (cranial) cells of the cluster are committed to the sclerotome lineage, while posterior

(caudal) cells are capable of forming both sclerotome and muscle (Morin-Kensicki and Eisen,

1997). At the molecular level, the zebrafish sclerotome appears similar to amniote embryos in

that the expression of Pax9 and Twist is conserved (Devoto et al. 1996; Nornes et al. 1996).

Although the influence of the notochord on cartilage formation from sclerotome is firmly

established, the precise role of the notochord on myogenic specification appears to be complex

and is not completely understood (reviewed in Hall, 1977; Halpern, 1997). Nevertheless, both in

vitro and in vivo studies provide strong evidence that the notochord does exert an important

influence on muscle development and that, once again, this signalling may be mediated by SHH

(Kenny-Mobbs and Thorogood, 1987; Bober et al., 1994; Munsterberg et al., 1995; Bumcrot and

McMahon, 1995; Lassar and Munsterberg, 1996; Pownall et al., 1996; Xue and Xue, 1996).
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1.2.1.2 The role of the notochord in vertebral chondrogenesis
In addition to its role in inducing and maintaining sclerotome, the notochord acts in the vertebral

chondrogenic pathway by promoting the development of ventral structures (e.g. vertebral bodies)

and repressing dorsal structures (e.g. spinous processes). Grafting studies in chick embryos have

shown that when an ectopic notochord is implanted dorsal to the neural tube, formation of dorsal

structures is inhibited (Monsoro-Burq et al. 1994). In contrast, ectopic notochord grafts to the

ventrolateral region result in an increase in the size of ventral structures (Pourquie et al. 1993).

The molecular control of this dorsoventral patterning is based upon the action of BMPs dorsally

and their inhibition ventrally (Watanabe et al. 1998). Application of BMP2 or BMP4 protein

dorsal to the neural tube results in an increased expression of dorsal markers such as Msx1 and

Msx2, together with the subsequent enlargement of dorsal structures (Monsoro-Burq et al. 1996).

Conversely, application of BMP2 or BMP4 lateral to the neural tube results in the inhibition of

chondrogenesis in the ventrolateral region (Monsoro-Burq et al. 1996; Tonegawa et al. 1997).

The dorsoventral patterning of the vertebral column is coordinated by the interaction of SHH

from the notochord/floor plate with BMP4 from the roof plate and overlaying ectoderm. The

actions of these proteins are mutually antagonistic: grafting ectopic sources of either protein

disturbs the balance of this interaction and disrupts dorsoventral patterning (reviewed in

Monsoro-Burq and Le Douarin, 2000). For example, SHH ventralises paraxial mesoderm by

promoting the expression of Pax1, while dorsally migrating cells downregulate Pax1 and express

Msx1 and Msx2 under the influence of BMP signals. When SHH-expressing cells are grafted

dorsally, BMP4/BMP2 molecular pathways are antagonized and subsequent chondrogenesis is

prevented (Watanabe et al. 1998). Although these aspects of dorsoventral sclerotome patterning

are less well characterized in zebrafish, it is known that Smad1 expression in the sclerotome is

required to transduce BMP2/BMP4 signals and positively regulated by Hedgehog proteins (Dick

et al. 1999).

1.2.1.3 The role of the notochord in vertebral column segmentation
While recent studies have confirmed the role of the notochord in early vertebral development, the

potential later functions of the notochord have also been investigated. Many experiments

designed to examine the mechanisms of vertebral segmentation have focused on the

reorganisation of somite derivatives according to the ’resegmentation theory’, a single vertebra

forms from the recombination of the anterior and posterior halves of two adjacent sclerotomes on
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both sides of the embryo. In zebrafish, it has been reported that vertebral bodies (centra) arise by

secretion of bone matrix from the notochord rather than somites; centra do not form via a

cartilage intermediate stage, nor do they contain osteoblasts (Fleming et al., 2003). Moreover,

isolated, cultured notochords secrete bone matrix in vitro and ablation of notochord cells at

segmentally reiterated positions in vivo prevents the formation of centra. Analysis of fss mutant

embryos, in which sclerotome segmentation is disrupted, shows that whereas neural arch

segmentation is also disrupted, centrum development proceeds normally. These suggest that the

notochord plays a key, perhaps ancient, role in the segmental patterning of the vertebrae.

The ’resegmentation theory’ that states that a single vertebra is formed from a combination of the

anterior (cranial) half of one sclerotome with the posterior (caudal) half of the next-anterior

sclerotome (Remak, 1850; reviewed in Verbout, 1976; Brand-Saberi and Christ, 2000), however

it remains uncertain whether it applies to all vertebrates. Since, histological analysis has

suggested that this may not be the case, at least for the ventral sclerotome, as these cells are seen

to form a uniform, apparently non-segmented tube around the notochord. This tube later

segments to give rise to the vertebral bodies and, together with the notochord, forms the

intervertebral discs (Dalgleish, 1985; Verbout, 1985). This suggests that the metameric patterning

is lost in the ventral sclerotomes, with the implication that segmentation of the vertebral bodies is

imparted  instead by another mechanism.

Ablation experiments in amphibian embryos have lent some support to this view. Removal of the

notochord from neural plate-stage urodele embryos results in the formation of a fused rod of

vertebral cartilage ventral to the neural tube (Kitchin, 1949; Holtzer, 1952; Holtzer and Detwiler,

1953). In avian embryos, the notochord excision experiments of Strudel have produced similar

results. Excision of the notochord from embryos at the 12-30 somite-stage leads to the formation

of an unsegmented cartilagenous rod ventral to the neural tube (Strudel, 1955). On the other

hand, experiments by Watterson et al. (1954) at the same embryonic stages have shown that

removal of the notochord results in the formation of normal neural arches but a total absence of

ventral cartilaginous tissue. These apparently conflicting observations may have arisen due to

variations in the presice stage and location of notochord excision.
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1.2.1.4 Notochord Patterning of Other Mesodermal Tissues
A number of independent studies provide evidence that notochord signalling is also important for

the development of the cardiovascular system and for establishing the laterality of organs. Studies

in zebrafish show a role for the notochord in regulation of early cardiac development (Goldstein

and Fishman, 1998). More specifically, laser ablation of the anterior extremity of the notochord

causes expansion of the expression domain of the homeobox gene Nkx2-5, a marker for the

presumptive heart field. This suggests that the notochord might normally function to suppress

cardiogenic fate in the underlying splanchnic mesoderm. Notochord signals have also been

associated with the formation of the dorsal aorta. The zebrafish mutants ntl and flh, both of which

lack a notochord, also fail to form the dorsal aorta (Fouquet et al., 1997; Sumoy et al., 1997).

When wild type notochord cells are transplanted into flh mutants, some notochord development is

restored and an aortic primordium forms. Finally, the notochord may be involved in the

assignment or maintenance of left–right asymmetry. When the notochord is experimentally

ablated or when it is absent in mutant embryos, asymmetric markers of lateral plate mesoderm

are either randomized or expressed bilaterally. In Xenopus embryos, either surgical extirpation of

the notochord or suppression of its development using UV irradiation leads to cardiac reversals

and bilateral expression of the laterality marker nodal in the lateral plate mesoderm (Danos and

Yost, 1995; Lohr et al., 1997). Similar reversals are seen in notochord-deficient zebrafish mutants

such as ntl and flh (Danos and Yost, 1996; Bisgrove et al., 2000). Furthermore, in mice

homozygous for the no turning mutation, both the notochord and the floor plate degenerate, and

these embryos exhibit randomized cardiac looping and bilateral expression of the laterality

markers nodal and lefty (Melloy et al., 1998). Equivalent results are obtained when the node is

surgically ablated in mouse embryos, resulting in the failure of notochord development and

subsequent randomization of expression of Pitx2, a regulatory gene in the laterality pathway

(Davidson et al., 1999).
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1.2.2 NOTOCHORD SIGNALLING TO ECTODERM

1.2.2.1 Notochord Patterning of the Neural Tube
The developing neural tube exhibits a distinct dorsoventral (DV) polarity, characterized by

differences in cell morphology and by the position of specific classes of neurons. In the early

embryo, the notochord lies immediately beneath the floor plate, a specialized group of

neuroepithelial cells in the ventral portion of the spinal chord. The role of the notochord in the

induction of the floor plate has been studied intensively in a number of different organisms (for

review see Jessell and Dodd, 1990–1991; Placzek et al., 1991; Placzek, 1995; Dodd et al., 1998).

For example in Xenopus laevis, ultraviolet irradiation of fertilized eggs causes dose-dependent

deficits in notochord development (Cooke, 1985). In these experiments, embryos which fail to

form a notochord also show severe disruption of proper floor-plate formation in the neural tube

(Youn and Malacinski, 1981; Clarke et al., 1991). In chick embryos, when an ectopic notochord

is grafted adjacent to the neural tube, cells in the lateral walls of the neural tube are ventralized

and induced to exhibit the morphological and functional properties of the floor plate, including its

associated motor neurons and bundles of efferent axons (van Straaten et al., 1985, 1988; Smith

and Shoenwolf, 1989; Placzek et al., 1990; Yamada et al., 1991, 1993). Dorsal neural tube

markers such as Pax-3, Pax-6, and dorsalin are repressed in the vicinity of the grafted notochord

(Goulding et al., 1993; Basler et al., 1993). Conversely, notochord extirpation in chick embryos

results in the absence of the floor plate and of the adjacent motor neuron pools (van Straaten and

Drukker, 1987; Placzek et al., 1990; Hirano et al., 1991; van Straaten and Hekking, 1991;

Yamada et al., 1991). As expected, this is accompanied by a ventral shift in the domain of

expression of dorsal neural tube markers (Goulding et al., 1993; Basler et al., 1993). The

induction of the floor plate by the notochord is thought to be mediated by the secreted protein

Sonic Hedgehog (SHH), which is expressed in the notochord and can induce floor-plate markers

both in vivo and in vitro (Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Johnson et al.,

1994; Roelink et al., 1994; Marti et al., 1995; Munsterberg et al., 1995; Ericson et al., 1996).

When discussing the role of patterning by the notochord, it is impossible to ignore some recent

studies that call into question the importance of notochord signalling for the development of the

floor plate (LeDouarin et al., 1998; Teillet et al., 1998). Specifically, it is argued that the

observed failure of floor-plate development, following the removal of the notochord, results from
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inadvertent removal of floor-plate cells, rather than the absence of inductive notochord signals. In

addition, these investigators point to a number of zebrafish mutants, such as flh, ntl, cyclops, and

oep mutants, which can develop either a notochord or a floor plate, apparently independent of

each other. However, while these studies have raised some interesting questions about lineage

relationships of axial tissues and certain aspects of notochord signalling, the ability of notochord

to induce an ectopic floor plate in the lateral walls of the neural tube remains unquestioned and

strongly implies an important role for the notochord signals in neurectoderm patterning.

Discussion of these arguments can be followed in the specialized literature (Vogel, 1998; Placzek

et al., 2000; LeDouarin and Halpern, 2000).

1.2.2.2 Notochord Patterning of Other Ectoderm Derivatives
In addition to neural tube patterning, the notochord appears to influence development of other

ectodermal structures. It has been observed that the tip of the notochord contacts head ectoderm

fated to become the anterior pituitary, thereby raising the possibility that the notochord might be

involved in pituitary growth and development (Eyal-Giladi, 1958; Barteczko and Jacob, 1999). In

support of this hypothesis, the transplantation of anterior notochord into a lateral region of the

head causes the stomodeal ectoderm to invaginate and form a pocket structure reminiscent of the

early appearance of Rathke’s pouch, the precursor of the anterior pituitary (Gleiberman et al.,

1999). Although notochord is not sufficient to induce complete formation of the anterior

pituitary, these experiments clearly implicate the impact of the notochord in the early stages of

development of an independent, ectodermally derived tissue.

1.2.3 NOTOCHORD SIGNALLING TO THE ENDODERM
The biological mechanisms responsible for patterning the endoderm are less explored relative to

those underlying ectoderm and mesoderm development. However, in order to generate organ

primordia at appropriate locations along the gut tube, the endodermal epithelium must receive

correct anterior–posterior and dorsoventral patterning signals derived from the adjacent tissues

such as notochord. Coordination of these signals results in the formation of the respiratory

system, the tympanic cavities, the thymus and thyroid gland, and the digestive system, including

the esophagus, stomach, liver, pancreas, intestines, and colon.
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1.2.3.1 Proximity of Notochord and Endoderm
It is plausible to argue that the notochord is involved in endodermal patterning. In all species

examined, the notochord is first formed in close association with the endoderm, and notochord

precursors remain embedded in the dorsal endoderm as they coalesce into a rod-shaped structure.

As development proceeds, the notochord resolves into an independent structure but continues to

adhere to the underlying endoderm, even sharing a common basal lamina for a time (Jurand,

1974; Lamers et al., 1987). The notochord remains in contact with the endoderm from

gastrulation until about E8 in mice (13-somite stage), stage 14 in chickens (22-somite stage) and

stage 32 in frogs (26-somite stage). Subsequently, the notochord becomes separated from the

endoderm by intervening endothelial tissue. This occurs during the fusion of the dorsal aortae at

the midline ventral to the notochord (in mice and chickens) or during the in situ formation of a

single dorsal aorta (in frogs and fish). The direct contact between the notochord and the

endoderm is therefore sustained for much of early development, from gastrulation to well beyond

the end of neurulation.

It is interesting to note that, although the spatial relationship between notochord and endoderm is

effectively identical in different organisms, the relative size of the notochord varies dramatically.

In frogs, the notochord is large and almost as wide as the neural tube, while the murine notochord

is extremely narrow compared to adjacent structures. In both cases, however, the notochord is

only a few cells in diameter. At present it is unclear whether these structural differences have any

functional impact on the inductive signalling properties of the notochord.

1.2.3.2 Medical Examples Implicating the Notochord in Endodermal

Development
There are a number of compelling observations in the medical literature illustrating a correlation

between notochord defects and problems with development of endodermal tissues. For instance,

human patients exhibiting developmental abnormalities in the vertebral bone, apparently due to

defects in notochord development, also show congenital gastrointestinal defects (Elliott et al.,

1970). This suggests that notochord signalling influences both sclerotome and endodermal

patterning during human development. In another example, anomalous overgrowth of the

notochord leads to foregut and hindgut abnormalities, such as duplications of the pharynx,
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esophageal and gastric cysts, rectovesical fistula, and rectal agenesis (Fallon, 1954). These

observations imply that prolonged exposure to notochord signals is inhibitory to proper endoderm

development. Overall, these observations are consistent with a role for the notochord in

endoderm patterning and moreover, they suggest that the timing of notochord signalling must be

closely regulated for correct development of the gut tube.

1.2.3.3 Notochord  signals are required for pancreas development
Recent experiments using the chick embryo have provided strong evidence that the notochord

plays a role in development of the pancreas. Removal of the notochord from chick embryos, at a

stage when the notochord is in contact with the endoderm, eliminates subsequent expression of

several markers of dorsal pancreas bud development, including both endocrine and exocrine cell

markers, such as insulin, glucagon, and carboxypeptidase A (Kim et al., 1997).

A specific molecular consequence of notochord signalling is repression of SHH expression in the

endoderm (Kim et al., 1997; Hebrok et al., 1998). SHH is expressed in most portions of the gut

tube except for those juxtaposed to the notochord (Hebrok et al., 1998). In addition, the SHH

receptor, Patched (Ptc), is expressed in all visceral mesoderm, except for pancreatic mesenchyme.

When notochord tissue is grafted ventral to the gut tube, SHH expression is repressed in tissues in

close proximity to the notochord. Conversely, removal of the notochord leads to expression of

SHH in the pancreatic endoderm, to Ptc expression in the surrounding mesenchyme, and to the

concomitant loss of pancreatic genes. Using in vitro culture of embryonic tissue, it was shown

that activin-bB and FGF2 could effectively mimic the notochord signal by inhibiting SHH

expression in endoderm and allowing pancreatic marker expression (Hebrok et al., 1998).

1.2.3.4 Notochord signals are required for hypochord formation
Given the close juxtaposition of the notochord and the hypochord in the frog embryo, it is

certainly plausible that the notochord might be involved in the regulation of the hypochord

development. Using the Xenopus embryo, both notochord extirpations and transplantations had

been carried out to address this question (Cleaver et al., 2000). When the notochord is removed

during early neurulation (stage 13– 14), the hypochord fails to develop. However, if the

notochord is removed later during neurulation (stage 17–18), hypochord development proceeds

unhindered. These observations suggest that the notochord is necessary for the formation of the

hypochord, but that this requirement is complete by the late neurula stages. It also appears that no
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maintenance signals from the notochord are required for hypochord development, after the initial

signalling period. In notochord transplantation experiments, addition of a second notochord to the

midline of the embryo results in enlarged hypochord tissue at the location of the graft. However,

notochord transplantation ventrolateral to the somites does not induce the formation of an ectopic

hypochord. By transplanting notochords next to the endoderm at different dorsolateral positions,

it was demonstrated that competence to form hypochord is loosely restricted to the dorsalmost

portion of the endoderm. As with the studies of pancreatic development, these results imply that a

dorsoventral prepattern already exists in the amphibian endoderm by the early neurula stage.

1.2.3.5 Possible nature of notochord signals
The evidence that the notochord is an important source of patterning signals is undeniable,

although the nature of these signals is only beginning to be understood. During floor-plate

induction and somite patterning, an excellent candidate molecule for the notochord signal is

SHH. This is supported by a number of in vitro and in vivo experiments in which SHH is shown

to directly affect floor-plate and somite development. For example, cells transfected with SHH

can mimic the effect of the notochord and ventralize paraxial mesoderm or spinal cord (Johnson

et al., 1994; Fan et al., 1995; Tanabe et al., 1995).

In addition to SHH, activin-bB and FGF2, are potential signals in the notochord, which have been

implicated in the development of the underlying endoderm (Hebrock et al., 1998); study of

different organisms provides a long list of growth factors and secreted signalling molecules

expressed in the notochord, including BMP7, BMP2, BMP3, follistatin, BMP1/tolloid, TGF-b3,

TGF-b5, eFGF, FGF4, antivin (Xatv), nodal-related 2 (ndr2), Xnr4, noggin, chordin, and Hip

(Echelard et al., 1993; Dudley and Robertson, 1997; Dale et al., 1999; Hemmati-Brivanlou et al.,

1994; Marti, 2000; Yamagishi et al., 1999; Kondaiah et al., 2000; Isaacs et al., 1995; Shamim et

al., 1999; Cheng et al., 2000; Rebagliati et al., 1998; Joseph and Melton, 1997; Smith and

Harland, 1992; Sasai et al., 1994; Chuang and McMahon, 1999). Although the precise roles of

these potent signalling molecules during embryonic patterning events are not completely

understood, its seems likely that some at least will be important for the development of adjacent

tissues, including endodermal derivatives.
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1.3 Notochord and the organizer “node“
The notochord is a rod-like structure which arises during gastrulation from  axial mesendodermal

cells located in the organizer “node“ (Wilson et al. 1996; Selleck et al. 1992). The organizer is a

group of cells necessary and sufficient to initiate a complex program of spatial organization in

competent embryonic tissue (Spemann, 1938).

The organizer “node“ is generally considered to be the most important region of the very early,

gastrulating embryo. Not only does it generate the midline organs of the body (such as notochord,

prechordal region, gut), but is also responsible for inducing and patterning the whole of the

central nervous system. Like its amphibian counterpart (the dorsal lip of the blastopore),

Hensen’s node can be characterized by a well-defined set of cellular and molecular properties. In

amniote embryos, the node is a bulb-like thickening lying at the cranial tip of the primitive streak

during gastrulation (Fig.B). In the chick, where most studies have been conducted because of its

ease of manipulation, the node is some 100 µm in diameter and contains about 2,000 cells

(Gallera, 1971; Nicolet, 1971; Leikola, 1976; Hara, 1978; Stern, 1994; Streit et al., 1994).

Figure B. The mouse embryo. (A) At embryonic stageE7, the dorsal surface of the epiblast (embryonic ectoderm)

is in contact with the amnionic cavity. The ventral surface of the epiblast contacts the newly formed mesoderm. In

this cuplike arrangement, the endoderm covers the surface of the embryo, the node is located at the distal tip. (B) At

embryonic stage E8, the cells in the midline of the epiblast migrate through the primitive streak (white arrows).

Notochord cells are generated from the axial mesendodermal cells that migrate through the node. (Photography

From: Wolpert et al. 2002).
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Among the salient features of the chick node are:

(a) the fate of its cells: the node gives rise to the notochord/head process, the prechordal

mesendoderm, the definitive (gut) endoderm, the medial halves of the somites and contributes to

the midline (floor plate, or notoplate) of the future spinal cord (see Spratt, 1955; Rosenquist,

1966; 1983; Nicolet, 1970; Hara, 1978; Selleck and Stern, 1991; 1992; Schoenwolf, 1992).

(b) its expression of a number genes in a stage- and regionspecific manner: these include the

homeobox genes goosecoid (Izpisúa-Belmonte et al., 1993) and cNot (Stein and Kessel, 1995;

Knezevic et al., 1995), the secreted factors HGF/SF (Streit et al., 1995), Sonic hedgehog (Shh;

Riddle et al., 1993; Roelink et al., 1994) and c-NR1 (Levin et al., 1995), the activin receptors

cActR-IIA and cActRIIB (Stern et al., 1995), and the transcription factor HNF-3 b(Ruiz i Altaba

et al., 1995).

(c) its role in the establishment of left/right asymmetry: four of the above genes, Shh, cActRIIA,

cNR-1 and HNF-3 b are expressed in or near the node in an asymmetric fashion and their

misexpression alters the left-right polarity of heart looping (Levin et al., 1995).

(d) its ability to induce an ectopic nervous system: when grafted into an ectopic site (including

regions fated to contribute only to extraembryonic membranes) at an appropriate stage of

development (up to about stage 5), the node is able to change the fates of neighbouring epiblast

cells by inducing them to form a complete nervous system (Waddington, 1932; 1933; Gallera,

1971; Hara, 1978; Dias and Schoenwolf, 1990; Storey et al., 1992).

(e) its ability to pattern the neural plate of a host embryo: when grafted to appropriate position

adjacent to the neural plate of a host embryo, even older nodes are able to organize a second axis

from the neuralized cells of the host (Gallera, 1971; Storey et al., 1992; Izpisúa-Belmonte et al.,

1993). Perhaps surprisingly, this ability operates across species and even across vertebrate classes

(see Kintner and Dodd, 1991; Streit et al., 1994).

(f) its ability to induce extra digits in the limb bud of a host embryo: when grafted to the anterior

margin of the limb bud of a host embryo, the node can induce digit duplications, mimicking the

activity of the polarizing region of the limb (Hornbruch and Wolpert, 1986). However, this

activity is different from neural inducing ability: the node starts to lose neural inducing activity

from stage 4 up to stage 5 (Storey et al., 1992), but it continues to induce extra digits until the 7

somite stage (stage 9; Hornbruch and Wolpert, 1986).
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1.4 Genetic control of notochord development
Functionally, notochord significance is largely explored and well defined. However the genetic

elements involved in controlling notochord development and integrity are less known, and are

still an open field to be investigated. Therefore, the isolation and functional characterization of

more mutations that disrupt notochord development is fundamental for the identification of new

genes involved in these processes with the purpose of offering more understanding concerning

the molecular mechanisms that control notochord formation.

In the mouse, mutations at several loci required in notochord development process have been

identified in genes such as T and Foxa2, which encode for transcription factors. T was isolated by

positional cloning (Herrmann et al. 1990) and Foxa2 was characterized through targeted

mutagenesis analysis (Ang and Rossant 1994; Weinstein et al. 1994).

Foxa2, a member of the fork head family of transcription factors is expressed in the node,

notochord, floor plate and gut in mouse embryos. A null mutation of this gene leads to embryonic

lethality. The earliest detectable defects in Foxa2 mutant embryos are the lack of a distinct node,

the absence of the notochord and and the truncation of the primitive streak. In addition, at later

stages mutant embryos show marked defects in the organization of somites and neural tube,

which exhibits overt anteroposterior polarity but lacks a floor plate and motor neurons.

Endodermal cells are present but fail to form a gut tube in mutant embryos.

Structural analysis has shown that the DNA-binding domain of Foxa2 gene has a winged-helix

conformation (Clark et al., 1993). Winged-helix genes share a highly conserved DNA-binding

domain, encoded a protein of about 110 amino acids and have been shown to function as

transcription factors (reviewed by Kaufmann and Knoechel, 1996).

T, a gene encoding for a transcription factor, is normally expressed in early mesoderm and

primitive ectoderm next to the primitive streak and then becomes restricted to the notochord and

to the tailbud. T (Brachyury) mutant embryos show a truncation of the primitive streak so that

gastrulating T embryos generate insufficient mesoderm, whereas the number of ectodermal cells

is increased. The chordamesoderm is most strongly affected and although the notochordal plate is

formed initially, it later degenerates and no notochord is established. The posterior region of the

embryo is entirely missing, probably owing to a failure of primitive streak regression. Finally, the

allantois, a derivative of the mesoderm, is not formed, resulting in embryonic death at  around

embryonic stage E10. Lack of the somites and the neural tube in T mutants are secondary effects

presumably reflecting the absence of inductive influence of the notochord on these tissues.
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T -box genes also show a high degree of conservation in their sequence among vertebrates. It

encodes a 436 amino acid residue, contains six putative glycosylation sites of the canonical

sequence Asn-X-Ser/Thr, and is rich in serine (13%) and proline (9%) residues.

The zebrafish floating head (flh) is another transcription factor gene expressed in the organizer at

the beginning of gastrulation, and later in the developing notochord (Halpern et al., 1995; Talbot

et al. 1995). Flh, which is essential for notochord formation, acts upstream of T in notochord

precursors. Floating head is an embryonic lethal mutation, which disrupts axial mesoderm

development. Flh mutant embryos lack entirely a differentiated notochord and instead have

muscle in the midline under the neural tube since in the trunk somites are fused medially beneath

the spinal cord; these mutants also have defects in ventral cell types within the neural tube that

are induced by the notochord.

Flh represents a null allele. Flh is a mutation containing a deletion of two base pairs in the

sequence. This deletion causes a frameshift in the ORF and leads to truncation of the Flh

polypeptide upstream of the homeodomain. Flh gene sequence analysis revealed an open reading

frame (ORF) of 241 amino acids that contains a homeobox sequence. The homeodomain

sequence places the gene in the ems subfamily, which includes Xnot (Xenopus), Cnot1 and Cnot2

(Chicken), ems (Drosophila), and Emx-1 and Emx-2 genes (of mouse and human), however no

mammalian Not gene has been identified so far.

In the mouse, several mutations that disrupt notochord formation have been identified such as

Danforth´s short tail (Sd), pintail (Pt), curly tail (ct), and truncate (tc); the specific genes affected

in these mutations are still unknown (for review, see Johnson 1986; Theiler 1988).
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1.5 Truncate mutation (tc)
Theiler described this mutation and reported that the phenotype can be explained by a primary

defect in the formation of the notochord-mesoderm in the caudal body region. The primary

visible effect is a block in the out-growth of the notochord. The block is not always complete;

sometimes the notochord reappears posteriorly for a short stretch, but disappears again. It is not

simply an inability of the notochordal cells to multiply; on the contrary, some mitosis is regularly

found in the terminal part of the notochord. However, the cells do not form a rod there, but

assemble to form a solid knob which soon shows degenerating cells in the center. The possibility

suggests itself that the supply of notochordal cells from the undifferentiated blastema is

interrupted. The cells which have already differentiated are not disturbed and multiply, except

those in the center of the knob which degenerate perhaps because of metabolic difficulties.In the

region lacking a notochord, the somites generally develop normally up to the point where the

epithelial alignment of somite cells is lost; the sclerotomic cells migrate medially until they meet

in the mid-line beneath the neural tube. The sclerotomic cells degenerate and more and more cell

fragments are visible in microscopic preparations. Pycnosis sometimes can be observed in normal

embyos too but never in this degree. In a more posterior region, opposite somites sometimes fuse

across the middle from the beginning, but cell degeneration always starts later. The alteration of

the spinal cord in tc/tc embryos is easy to explain. It is secondary in nature. In tc/tc embryos a

floor plate fails to appear whenever the notochord is missing. The median ventral fissure of the

spinal cord does not develop, and both motor columns unite to form a single cell mass on the

ventral border. In the defective tail, the blood vessels are enlarged and sometimes give origin to a

blood-filled and centrally located bleb. Another type of bleb appears earlier, is situated

subepidermally and is filled with clear fluid. Both phenomena are only temporarily visible and

may be regarded as a toxic effect caused by the extensive breakdown of sclerotomic cells. The

neural tube may be involved too, exhibiting marked cell disintegration, which is, however, not

always present and originates later than the disturbance of the sclerotome. Macroscopically, the

defect of the neural tube causes a sharp depression in the dorsal contour of the body. Truncate

embryos shows sometimes a transitory subepidermal bleb and extensive degeneration of

sclerotomic cells in the caudal body region. In addition, the caudal part of the notochord often

retains connection with the neural tube. This pecularity may occur in wild type mice too, but is

rare.
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In summary, truncate (tc) is a recessive spontanous mutation with incomplete penetrance and

variable expressivity affecting exclusively the posterior portion of the notochord (Theiler 1959;

Dietrich et al. 1993). In homoyzgous d9.5-d10 embryos, the notochord fails to grow caudally and

abruptly ends, usually in the sacral region. In the region lacking the notochord, no floor plate

develops in the overlaying neural tube, somites fuse across the midline, and sclerotome

development is impaired. These abnormalities lead to malformations and/or agenesis of the

vertebral column in the tail, the sacrum and/or the lumbar region of homozygous tc mutants

(Fig.C). In the most severe cases, the hind legs are paralyzed and the floor plate and the median

ventral fissure of the spinal cord is absent. The anterior notochord remains fully intact and is not

affected by this mutation.

        Theiler, 1959

Figure C. Truncate mice, exhibiting varying degrees of tail reduction. A newborn with constrictions (right) and

two adults (left).

The specific defects in homozygous tc mutant embryos suggest that truncate is an essential gene

required for normal notochord formation, specifically in the caudal region of the body axis. Thus,

the isolation and molecular characterization of the tc gene is likely to elucidate the mechanisms

governing notochord development.

The truncate mutation is located at map position 38 on mouse chromosome 6 (The Mouse

Genome Database; URL:http://www.informatics.jax.org/map.html). Previously, a fine genetic

map has been constructed (Fig. D), by analysis of a number of simple sequence length
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polymorphism (SSLP) markers from this region with respect to tc, which placed tc locus between

the markers D6R4Arb5 and D6Mit6 (Pavlova et al. 1998). Further analysis narrowed the tc region

down to approximately 180 kb. This region was entirely sequenced, and then by computational

analysis (as described in Frishman et al. 1998; Altschul et al. 1997; Apweiler et al. 2001) all

known and predicted genes in this region were identified (table A).

Figure D. Fine genetic and physical map around the critical interval containing tc. Truncate region was sequenced,

and predicted genes were identified by computational analysis.

Table A. Predicted genes in the truncate interval identified by computational analysis

Sideroflexin 5 (Mus musculus)

KIAA0857 protein (Homo sapiens)

Gnot1 homeodomain protein (Gallus Gallus)

NN8-4AG-human (Homo sapiens)

putative (Mus musculus)

chaperonin subunit 7 (eta) Cct7 (Mus musculus)

mCG17168 unkwnown gene

early growth responce 4 , Egr4 (Mus musculus)

KIAA0328 protein (Homo sapiens)
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Interestingly, in this tc interval, one of the predicted genes encoded a polypeptide of 240 amino

acids containing a homeodomain protein which belongs to the ems subfamily, including zebrafish

flh (Talbot et al. 1995), chick Cnot1, Cnot2 (Stein and Kessel 1995; Stein et al. 1996), Xenopus

Xnot1, Xnot2 (Gont et al. 1993; von Dassow et al. 1993), Drosophila genes empty spirales ems

(Dalton et al. 1989), and mouse Emx-1 and Emx-2 human genes (Simeone et al. 1992). Based on

the pattern of the Not family genes such as flh, Xnot1, Xnot2, Cnot1 and Cnot2 which are

specifically expressed in the notochord during embryonic development and known to be essential

for notogenesis, this predicted gene represented a potential candidate gene for the tc mutation.

Therefore, to explore this possibility, this mouse gene hereafter designated as Not, was further

investigated.

The aims of the present PhD thesis are to identify the gene mutated in the truncate mice, to

investigate the nature of this mutation, to determine the position of this gene in the genetic

hierarchy governing notohord development, to characterize some aspects of its regulation in the

notogenesis process and to further analyse the tc phenotype. Together, the results of this work

should help to elucidate the role of this gene, which is essential for caudal notochord formation

and integrity and further our understanding of the molecular mechanisms controlling notochord

development and laterality process.
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2. Materials and methods

2.1 Chemicals
All chemicals that are not included in this table were provided from manufacturers such as

AppliChem, Calbiochem, Fluka, Merck or Roth.

Product Manufacturer

1 kb DNA Ladder, 100 bp DNA Ladder markers NEB, Invitrogen

Lambda DNA-HindIII digest marker NEB

10x PCR-Buffer Sigma

DMEM Powder (#52100) Gibco BRL

DMSO Sigma

dNTPs PEQLAB Biotechnologie GmbH

FCS Gibco BRL

Agarose Sigma, Invitrogen

NucleoSpin® Extract Kit Macherey-Nagel

NucleoSpin® Plasmid Kit Macherey-Nagel

RNeasy Mini Kit QIAGEN

Expand Hight Fidelity PCR Kit Roche

Prime-It II Random Primer Labeling Kit Stratagene

TOPO-XL-PCR Cloning Kit Invitrogen

Dig RNA labeling kit Boehringer

Dynabeads mRNA Direct Kit Dynal

Omnifix ®-F 1-5 ml Syringes Braun

Penicillin (10000 U/ml)/Streptomycin (10000 U/ml) Gibco BRL

pGEMT easy System Kit Promega

QIAshredder column Kit QIAGEN

RNA Ladder marker Invitrogen

Restriction Endonucleases NEB, Boehringer

Superscript II Reverse Transcriptase Invitrogen

Mung Bean Nuclease Boehringer, NEB

T4 DNA polymerase Boehringer

Exo (-) Klenow Stratagene

Shrimp Alkaline Phosphatase Boehringer

Sterican ∅ 0,90 x 40 mm Braun

T4 DNA Ligase Boehringer, NEB
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Product Manufacturer

Oligo(dT) primers Invitrogen

0,1M DTT Invitrogen

RNA polymerase (SP6, T7 or T3) Boehringer

tRNA Boehringer

RNase A Sigma

NTPs (Dig RNA labeling mix) Boehringer

RNase inhibitor Boehringer

BM purple AP substrate Roche

anti-digoxigenin antibodies Roche

Blocking reagent 5 % (w/v) Boehringer

alcian blue 8GX Sigma

alizarin red S Sigma

Eosin Y-Certified Sigma

VectaMount (H-5000) Vector Laboratories

Expand Hight Fidelity Enzyme mix kit Roche

HybondN-Plus, HybondN membranes Amersham Pharmacia biotech

Hyperfilm-MP Amersham Pharmacia biotech

Luciferin Roche

ATP Roche

Tritonx-100 Applichem

IPTG Applichem

X-gal Applichem

Antibiotics Sigma

Ethidiumbromide Merck

Tween20 Applichem, Sigma

Paraffin Roth

Rotihistol Roth

glycogen Applichem

β-Mercaptoethanol Merck

glycerol Applichem

Orange G Sigma

RNA later Ambion

Tissue culture disches Cellstar

Gloves Kimberly-Clark

DEPC Applichem

Glutaraldehyde Fluka
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Product Manufacturer

Nonidet 40P Applichem

Agar Applichem

Proteinase K Merck

Taq Polymerase Sigma

2.2 Apparatus

Apparatus Name Manufacturer

Electroporation apparatus MicroPulser BioRad

Film developing system Hyper Processor Amersham

Electrophoresis Equipment Electrophoresis Equipment BioRad

PCR thermal cycler Primus96 plus MWG-Biotech

Laminar-Flow Hood LaminAir ® Heraeus

Humidified CO2 incubator Humidified CO2 incubator GFL

Power supplies Power Pac 300 Bio Rad

Microcentrifuge Centrifuge 5415D Eppendorf

Cold centrifuge Centrifuge 5810R Eppendorf

Vacuum centrifuge SpeedVac SVC 100 Savant

Cell Culture centrifuge Megafuge 1.0 Heraeus

Centrifuge (200-2000ml) J-6B-Centrifuge Beckmann

Centrifuge (up to 1000 ml) J2-21 Centrifuge Beckmann

Microcentrifuge 4°C-Room Biofuge 13 Heraeus

PH meter PH meter Inolab

Vortex mixer Reax 2000 Heidolph

Balance Balance Sartorius

Water bath with adjustable To Water bath with adjustable To GFL

Spectrophotometer Biophotometer Eppendorf

Refrigerator 4°C Refrigerator 4°C Leibherr

Freezer -20°C Freezer -20°C Leibherr

Freezer -80°C Freezer -80°C (low flow) Sanyo

Macroscope Macroscope Leica M420 Leica

Microscope (for cells) Microscope Axiovert 35 Zeiss

Microscope (for sections) Microscope Axioplan Zeiss

Microscope DMLB Leica

Thermomixer Thermomixer comfort Eppendorf
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Apparatus Name Manufacturer

Phosphoimager Phosphoaimager Bas 1000 Fujix

UV crosslink Stratalinker 1200J Stratagene

Microwave Microwave Bosch

Heating block Heating block Eppendorf

Shaker Duomax 1030 Heidolph

Sections apparatus Sections apparatus Leica

Timer Timer Oregon scientific

Pipettors Pipettors Eppendorf

Gel photography/documentation system Gel photo./docu. system BioRad

Hybridization Oven/Shaker Hybridization Oven/Shaker Amerscham

UV transilluminator UV transilluminator IBN, Biozym, Uvis

Scintillation counter Scintillation counter LS 6000 SE Beckmann

Luminometer Apparatus Lumat Berthold, LB 9501 Berthold

Photometer Titertek-Multiskan-Plus-apparat Citizen

2.3 Oligonucleotides
All primers used for different purposes in this study were synthetized by MWG

(www.ecom.mwgdna.com). The oligonucleotide sequences are shown in the following table:

Oligonucleotide Sequence   5’ −−   −−   −−  −−> 3’

1008LacZ-B2 CCATGGAAGCTTTACCGCTGGACGCCCTTGCT

1008LacZ-F1 CTCGAGACTAGTTCTAGAGCGGCCGGCA

BG081305-B2 ACCCTGCGATTTTGGAAC

BG081305-B10 CATTTGGTGTCCTTTGACC

BG081305-F1 CCTCTCTCTCTCCCATTGAG

BG081305-F7 ACCAGTCTGAACCTCCTCG

En2-B1 GTCGACATCGATCCTCGCTGTCCGACTTGCC

En2-F1 GGATCCATGGAGGAGAAGGATTCCAAGCC

Exon1-B3 GGAAAAGTCAGGGGGATGTGAAG

Exon1-F2 CAAGGTCCAGGATAGCCAGAGTTAC

Exon2-B4 CCACACACATAAAAAGGAGGAAGC

Exon2-F2 TTGCTGGCTGAAGTCTGCTCTTGG
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Exon3-B6 TTTGAAGCCAATCTGTGCCAC

Exon3-F4 TGTGCGGTGACTGAGAACTTAGG

Foxa2-B1 GTCGACATCGATCGGATGAGTTCATAATAGGCCTGGA

Foxa2-F1 GGATCCATGCTGGGAGCCGTGAAGATGG

Geno Dpuro-not-B3 CAACCCACACACATAAAAAGGAGG

Geno Dpuro-not-F3 TGACGGAGAATCAGGTGAGAGCAG

Geno puro-3'not1-B1 TTTGCCACATAGCACGAG

Geno puro-3'not1-B2 GAAGAGCCTGACTCAAAAGG

Geno puro-3'not1-F1 GGGATTAGATAAATGCCTGC

LacZ4 CCAGATAACTGCCGTCACTCC

nHD-B1 TCTAGACAATTTCAGTTTTTGCTGCTTCTG

nHD-F1 CTCGAGACAAAGAGGGTTCGCACAACG

nHD-F2 ACTAGTACAAAGAGGGTTCGCACAACG

not intron1-B1 ATGCCCTCTTCTGGTGTGTGTCTG

not intron1-F1 GATGGTGTATGCCTGTAATCACTGC

not LRg-B2 AAGAGGCTGGGTATGATGG

not LRg-F2 TGTGTGTGTGTGTGTGTGCG

not ORF-B1 TTGAATTCTTAACTGCCAATTCCCAACTCAGCA

not ORF-B3 GTCGACATCGATCACTGCCAATTCCCAACTCAGC

not ORF-F1 GGGGATCCATGTCCAGCCCTGCTCCCTCA

not ORF-F3 GGATCCATGTCCAGCCCTGCTCCCTCAG

not-homeo-B1 TTGAATTCTTACAATTTCAGTTTTTGCTGCTTC

not-homeo-F1 GGGGATCCACAAAGAGGGTTCGCACAACG

not1LacZ-B3 CTCGAGACTAGTTGCGCGACCCTGAGGGGACCT

not1LacZ-B4 CTCGAGAAGCTTCGGTGGGTGCCCATTTCAGAGG

not1LacZ-F1 GTCCCAGCTGCAGTGAGGAAGTGCACAAAT

PGK puro-B1 TGGATGTGGAATGTGTGCG

VP16-B1 CTCGAGCCCACCGTACTCGTCAATTCCAAG

VP16-F1 GAATTCATGACCGATGTCAGCCTGGGGGAC
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2.4 Vectors

2.4.1 Cloning vectors
Cloning vectors used during cloning procedures such as pGEM-Teasy, TOPO-XL-PCR, pUC19,

pLitmus28, pLitmus29, pBluescript, pNEB193 and others were provided from companies such as

Stratagene, New England Biolab, Invitrogen and Promega.

2.4.2 Expression vectors
Expression vectors used during cloning procedures such as pGEX4T-1, pQE30, pCS2MT, pCS2

and pGL3-Basic were provided from companies such as Stratagene, Invitrogen and Promega.

2.5 E.Coli strains
All Escherichia coli strains used to make Competent bacterias for DNA transformation are shown

in the following table:

Strain Genotype Source

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F- proAB

lacIqZΔM15 Tn10 (TetR)]

Stratagene

SURE E14- (McrA-)Δ(mcrCB-hsdSMR-mrr)171 endA1 supE44thi-1 gyrA96

relA1 lac recB recj sbcC umuC::Tn5(kanR) uvrC [F’ proAB laclq

ZΔM15Tn10(TetR)]

Stratagene

SCS110 RpsL (strR) thr leu endA thi-1 lacY galK galT ara tonA tsx dam dcm

supE44Δ(lac-proAB) [F’ traD36 proAB laclqZΔM15]

Stratagene

2.6 E.Coli medium
E.Coli was grown in LB rich medium. Ingredients for this medium were added to water and the

pH was adjusted to near 7 with 1N NaOH. Finally, the medium was sterilized by autoclaving.

Liquid media can be solidified with Agar.
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Medium Ingredients Concentration

LB

(Luria-Bertani)

Tryptone

Yeast Extract

Sodiumchlorid

(Agar)

10 g/l

5 g/l

10 g/l

(15 g/l)

If required, antibiotics and supplements with the appropriate concentration were added to the

previously autoclaved LB medium. But the antibiotics and supplements were added to the

medium until it cooled to <50 °C. IPTG and X-gal were used for white/blue colonies selection in

the plates with LB solid medium.

Antibiotics & supplements Stock solution Final concentration
Ampicillin 50 mg/ml in 70% EtOH (500x) 20-100 µg/ml

Kanamycin 50 mg/ml in H2O (1000x) 10-50 µg/ml

Chloramphenicol 34 mg/ml in 70% EtOH (1000x) 25-170 µg/ml

Tetracyclin 12 mg/ml in 70% EtOH (1000x) 10-50 µg/ml

Streptomycin 12 mg/ml in 70% EtOH (1000x) 10-50 µg/ml

IPTG 1 M (1000x) 1 mM

X-Gal 50 mg/ml (1000x) 50 µg/ml

2.7 Cell culture medium
Culture Medium used for HEK293 cell line, consists of two parts: a basal nutrient medium

DMEM (Dulbecco’s modified Eagle’s medium) and supplements. The DMEM medium was

sterilized by filtration using 0.1µm filter membranes. The fetal calf serum (FCS) was inactivated

for 30 min at 56°C before adding it to the medium.

HEK293-Medium: 400ml DMEM (133.8 g DMEM-powder+ 37g NaHCO3; pH7.4)

45 ml FCS (fetal calf serum)

5 ml 100x Penicillin/ Streptomycin (10000iU/ml)
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2.8 Cell line

The cell line used for the transactivation assays was HEK293.

Name Organism Tissue

HEK293 Human Embryonic kidney

2.9 Molecular Biology Methods

2.9.1 DNA-Methods

2.9.1.1 Agarose gel Electrophoresis
Agarose gel electrophoresis was used as a standard method for separating, identifying and

purifying 0.2kb to 30kb DNA fragments. The protocol can be divided into three stages: (1) a gel

was prepared with an agarose concentration appropriate for the size of DNA fragments to be

separated; (2) the DNA samples were loaded into the sample wells and the gel was runned at a

voltage and for a time period that will achieve optimal separation; and (3) the gel was stained or,

if ethidium bromide has been incorporated into the gel and electrophoresis buffer, was visualized

directly upon illumination with UV light.

The appropriate Agarose concentrations for separating DNA fragments of various sizes are

indicated in the following table:

    Agarose (%) Effective range of resolution of

linear DNA fragments (kb)

           0.5

           0.7
           1.0

           1.2
           1.5

                 30 to 1

                 12 to 0.8
                 10 to 0.5

                 7 to 0.4
                 3 to 0.2
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2.9.1.2 Quantitation of DNA with absorption spectroscopy
To quantify the DNA, an aliquot was measured by UV absorbance at 260 nm (A260) and 280 nm

(A280) where the absorbance of 1 in a 1 cm path length corresponds to a DNA concentration of

50µg/ml (1 OD260 dDNA = 50 µg/ml). The absorbance ratio of 260 nm and 280 nm gave an

estimate of the purity of the solution. Pure DNA solutions had A260/ A280 values between 1.7-2.

2.9.1.3 Digestion of DNA with restriction endonucleases
Restriction endonuclease cleavage was accomplished simply by incubating the enzyme(s) with

the DNA in appropriate reaction conditions. The amounts of enzyme and DNA, the buffer and

ionic concentrations and the temperature and duration of the reaction vary depending upon the

specific application.

Reaction mixture

x µl               DNA (0.1-4 µg DNA in H2O or TE buffer)

2µl                10X restriction buffer

x µl               enzyme (1-5 U/µg DNA)

x µl               H2O (to 20 µl total volume)

In general, the reaction mixture was incubated for 1-2h at the recommended temperature (in

general, 37 °C). The reaction was stopped by incubating for 10 min at 65°C (for most enzymes)

or for 15 min at 75°C (for particular enzymes) to inactivate the enzyme.

2.9.1.4 Isolation and purification of DNA restriction fragments from agarose

gels
The recovery of DNA from agarose was performed using a silica membrane column purification

method. The Kits, that include silica membrane spin columns and all appropriate buffers

necessary for DNA purification, were provided from companies such as Macherey-Nagel or

Qiagen. The procedure consist of: (1) a gel slice, containing DNA fractionated through an

agarose gel, is melted and passed through a silica membrane column in the presence of high salt.

Under these conditions, DNA is adsorbed onto the silica membrane. (2) The gel contaminants are

subsequently washed away and (3) DNA is eluted in a low-salt buffer.
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Therefore, DNA sample was digested with the appropriate restriction enzymes, loaded in agarose

gel (with ethidium bromide) and subjected to electrophoresis. The target band was cut out with a

clean scalpel and transferred to a 1.5-ml microcentrifuge tube. The volume of the agarose was

estimated (± 100µl), 2.5 to 3.0 vol of 6M sodium iodide was added and the contents were

incubated for 5-10 min at 50°C to dissolve the agarose. 2vol of binding buffer were added, the

contents were mixed well and the supernatant was applied to the silica membrane spin column.

The spin column together with its collection tube were microcentrifugated for 1 min at maximum

speed and the flowthrough was discarded. The spin column was washed with 750 µl of wash

buffer, microcentrifugated for 1 min at maximum speed and the flowthrough was discarded. The

spin column was microcentrifugated for 1 min at maximum speed to remove any residual wash

buffer (ethanol) from the column membrane. The spin column was transferred to a new 1.5-ml

microcentrifuge tube and the DNA was eluted by adding 75-100 µl nuclease-free water to the

membrane, incubated for 10 min followed by microcentrifugation for 1 min at maximum speed.

The DNA was collected and stored at 4°C or –20°C until use.

2.9.1.5 Dephosphorylation of vector DNA by alkaline-phosphatase
Dephosphorylation of DNA was achieved simply by incubating the shrimp alkaline-phosphatase

enzyme with the DNA in appropriate reaction conditions. This procedure was used to

dephosphorylate 5’ termini of vector DNA in order to prevent self-ligation of the vector termini,

thereby to decrease the vector background in cloning strategies. In general, the phosphatase

treatment can be done directly following cleavage by restriction endonuclease. The reaction

mixture was incubated for 1-2h at 37°C.

2.9.1.6 Transformation of E.coli competent cells with plasmid DNA by

electroporation
Electroporation with high voltage was used for transforming E.coli with plasmid DNA. This

procedure routinely gives more than 109 bacterial transformants per micro-gram of input plasmid

DNA. The electroporation apparatus was set to 2.5 kv, 25 µF and the pulse controller to 200 or

400 ohms. The plasmid DNA or ligation reactions was electroporated together with Competent

bacteria cells (XL-blue, SURE, or SCS110 E.coli) and 1ml LB was added followed by an
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incubation for 1h at 37°C. The bacterias were harvested and plated onto plates containing (LB /

antibiotics / ±IPTG/X-Gal) and incubated at 37°C overnight.

2.9.1.7 Plasmid isolation using alkaline lysis miniprep
The isolation of plasmid DNA from E.coli was performed using the alkaline lysis method. This

procedure is appropriate to extract plasmid DNA from small amounts of many different cultures

of plasmid-containing bacteria. 1-2 ml of E.coli LB culture was harvested by 3-5 min

centrifugation  (11.000 x g) and the pellet was resuspended with 200 µl buffer P1, lysated with

200 µl buffer P2 and neutralized with 200 µl buffer P3. After 10 min centrifugation at 14000

rpm, the supernatant (400-500µl) was transferred into a new tube, precipitated with 600-650 µl

isopropanol and incubated for 10 min at RT. After 15 min centrifugation at 14000 rpm, the pellet

was washed with 400 µl of 70% ethanol and the DNA was eluted with 50 TE buffer. For the

enzymatic reaction, 5 µl of DNA were used to check the clone.

Solution composition

Buffer P1 50 mM Tris.Cl, 10 mM EDTA, adjust to pH8 with HCl, add 100µg/ml RNaseA

Buffer P2 200 mM NaOH, 1% SDS

Buffer P3 3M potassium acetate, adjust to pH5.5 with glacial acetic acid

2.9.1.8 Plasmid isolation using NucleoSpin Kit
The isolation of plasmid DNA from E.coli was performed by using a NucleoSpin Plasmid kit

(Macherey-Nagel) for clones that were later sent for sequencing. 5 ml of E.coli LB culture was

harvested by 3-5 min centrifugation  (14000 rpm) and the pellet was resuspended with 250 µl

lysis A1 buffer, lysated with 250µl buffer A2 and 300µl buffer A3 was added. After 10 min

centrifugation at 11,000x g, the supernatant was loaded into a NucleoSpin Plasmid column with

collection tube. The flow through was discarded after centrifugation for 1 min at 11,000x g. The

NucleoSpin Plasmid column was washed two times with 600µl buffer A4 containing ethanol and

after 2 min incubation, the DNA was eluted with 50µl H2O or EB (elution buffer) by

centrifugation. The DNA was stored at 4°C or –20°C until use.
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2.9.1.9 Isolation of Genomic DNA from mouse tissue
Genomic DNA was extracted from fresh tissue of a (1/3) liver of an adult mouse. The tissue was

cut in small pieces and incubated in 50 ml-Falcon overnight at 56 °C with 25 ml proteinase K

buffer and 1 ml proteinase K (10mg/ml) in order to digest the tissue (after lysis and digestion the

solution should appear clear and homogeneous). After 10 min centrifugation, 1 volume of

Phenol/ Chloroform (equilibrated with TE) 25 ml was added to the supernatant and mixed by

rotating the falcon up and down (this step is important to remove the protein). The phases are

separated by 15 min centrifugation at 4000 rpm. The aqueous phase was removed by pipetting

and transferred to a new plastic-Falcon. The DNA was precipitated by adding 0.8-1volume of

isopropanol (25 ml), mixed gently and centrifugated for 10 min at 4000 rpm. The precipitate was

washed with 70 % ethanol, the pellet was dried at RT and DNA was resuspended in 2 ml of TE

buffer until dissolved (in general, 1mg DNA/ml TE buffer) by rotating on a vertical rotator

30rpm overnight at room temperature. The DNA was collected and stored at 4°C or –20°C until

use.

Solution composition

Proteinase K buffer 50mM Tris-HCL pH8, 100mM EDTA pH8, 100mM NaCL, 1% SDS

TE Buffer 10mM Tris, pH 8.0, 1mM EDTA

2.9.1.10 Enzymatic amplification of genomic DNA by PCR reaction
The exons of Not were amplified by PCR using genomic DNA of wild type or mutant strains, as

templates. The primers were Exon1-F2 and Exon1-B3 flanking exon1, Exon2-F2 and Exon2-B4

flanking exon2, and Exon3-F4 and Exon3-B6 flanking exon3. The PCR cycling parameters were:

1 initial cycle 94°C for 3 min (for pre-denaturation), 40 cycles (94°C for 30sec for denaturation,

57°C for 30 sec annealing temperature for the primers and 72 °C for 1 min for elongation) and 1

cycle 72°C for 7 min (for the final extension).
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PCR reaction mixture

1-2µl            genomic DNA (250-500 ng)

25µl             1x Lysis buffer

2.5µl            10x PCR buffer

1.5µl             40mM Mg Cl2

1µl               10mM dNTPs

2µl               10µM forward primer

2µl               10µM backward primer

1µl               Taq polymerase (5U/µl)

14µl             H2O

Solution composition

1x Lysis buffer 50mM KCL, 10mM Tris-CL ph8.3, 2mM MgCl2, 0.45% tween 20, 0.45% NP40

10x PCR buffer 166mM (NH4) 2 SO4, 670mM Tris-Cl PH8.8, 1mg/ml BSA fractionV

PCR products were subcloned in a pGem-TEasy vector (Promega) and then verified by

sequencing.

2.9.1.11 Cloning techniques

2.9.1.11.1 Subcloning into pGEMT-Easy vector
The PCR or RT-PCR products were ligated to a pGEM-TEasy Vector (Promega Kit) in the

following reaction mixture at 16 °C overnight:

Ligation reaction mixture

10-200 ng      PCR product

5µl                 10x ligation Buffer

0.5µl              25ng pGEM-T Easy Vector (3kb)

1µl                 T4 DNA Ligase (3 U/µl)

10µl               total volume
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2.9.1.11.2 Subcloning into TOPO-XL-PCR vector
The TOPO-XL-PCR Cloning Kit (Invitrogen) is designed for cloning 3-10kb PCR products.

The PCR products were ligated to a TOPO-XL-PCR Vector in the following reaction mixture:

Ligation reaction mixture

4 µl             PCR product (2-40 ng/ µl)

1µl              25ng TOPO-XL-PCR Vector (3.5kb)

The reaction mixture was incubated for 5 min at RT, 1µl 6xT0PO Cloning stop solution was then

added, mixed for 10 sec at RT and placed on ice. The transformation was performed with TOP10

E.coli cells.

2.9.1.11.3 Ligation of DNA and (Vector: Insert) Ratio
T4 DNA Ligase catalyses the joining of two strands of DNA between the 5’-phosphate and 3’-

hydroxyl groups of adjacent nucleotides in either a cohesive-ended or blunt-ended configuration.

As standard procedure to ligate insert(s) DNA and vector DNA by using T4 DNA Ligase

(Promega), the templates were previously linearized with the appropriate enzyme(s) and sticky-

ends or blunt-ends were generated. The vector DNA fragment was dephosphorylated and  the

ligation was set up in the following proportion :

ng of vector  x  Kb size of insert   x  molar ratio insert =   ng of insert

            Kb size of vector                                      vector

Ligation reaction mixture

x ng                insert DNA

x ng                vector DNA

1µl                 10x ligation Buffer

1-2µl              T4 DNA Ligase (3 U/µl)

10µl               total volume            

The ligation reaction mixture was incubated at 16 °C overnight.
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2.9.1.12 Southern blot analysis

2.9.1.12.1 Labeling of DNA by Random Oligonucleotide-Primed synthesis
The DNA probes were labeled by using Prime-It II Random Primer Labeling Kit from Stratagene

(#300385). The following components were added to a sterile microcentrifuge tube: 25-50 ng of

linearized Double stranded DNA, 0-23 µl of water, and 10 µl of random oligonucleotide primers

and then heated at 95°C for 5 min. The contents of the tube were collected by a brief

centrifugation at room temperature; where 10 µl of 5x buffer, 5 µl of radioactive labeled

nucleotides (32P-dCTP) and 1 µl of Exo(-) Klenow Enzyme (5 U) were added and incubated for

1-2 h at 37°C. The reaction was stopped by adding 2 µl of stop mix. The probe was then purified

as follow: the labeled DNA was precipitated by adding 50 µl H2O, 50 µl 7.5M NH4 Ac, 2 µl of

glycogen (20 mg/ml), and 400µl ethanol 100%, incubated for 15 –30 min at -20°C, centrifugated

for 10-15 min at 4000 rpm and washed with 400 µl of 70% ethanol. The labeled probe was eluted

in 100 µl H2O. The radioactivity was measured by using a Scintillation counter apparatus.

2.9.1.12.2 DNA Blotting onto a nylon membrane using an alkaline buffer
The DNA blotting was performed using the alkaline transfer for HybondN-Plus membrane

protocol (Amersham Pharmacia biotech). The genomic DNA from ES cells or from mouse tissue

was previously digested in 50 µl total volume with 30-40 U of the appropriate enzyme(s), and

incubated overnight at 37°C. The digested DNA was loaded in 1% Agarose gel and runned

slowly to achieve good separation. After electrophoresis, the gel was incubated in 0.2N HCl (use

4x volume of gel) for 15 min while shaking gently and 2 times in a denaturation solution for 20

min. The gel was transferred carefully back on gel tray and overlayed with two Whatman 3MM

cut to gel size and were wetted in denaturation solution. The gel and Whatman were flipped

around and the set was put down on a spread out Saran wrap (fold in Saran wrap so that the

transfer only goes via the gel). HybondN-Plus membrane was wetted first in water, then in

denaturation solution and placed neatly on gel. The nylon membrane was covered with two layers

of Whatman 3MM wetted in denaturation solution and then a large stack of paper towels was put

on top, finished up with the gel tray which held the paper towels together. After blotting

overnight, the membrane was neutralized for 5 min in 500 ml 50mM NaPi, placed between two

Whatman layers, baked for 20 min at 80°C and subjected to UV crosslink in a Stratalinker 1200J.   
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Solution composition

Denaturation solution 0.5M NaOH, 1.5M NaCl

Neutralization solution 50mM NaPi (pH6.7)

0.2N HCl 20 ml conc.HCl in 1L water

2.9.1.12.3 Hybridization analysis of DNA blot with radiolabeled DNA probe
The hybridization was performed as follows: The solutions WashII and Church were pre-warmed

at 65°C. The membrane was shortly incubated in WashII at 65°C. 20 ml of Church were filled

into hybridization tube, the membrane was added and incubated for at least 30 min at 65°C (pre-

hybridization). The labeled probe was denatured at 95°C for 10 min and the membrane was

hybridized overnight in 20 ml Church containing the labeled probe  (Radioactivity 100000-

200000 cpm of 32P-dCTP per ml). The membrane was washed 3x 20 min with WashII at 65°C

and dried between Whatman layers 3MM. The membrane was exposed at –80 °C to Hyperfilm-

MP (Amersham).

Solution composition

Church Buffer BSA10 g, 0.5M EDTA 2 ml, 1 M NaHPO4 (pH7.2) 500 ml, 20% SDS 350 mL,

H2O to 1 liter

Wash I BSA 10 gm, 0.5M EDTA 2 ml, 1 M NaHPO4 (pH7.2) 80 ml, 20% SDS 500ml,

H2O to 2 liters

Wash II 0.5M EDTA 8 ml, 1 M NaHPO4 (pH7.2) 160 ml, 20 % SDS 200 ml, H2O to 4

liters
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2.9.2 RNA-Methods

2.9.2.1 Isolation of total RNA from mouse tissue
The isolation of total RNA was performed following the protocol from RNeasy Mini Kit

(QIAGEN). Approximately, 20 mg of fresh tissues from wild type or mutant mouse embryos at

stage E9.5 were disrupted with a mortar and a pestle and the lysate was homogenized in 350 µl

RLT buffer. The lysate was pipetted onto a QIAshredder column, sitting in a 2-ml collection

tube, and centrifuged for 2 min at maximum speed (8000 x g = 10, 000 rpm). 1volume of 70%

ethanol (350 µl) was added to the supernatant (cleared lysate), mixed well by pipetting, 700µl of

the sample was applied onto a RNeasy mini spin column, sitting in a 2-ml collection tube, and

centrifuged for 15 sec. The column was washed with 700µl of RW1 buffer and washed two times

with 500 µl of RPE buffer. To ensure that no ethanol is carried over during elution, it is important

to dry the RNeasy membrane by performing an additional centrifugation for 2min; since residual

ethanol may interfere with subsequent reactions.  RNase-free water (30-50µl) was added directly

onto the RNAeasy membrane to elute total RNA by performing a centifugation for 1min.  The

total RNA quality was confirmed by checking the integrity of 18S (1900bp) and 28S (4800bp)

RNA molecules using the 1% agarose gel stained with ethidiumbromide.

2.9.2.2 Quantitation of RNA with absorption spectroscopy
To quantify the total RNA, an aliquot was measured by UV absorbance at 260 nm (A260) and 280

nm (A280) where the absorbance of 1 in a 1 cm path length corresponds to a RNA concentration

of 40 µg/ml (1 OD260 RNA = 40 µg/ml). The absorbance ratio of 260 nm and 280 nm gave an

estimate of the purity of the solution. Pure RNA solutions had A260/ A280 values between 1.7-2.

2.9.2.3 Amplification of cDNA by RT-PCR
First-strand cDNA was synthesized from 5µg of total RNA using the Superscript II Reverse

Transcriptase (Invitrogen) and the oligo(dT) primers. The total volume reaction was 20µl.

The following components were added to a nuclease-free microcentifuge tube: 5µg of total RNA,

1µl Oligo (dT) 12-18  (500µg/ml) and xµl sterile distilled water to 12 µl. The mixture was heated at

70 °C for 10 min (to denature the secondary structure of RNA) and quicked chill on ice. The

contents of the tube were collected by a brief centrifugation and the following components were
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added to the tube: 4µl 5x First Strand Buffer, 2µl 0.1M DTT, 1µl 10 mM dNTP Mix and 1µl

SUPERSCRIPT II (200 units), mixed by pipetting gently up and down and incubated for 1-2

hours at 42 °C. The reaction was inactivated by heating at 70 °C for 15 min. The cDNA can now

be used as a template for amplification in a PCR reaction.

Reaction mixture for Reverse Transcription

5µg                  total RNA

1µl                   Oligo (dT) 12-18  (500µg/ml)

4µl                   5xFirst Strand Buffer

2µl                   0.1M DTT

1µl                   10 mM dNTP Mix (10mM each dATP, dGTP, dCTP and dTTP at neutral pH)

1µl                   SUPERSCRIPT II (200 units)

xµl                   H2O

The PCR reaction was performed with the following conditions: pre-denaturation at 94°C for 3

min, 45 cycles (denaturation at 94°C for 30sec, 55°C for 30 sec for the annealing temperature of

the primers and extension at 72 °C for 30 sec), and final extension at 72°C for 7 min.

PCR reaction mixture

5µl            cDNA (RT product)

4µl           10X buffer (Sigma)

1µl            10mM dNTPs

2µl            10µM forward primer

2µl            10µM backward primer

0.5µl        Taq polymerase (Sigma)

25.5µl       H2O

Primer pairs for RT-PCR were BG081305-F1 and BG081305-B10, and for nested RT-PCR were

BG081305-F7 and BG081305-B2. RT-PCR products were subcloned in a pGem-TEasy vector.

2.9.2.4 Synthesis of digoxigenin-labeled riboprobes
Boehringer Dig RNA labeling kit was used to generate antisense riboprobes. Antisense

riboprobes are synthesized as run-off transcripts from linearized templates, using bacteriophage

polymerases and template DNA consisting of the DNA fragment of interest cloned in a vector

containing the promoter appropriate for RNA polymerase (SP6, T7 or T3). RNA synthesis is

carried out in the presence of a digoxigenin-substituted ribonucleotide. The procedure was
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performed as follows: the template DNA was prepared by linearizing the plasmid with the

appropriate enzyme(s). 2-3µg DNA was digested in 40µl reaction mixture at 37 °C for 1-2 hours.

Linearized DNA was precipitated with 1/2 vol 7.5 M NH4 OAc + 2.5 vol 100% ethanol, washed

with 300µl 70% ethanol and eluted in 20-30 µl TE buffer. Then, 1-4µg of linearized template

DNA was incubated in the following transcription reaction mixture for 2 hours at 37 °C.

Transcription reaction mixture

1-4 µg         DNA (1-13 µl linearized template)

2µl              10Xtranscription buffer

2µl               NTPs (Dig RNA labeling mix)

2µl               RNA polymerase (SP6, T7 or T3)

1µl               RNase inhibitor

x µl              H2O to 20 µl final volume (no DEPC- H2O)

After incubation, 2µl of RNase-free DNaseI was added into the reaction mixture tube and

incubated for 15 min at 37 °C. Subsequently, for precipitation: 1µl tRNA (10 µg/µl), 100 µl

DEPC- H2O, 33 µl 7.5M NH4 OAc and 300 µl 100% EtOH were added to the reaction, incubated

for 30 min at –80°C, centrifugated at 4000 rpm for 10 min and washed with 300 µl 70% EtOH.

The riboprobe was rehydrated in 100µl 50% formamide/inDEPC-H2O and stored at –80°C.To

estimate the amount of transcript against tRNA, 1 % agarose was runned for 5-10 min at 150V.

2.9.2.5 Whole-Mount in Situ Hybridization and detection of RNAs in mouse

embryos
Whole-Mount in Situ Hybridization (WISH) was performed following a standard procedure with

digoxygenin-labeled antisense riboprobes (Wilkinson 1992) with minor modifications, to detect

RNA transcripts in embryos.

To performe the WISH, the embryos were rehydrated through 75%, 50%, 25% methanol/PBS 10

min each on ice and washed 2 x 10 min in PBT on ice. Subsequently, the embryos were bleached

with 6% hydrogen peroxide in PBT for 1 h on ice and washed 3x with PBT for 10 min, 3x with

RIPA buffer for 5 min and 3x with PBT for 5 min. The fixation was performed with

4%PFA/0.2% glutaraldehyde in PBT for exactly 20 min. Embryos were washed 3x with PBT for

5 min, 1x with hybe-buffer/PBT (1:1) at RT for 10 min, 1x with hybe-buffer at RT for 10 min

and incubated with hybe-buffer at 65°C for 1-3 hours. DIG labeled riboprobe was denatured in
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hybe-buffer at 80 °C for 3 min and embryos were hybed in a hybe-buffer with: tRNA (100

µg/ml) and 1:100 dilution of Dig labeled probe (previously denatured 0.1-1 µg/ml; usually 0.25

µg/ml) at 65 °C overnight.

To remove the unbound probe, the embryos were washed 2x with hybe buffer for 30 min at 65

°C, 1x with hybe buffer /RNase solution (1:1) for 5 min at RT, incubated 2x with RNAse solution

containing 100µg/ml RNaseA for 30 min at 37°C and 1x with RNAse solution/

SSC/FA/Tween20 (1:1) for 5 min at RT. Embryos were heated from RT to 65 °C and washed 2x

with SSC/FA/Tween20 for 5 min, 3 x for 10 min, 1 x for 30 min, 5 x for 1h. Afterwards, the

embryos were cooled down, washed 1x with SSC/FA/Tween20 /TBST (1:1) for 5 min, 2x with

TBST for 10 min at RT, 2x with MABT for 10 min at RT and then incubated for 1h at RT in 5%

blocking solution/MABT. At the same time, Dig antibodies (1:5000 dilution) were preadsorbed at

4 °C for 1h in 1% blocking solution/MABT. Subsequently, the embryos were incubated in this

antibody solution at 4 °C overnight while shaking gently.

To remove the unbound antibody, the embryos were washed 3x with TBST for 5 min at RT, 8x

for 1h at RT and left in TBST on shaker overnight at 4 °C.

For staining, the embryos were washed 3x with alkaline phosphatase buffer for 20 min at RT and

developed (at 37°C or at RT or at 4°C) in staining solution from Boehringer BM purple AP

substrate (#1442074) to detect bound digoxigenin-11-dUTP labeled riboprobes with alkaline

phosphatase conjugated anti-digoxigenin antibodies (Roche). After staining, the embryos were

washed 2-3x with alkaline phosphatase buffer for 10 min and fixed in 4% PFA/PBS overnight at

4°C. The embryos were stored at 4°C. For photographic records, embryos were cleared in 50%

glycerol.

All solutions used before and for hybridization should be treated with diethylpyrocarbonate

(DEPC) and autoclaved to inhibit RNase activity.

Solution composition

DEPC- H2O 0.01% DEPC (50 µg/500ml) autoclaved

PBS 30ml NaCl (5M), 15mL Na-Ph buffer (1M;ph7.3) add to 1liter water

4% PFA/PBS 4g PFA, 100ml DEPC water, a several drops of NaOH (10N), heat at 55°C

until PFA is dissolved, cool on ice, adjust pH to 6-7 with HCl.
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PBT PBS, 0.1% Tween20

tRNA 10 µg/µl (from Boehringer #109517) in DEPC water, phenolize 2x and store

as aliquoats at -20°C

RIPA 2.5ml SDS (10%), 15ml NaCl (5M), 5ml NP40, 25 ml Deoxycholate (10%),

1ml EDTA (0.5M), 25ml 1MTris pH 8, add water to 500ml

20x SSC 17.53g NaCl, 8.82g sodium citrate, dissolve in 80ml water, adjust to pH 7 with

a several drops of conc. HCl, adjust to 100ml

1M Citric acid in DEPC water

Hybe buffer 5ml deionized formamide (FA), 2.5ml 20 X SCC, 10µl Tween20, 2.05ml

water, adjust to pH6 with 1 M citric acid (ca. 450µl/10ml)

SSC/Formamid/Tween20 5ml SSC (20x), 25ml deionized formamid, 50µl Tween20, add to 50 ml with

water

10x TBST 8g NaCl, 0.2g KCl, 25 ml Tris (1M; ph 7.5), 10 ml Tween, add to 100ml with

water

RNase solution 1ml NaCl (5M), 100µl Tris HCl (1M;ph 7.5), 10µl Tween20, 8.89ml water

RNase A dissolve RNase A (from Sigma R-4875) at a concentration of 10mg/ml in 0.01

sodium acetate (pH 5.2), heat to 100 °C for 15 min, cool to RT, adjust by

adding 0.1 volumes of Tris HCl 1M pH 7.4, store as aliquots at –20 °C

MAB 11.6g maleic acid (0.1 mol/l), 8.8g NaCl (0.15mol/l), add 800 ml water, adjust

with solid NaOH to pH 7.5, add water to 1liter

MABT MAB, 0.1% Tween20

Blocking stock solution 5 % (w/v) blocking reagent (Boehringer/Ingelheim) was dissolved in MAB

solution by heating in a microwave oven. This stock solution is autoclaved and

stored as aliquots at –20 °C

Alkaline phosphatase buffer 1ml NaCl (5M), 2.5ml MgCl2 (1M), 50µl Tween20, 5ml Tris (1M; pH9.5),

add to 50ml with water

Staining solution Boehringer BM purple AP substrate  (#1442074)
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2.10 Cell Biology Methods

2.10.1 Cell culture conditions
The environment in which the HEK293 cultures were kept, typically a water-jacketed 5%CO2

incubator, must provide a constant temperature of 37°C, humidity to prevent evaporation of

medium, O2 for respiration and CO2 for the maintenance of the pH of bicarbonate-buffered

medium. Additionally, all solutions and equipment coming into contact with living cells were

sterilized and all cell culture work was performed under aseptic conditions.

2.10.2 Trypsinizing and subculturing cells
A primary culture of HEK293 cells was grown to confluentcy in a 6-cm petri plate containing

5ml culture medium. Cells were washed with EDTA-saline, were dispersed by trypsin treatment

and then reseeded into secondary cultures, where a fresh medium was added.

Solution Composition

EDTA-Saline
137 mM NaCl, 2,7 mM KCl, 4,3 mM Na2HPO4, 1,4 mM KH2PO4, 0,537 mM EDTA, pH

7,56, autoclaved

10x Trypsin-Lösung 0,5% Trypsin in EDTA-Saline, sterilized by filtration

2.10.3 Freezing cells
A culture of HEK293 cells was grown to confluentcy in a 6-cm petri plate containing 5ml culture

medium. Cells were dispersed from the plate by trypsin treatment, transferred to a sterile 5-ml

falcon tube containing 2 ml of fresh medium, centifugated for 3 min at 1000 rpm and the

supernatant was removed. The cells were resuspended in 800µl fresh DMEM medium, 100µl

FCS and 100µl DMSO and stored into 2-ml cryovials at -80°C.
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2.10.4 Thawing and recovering cells
When cryopreserved HEK293 cells were needed, the vial was placed into 37°C water bath and

agitated continuously until the medium was thawed. The thawed cell suspension was transfered

into a sterile 5-ml falcon tube, centifugated for 3 min at 1000 rpm and the supernatant was

removed. The cells were gently resuspended in 1 ml fresh DMEM medium, transfered to 10-cm

petri plate containing 10 ml of fresh medium and incubated at 37°C.

2.10.5 Calcium-Phosphate-mediated transfection of HEK293 cells
The transient transfection of DNA into HEK293 cells was performed by the Calcuim-Phosphate-

method. HEK293 cells were plated onto a 6-cm petri plate for tissue culture and grown to 80%

confluency. Approximately, 2h before the transfection, the medium was changed and 4ml fresh

DMEM medium was added. For the transfection, the following components were added to a

sterile microcentrifuge tube: 200 µl 2x Hebs, 200 µl 2.5M CaCl2 diluted (1:10), x µg DNA,

pipetted up and down until a precipitate containing calcium phosphate and DNA was formed,

added to the cells and incubated overnight at 37°C in a water-jacketed CO2 incubator. The cells

were washed 2x with 1x Hepes,  (or with 1x PBS) and 4 ml fresh DMEM medium was added.

After 30 h incubation, the cells were harvested.

Solution composition

2.5M CaCl2 18.38g CaCl2, 50 ml H2O, and sterilized by filtration

10x Hepes 67 mM KCl, 1.42 M NaCl, 100 mM HEPES, adjust pH 7.3

10x Hebs 1.37 M NaCl, 0.21 M HEPES, 48 mM KCl, 7.5 mM Na2HPO4

2x Hebs dilute 10x Hebs with water (1:5), adjust pH 7.1, and sterilized by filtration

10x PBS 80g NaCl, 2g KCl, 6.1g Na2HPO4, 1.9g KH2PO4, adjust pH 7.3
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2.11 Biochemical Methods

2.11.1 Transactivation Assay
30h after the Calcium-Phosphate-mediated transfection of HEK293 cells, the cells were washed

2x with 1xPBS, 400 µl of Extraction buffer was added followed by incubation for 10 min at RT.

The lysated cells were harvested together with the extraction buffer from the plate, transferred

into a microcentrifuge tube and centrifugated for 5 min at 10,000 rpm. The lysate was transferred

to a new tube and the measurements were then taken. The transfection studies were conducted in

at least triplicate on two-to-three separate occasions.

Solution composition

5x Extraction buffer 125mM Tris pH7.8 (adjusted with H3PO4), 10 mM EDTA, 10 mM, DTT, 50%

Glycerol, 5% Tritonx-100

10x PBS 80g NaCl, 2g KCl, 6.1g Na2HPO4, 1.9g KH2PO4, adjust pH 7.3

2.11.1.1 Measurement of Luciferase activity
To measure the luciferase activity: 50µl lysate, 300 µl Mess buffer, and then injected 100 µl

0.25M of luciferin solution by using a luminometer apparatus Lumat (Berthold, LB 9501). The

luciferase activity is presented as relative light units.

Solution composition

Mess -buffer 25mM Glygylglycin, 15mM MgSO4, 5mM ATP

Luciferin solution 100 mg luciferin in 14,27 ml of 25 mM NaOH (if required add some drops of

NaOH until the sol. appears clear)
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2.11.1.2 Measurement of β–galactosidase activity

The β-Galactosidase activity was determined to normalize levels of the luciferase activity in the

lysates. To measure the β–galactosidase activity: 40 µl lysate, 400 µl Z-buffer, 100 µl ONPG (4

mg/ml in Z-buffer), incubated at RT until a clear yellow color was observed, then the reaction

was stopped by adding 250 µl 1M NaCO3. 100 µl was used to measure the β–gal activity using a

photometer Titertek-Multiskan-Plus-apparatus.

Solution composition

Z-buffer 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1mM MgSO4, 50 mM β -

Mercaptoethanol

2.11.2 Whole-Mount histochemical detection of β–galactosidase activity

The embryos were examined for lacZ expression by X-gal staining according to standard

procedures, described as follows: the embryos were isolated, fixed for 5 min at room temperature

in fixing solution, washed 2x for 5 -10 min at RT in washing solution and incubated overnight at

37°C in staining solution.

Solution composition

Fixing solution 10 ml phosphat buffer (SPP), 80 µl gluteradheyde-solution (50% in H2O), 20 µl

1M MgCl2, 100 µl 0.5M EGTA pH 7.5

Washing solution 2ml 1M MgCl2, 10 ml 1% Na-desoxycholat, 10 ml 2 % NP40, and fill with SPP to

1000ml

Staining solution 100 µl 0.5M K3FeCN6, 100 µl 0.5M K4FeCN6, 200 µl X-Gal (stock solution 50

mg/ml in Dimethylformamide), and 9.6 ml washing sol

Phosphat buffer pH 7.4 77.4 ml 1M Na2HPO4, 22.6 ml 1M NaH2PO4, and fill with H2O to 1000 ml

0.5M EGTA 19.02 g/ 100 ml, adjust to pH7.5 with 10N NaOH
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2.12 Histology Methods

2.12.1 Analysis of WISH-Paraffin-Sections after Eosin-staining
After Whole-Mount In Situ Hybridization, the embryos E9.5 (which were previously fixed in 4%

PFA) were washed 2x with PBS for 5 min at RT and dehydrated gradually into methanol: 1x in

25% methanol, 1x in 50% methanol, 1x in 75% methanol and 1x in 100% methanol. Embryos

were transferred into paraffin as follows: 1x in isopropanol for 12 h, 1x in 50 %

isopropanol/paraffin for 12 h, and 1x in paraffin overnight. Embryos were embedded in paraplast

and cut 10 µm sections. After drying overnight at 42 °C, slides containing paraffin sections were

placed in a slide holder and deparaffinized and stained as follows: incubation 2 x in Rotihistol for

1 min, 1x in 100% ethanol for 1 min, 1x in freshly made Eosin –staining solution for 5-15 sec, 1x

in 90% ethanol for 30 sec, 1x in 100% ethanol for 1 min and 1x in Rotihistol for 1 min. Slides

were covered with coverslips after using 2-3 drops of a VectaMount (H-5000) from Vector

Laboratories, Inc., 60ml (permanent mounting medium).

Solution composition

Eosin-staining solution 20 ml 2% Eosin Y-Certified (E4382) (Sigma) in H2O, 150 ml ethanol 100%, 2 ml

glacial Acetic acid, 8 ml H2O

2.12.2 Skeleton preparation
Newborn mice were eviscerated and placed in water overnight. The skeletons were immersed in a

65 °C water bath for 1 min and skinned. Subsequently, the skeletons were fixed in 100% ethanol

for 4-7 days, changing the ethanol every 2 days. Then, incubated in acetone at room temperature

for 3 days. After rinsing the skeletons in de-ionized water, they were incubated at RT in staining

solution for 3-4 days. The skeletons were rinsed briefly with de-ionized water and were first

cleared in 2 % KOH for 3-6 hours. The skeletons were further incubated in another clearing

solution overnight or until the tissue surrounding the skeleton became clear. The skeletons were

stored in 100% Glycerol.
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Solution composition

Staining solution 1 vol. 0.3% alcian blue 8GX (Sigma#3157) in 70% ethanol

1 vol. 0.3% alizarin red S (Sigma#5533) in50% ethanol

1 vol. glacial acetic acid

17 vol. 100% ethanol

Clearing solution 1 vol. 50% glycerol

1 vol. 1% KOH

2.13 Embryology Methods

2.13.1 Embryo generation
Embryos were obtained from matings between wild type mouse strains or/and from matings

between homozygous (tc/tc) mutant mice. The plaques were checked and the embryos were

collected at the desired stage.

2.13.2 Fixation and storage of embryos
Embryos collected at different embryonic stages (6.5d until 13.5 d) were fixed in 4% PFA/PBS

overnight at 4°C, washed 2x with 1xPBS for 10 min and dehydrated through 25%, 50%, 75% and

2x with 100% Methanol (DEPC- H2O) 10 min each on ice. These embryos can be stored at

–20°C for up to 2 months or at –80°C for some years (2-3 years).

Solution composition

DEPC- H2O 0.01% DEPC (50 µg/500ml) autoclaved

PBS 30ml NaCl (5M), 15mL Na-Ph buffer (1M;ph7.3) add to 1liter water

4% PFA/PBS 4g PFA, 100ml DEPC water, a several drops of NaOH (10N), heat at 55°C

until PFA is dissolved, cool on ice, adjust pH to 6-7 with HCl.
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2.14 Gene targeting by homologous recombination in ES cells

2.14.1 Construction of the Targeting vector
The replacement construct contains two regions of homology (5’ and 3’) to the target gene,

positive selectable marker such as PGKpuro selection cassette flanked by loxP sites, and negative

selectable marker such as Diphtheria ToxinA expression cassette (pKO SelectDT).

2.14.2 Isolation of genomic DNA from ES cells after electroporation
The targeting vector was electroporated into truncate ES cells and puromycin resistant ES cell

clones were selected and expanded essentially as described (Schoor et al. 1999). The ES cells

work has been done by the technical assistant Hannelore Burkhardt.

The genomic DNA was isolated from ES cells described as follows: the medium was removed

from the 24 well-plates, in each well 500 µl of proteinase K buffer, containing 100µg/ml

proteinase K, was added and the plates were incubated overnight at 37 °C. After incubation, 500

µl of cold isopropanol was added followed by another incubation of 6h at RT while shaking. The

precipitated DNA of each clone was fished carefully with a needle and transferred into a fresh

tube containing 200-400 µl TE buffer (pH 7.5). To dissolve the DNA, the tubes were incubated

first for 15 min at 65 °C and afterwards, overnight at RT.

Solution composition

Proteinase K buffer 100mM Tris-HCL pH8.5, 5mM EDTA, 200mM NaCL, 0.2% SDS

Proteinase K stock solution 10 mg/ml

TE Buffer 10mM Tris pH 7.5, 1mM EDTA
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2.14.3 Screen for the right targeted ES cells before cre expression
Correctly targeted clones were identified by PCR using primers derived from the puro sequence

puro3’Not-F1, and genomic sequences downstream of the targeting vector puro3’Not-B1 or

puro3’Not-B2. The genotyping PCR cycling parameters were: 1 cycle 94°C for 2 min (for initial

denaturation), 10 cycles (94°C for 15sec, 53°C for 30 sec and 68 °C for 4 min), 30 cycles (94°C

for 15sec, 53°C for 30 sec and 68 °C for 4 min+50 sec) and 1 last cycle 72°C for 7 min (for final

elongation).

The PCR reaction was performed using the Expand High Fidelity PCR system (Roche), which is

composed of an enzyme mix containing thermostable Taq DNA polymerase and Tgo DNA

polymerase, a thermostable DNA polymerase with proofreading activity. This Expand High

Fidelity PCR system is designed to generate PCR products up to 5kb.

PCR reaction mixture

2µl              genomic DNA (250-500 ng)

5µl              10X Expand buffer 2 (Roche)

1µl              10mM dNTPs

1µl              10µM forward primer

1µl              10µM backward primer

1µl              Expand High Fidelity Enzyme mix (3.5U)(Roche)

40µl            H2O

The positive clones will generate a PCR product of 4.8-4.9kb. PCR-positive clones were verified

by Southern blot analysis using labeled external probes located 3’ and the 5’ to the regions of

homology in the vector.

2.14.4 Screen for the correct targeted ES cells after cre expression
The removal of sequences between the lox sites is accomplished by transient expression of Cre

recombinase. The puro cassette was excised by electroporating ES cells (positive clones

previously identified by PCR and by Southern Blot) with supercoiled Cre expression plasmid

Turbo-Cre (gift of the Embryonic Stem Cell Core of the Siteman Cancer Center, Washington

University Medical School), and puromycin non-resistant ES cell clones were selected and

expanded in 24 well-plates (each clone/per each well). The ES cells work has been done by the

technical assistant Hannelore Burkhardt.
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The genomic DNA was isolated from the ES cells (as described above) and puro excision was

verified by Southern blot and by PCR (Δpuro genotyping PCR) using the primers ca1 and ca2.

The Δpuro genotyping PCR cycling parameters were: 1 cycle 94°C for 3 min (for initial

denaturation), 30 cycles (94°C for 30 sec for denaturation, 55°C for 30 sec annealing temperature

for the primers and 72 °C for 30 sec for elongation) and 1 cycle 72°C for 7 min (for final

extension).

PCR reaction mixture

1µl              genomic DNA (100-500 ng)

25µl            1x Lysis buffer

2.5µl           10x PCR buffer

1.5µl             40mM Mg Cl2

1µl               10mM dNTPs

2µl               10µM forward primer

2µl               10µM backward primer

1µl               Taq polymerase (5U)

14µl             H2O

The positives clones will generate two different PCR products: 236bp and 270bp that were

checked by running 4% Metaphor gel.

2.14.5 Generation of tetraploid embryos
To generate completely ES cell-derived embryos, ES cells were injected into tetraploid FVB/N

morulae that were subsequently transferred to (C57BL/6 °— BALBc) F1 pseudopregnant

females (this technique was performed by Dr.Karin Schuster-Gossler).

2.15 Transgene methods

2.15.1 Construction of the promoter-LacZ reporter plasmid
Promoter LacZ reporter construct contains 12kb upstream genomic region of Not containing the

first exon and intron, fused in frame with the second exon of Not to E.coli lacZ gene containing

SV40 and PGK polyadenylation signals.



                                                                                                Materials and methods

52

2.15.2 Transgene generation by pronuclear injection
The Promoter LacZ reporter construct was digested with NotI/XhoI to remove vector sequences.

The linearized lacZ DNA was purified by gel electrophoresis and 2 ng/µl were microinjected into

the pronucleus of FVB/N fertilized mouse egg. The injected embryos were transferred into

pseudopregnant recipients and were recovered at E9.5 (this technique was performed by Dr.Karin

Schuster-Gossler).

2.15.3 Genotyping of LacZ transgene
The transgene integration was examined by PCR using genomic DNA from the yolk sac of the

embryos at stage E9.5. The primers used for the genotyping were Ex2-F2 and LacZ4. Ex2-F2

derived from the genomic sequence of Not locus and LacZ4 derived from the LacZ sequence. The

PCR cycling parameters were: 1 cycle 94°C for 3 min (for pre-denaturation), 30 cycles  (94°C for

30 sec for denaturation, 56°C for 30 sec annealing temperature for the primers and 72 °C for 1

min for elongation) and 1 cycle 72°C for 7 min (for final extension). The PCR product size

expected is 600 bp.
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3. Results

3.1 Truncate phenotype

3.1.1 Skeletal defects in truncate mutant mice
The vertebral column is the defining feature of vertebrates. Truncate is a mouse spontaneous

recessive mutation, which leads to abnormalities of the vertebral column (Theiler 1959).

Previously, in the published data from Theiler, he described the morphological defect in

homozygous truncate animals and pointed out that the affected tail of these animals was

shortened or showed a thinned out segment of variable length. However in his study, he did not

report that additionally some truncate mutant mice showed the total absence of a tail. Therefore,

skeletal phenotypes of homozygous truncate newborn mice were analyzed by performing an

alcian blue-alizarin red staining.

Figure 1. Squeletal defects in truncate mutant mice. Skeletal preparations of homozygous truncate newborn

mice, showing axial skeleton defects in the caudal region with variable expressivity. Some mice had a normal

tail as in the wild type (a), others exhibiting varying degrees of tail reduction like a short tail (b), or no tail (c).

This analysis revealed, that truncate mutant mice showed axial skeleton defects with variable

expressivity that were confined to the caudal and sacral region (Fig. 1; and data not shown) Some

mice exhibited a normal tail like in wild type case (a), others exhibited varying degrees of tail
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reduction like a short tail (b), or no tail at all (c). Another typical defect seen in truncate mutants

were thin or constricted tails (data not shown). This variable expressivity concerning the skeletal

defects observed in homozygous truncate mice is characteristic of the truncate phenotype.

3.1.2 Notochord defects in truncate mutant embryos
In homozygous tc/tc embryos, the notochord formation was normal until around E9.5, but shortly

after between E9.5-10 it failed to grow caudally and with abrupt ends (Theiler 1959; Dietrich et

al. 1993). Notochord defects in homozygous truncate embryos were visualized by performing a

whole-mount in situ hybridization to analyse the expression of some notochord markers like

Foxa2, Shh and T (Fig. 2) in the wild type (a, b, c) and in the mutants (d, e, f, g) at embryonic

stage E11.5. Foxa2, Shh and T are genes expressed in the notochord but also in other tissues

(such as presomitic mesoderm, neural tube, gut…), which are not relevant in this analysis. The

purpose of this analysis was also to investigate whether the expression pattern of these notochord

markers was changed in the truncate mutants.

Figure 2. Notochord defects in truncate mutant embryos. Expression analysis of notochord markers

Foxa2, Shh and T in wild type (a, b, c) and in homozygous truncate mutant (d, e, f, g) embryos at

stage E11.5. Wild type embryos showed an intact continous notochord while in truncate embryos

discontinous (f, g) or disrupted (d, e) caudal notochord was observed indicated by arrowheads.



                                                                                                                         Results

55

Wild type embryos showed an intact continous notochord (a, b, c) along the entire axis while in

truncate embryos a discontinous (f, g) or disrupted (d, e) caudal notochord was observed,

indicated by arrowheads. These abnormalities, observed in the posterior portion of the developing

notochord of the truncate mutant embryos, will lead later to malformations in the axial skeleton

of the truncate mutant mice. The expression profile of notochord markers, used in this analysis

such as Foxa2, Shh and T in the truncate mutant embryos, was not affected compared to the

pattern of these markers in the wild type embryos.

3.2 Identification of Not as a candidate gene for truncate mutation
The predicted gene in the tc interval which represented a potential candidate for truncate

mutation referred as Not gene was further analyzed.

3.2.1 Expression pattern of the candidate gene Not
To determine whether Not gene was a good candidate for the truncate mutation, its expression

was analyzed in wild type embryos by performing a whole-mount in situ hybridization using as a

probe an EST clone, named AU00642.

.

Effectively, the candidate gene Not showed a specific expression in the posterior notochord at

embryonic stage E10 (Fig. 3). The expression pattern of this gene resembles the expression of

Gnot (now Gnot1) in the chick embryo (Stein.S and Kessel.M, 1995). Truncate is a mouse

mutation, which affects only a posterior portion of the notochord and the expression profile of

Figure 3. Expression pattern of

the candidate gene Not for the

truncate mutation. Expresssion

analysis was performed by whole-

mount in situ hybridization of

wild type embryo at embryonic

stage E10 using as a probe an

EST clon AU022460. This gene

was specifically expressed in the

posterior portion of the notochord
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this mouse Not gene provided experimental evidence supporting that this gene is a potential

candidate for the gene affected by the truncate mutation.

3.2.2 Cloning of Not cDNAs
Not cDNAs were cloned by reverse transcriptase-polymerase chain reaction (RT-PCR) using

RNA of wild type or truncate embryos at stage E9.5 or E10.5 as a template (Fig. 4; and data not

shown). The RT-PCR products were cloned and analyzed after sequencing.

Figure 4. Cloning of Not cDNAs by Reverse-Transcription PCR. (A) RT-

PCR was performed using RNA of wild type embryo E9.5 or E10.5 as a

template. Not was expressed at both embryonic stages E9.5 and E10. No Not

expression was observed when RNA from adult organs like brain “B”,

spleen “S”, liver “L” or kidney “K” of wild type mice was used for RT-PCR.

Two different transcripts were obtained by RT-PCR, using a primer pair within exon1 and exon3

one transcript containing the predicted exon2 and one deprived from the 2nd exon (Fig. 4B c, d);

while using primer pairs spanning the entire coding region, only one transcript containing the

three predicted exons was obtained (Fig. 4B c), and this transcript represents the longest cDNA.

The EST clones available in the RZPD also did not contain the second exon. These EST clones

were identical to one of the transcripts obtained by RT-PCR, which was considered as a product

of a splicing process. The interpretation of this result is still unclear.
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No Not transcript was amplified when RNA from brain, spleen, liver, or kidney of wild type mice

was used for RT-PCR (Fig. 4A).

Figure 4. Cloning of Not cDNAs by Reverse-Transcription PCR. (B)

Schematic representation of (a) genomic sequence with the predicted

exon/intron structure of the candidate gene Not, (b) EST clone AU022460

obtained from RZPD, (c, d, e) two different transcripts obtained by RT-PCR

the first one (c) long cDNA (d) short cDNA containing the three predicted

exons and the second one (e) short cDNA deprived from the 2nd exon.

3.2.3 Not genomic organization, cDNA, encoded protein and similarity to other

vertebrate Not genes
The localization of mouse Not gene is indicated in the physical map of truncate region in Fig.5A.

The longest Not transcript isolated by RT–PCR from mRNA of day 9.5 embryos previously

shown (Fig. 4B c) contained a cDNA covering the three predicted exons of Not (Fig. 5B).

Comparison of the cDNA with the genomic sequence confirmed the predicted exon/intron

structure, which is highly similar to chicken Cnot2 (Stein et al. 1996). The mouse Not cDNA

encodes a protein consisting of 240 amino acids (Fig. 5C). Similarities with previously

characterized Not proteins were restricted to the homeodomain and a short octapeptide located

upstream of the homeodomain (Fig. 5C; and data not shown). Sequence comparisons between

canonical Not proteins and the murine candidate Not protein confirmed the very high divergence
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level of the candidate proteins over the homeodomain, since the level of identity between these

sequences did not exceed 61% as observed between human Not and chick Not1 (data not shown).

Figure 5. N o t localization, structure and similarity to other vertebrate Not genes. (A)

Localization of Not gene in the physical map of truncate region. (B) Genomic structure of the

mouse Not gene. Exons are indicated by boxes and filled boxes (in black) depict the coding

region whoose sequence is shown below. (C) Amino acid sequence of mouse Not gene. The

octapeptide and the homeodomain are indicated in boxes.

The homeodomain of mouse Not shared 56%–60% identity with the homeodomains of the
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chicken, Xenopus and zebrafish genes (Fig. 5D), the most closely related vertebrate Not genes

being Cnot2 and ZF flh (Fig. 5E). These results highlight the very high rate of divergence of Not

orthologs and mammals during evolution.

Figure 5. Not localization, structure and similarity to other vertebrate Not genes. (D) Alignment

of mouse Not homeodomain with homeodomains of other Not family members. The percentage of

identical amino acids is shown on the right. (E) Midpoint rooted pylogenetic tree of vertebrate

Not genes based on ClustalW aligned homeodomains.

3.3 Expression of Not

3.3.1 Not expression in the wild type during embryogenesis
The spatial pattern of Not expression during embryonic development was analyzed by whole-

mount in situ hybridization of wild type embryos (Fig. 6), using an antisense riboprobe derived

from the Not cDNA (covering the Not open reading frame) previously cloned by RT-PCR (shown

in Fig. 4B c).
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Figure 6. Not Expression in the wild

type during embryonic development. (A)

Expression analysis performed by whole-

mount in situ hybridization using an

antisense riboprobe derived from Not

cDNA (covering Not ORF). (B) Sections

of wild type embryos after WISH with the

same Not cDNA probe.

No expression of Not was detected in E6.0

embryos (Fig.A a). Not transcripts were

first detected in the node, and were

subsequently restricted to the node (Fig.A.

arrowheads in b, c, d, e) and caudal

portions of the notochord (arrows in c, d, e,

f, g, h, i, j). Sections (Fig.B) of hybridized

embryo E7.5 showing the node “n” and

embryo E9.5 showing restriction of Not

transcripts to the caudal notochord “nt”.

No other expression domains were detected. White arrowheads in (Fig.B) point to the notochord in non-

expressing regions, the black arrowheads indicate the caudal Not-expressing notochord and the boxed

region shows an enlarged view of caudal notochord. ab, allantoic bud; hf, headfold.
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No Not transcripts were detected in E6.0 embryos prior to the formation of the primitive streak

and the onset of gastrulation (Fig. 6A a). At the extended primitive streak stage on E7.5, Not

transcripts were detected in the node at the distal tip of the egg cylinder (Fig. 6A b) and were

largely confined to the ventral node (Fig. 6B). Between E8.0 and E8.5, Not transcripts were

abundant in the node and newly formed notochord, whereas more anterior, older notochord

showed no expression (Fig. 6A c–e). During subsequent development until E12.5, Not expression

was confined to the notochordal plate and caudal portion of the notochord (Fig. 6A f–j and Fig.

6B). No Not transcripts were detected in E13.5 embryos (data not shown).

Thus, Not expression was restricted to the node and notochord cells during gastrulation and axis

elongation, closely resembling Not gene expression in the axial mesoderm of zebrafish, Xenopus,

and chick embryos (von Dassow et al. 1993; Stein and Kessel 1995; Talbot et al. 1995; Melby et

al. 1997).

3.3.2 Not expression in the truncate mutants during embryogenesis
The spatial pattern of Not expression during the development was analyzed by whole-mount in

situ hybridization of truncate mutant embryos (Fig. 7), using an antisense riboprobe derived from

Not cDNA (covering Not open reading frame) previously cloned by RT-PCR (shown in Fig. 4B

c).

As in the wild type, no expression of Not was detected in E6.0 embryos prior to the formation of

the primitive streak and the onset of gastrulation (Fig. 7 a). At the embryonic stage E7.5, Not

transcripts were detected in the node (Fig. 7 b), and subsequently, expression of Not was

observed in the node and caudal portions of the notochord (Fig. 7 c, d, e, f, g, h, i, j).

Not transcripts were detected in the node and posterior notochord of homozygous tc embryos at

levels similar to wild type (Fig. 7). In contrast to wild type embryos, Not transcripts persisted

temporarily at high levels in the head process and anterior notochord of mutant E7.75 -E8.5

embryos (Fig. 7 c, d, e, f). Similarly, at later stages, expression extended further anteriorly than in

wild type embryos (Fig. 7 g, h, i, j), suggesting that downregulation in the notochord was

delayed. In older stages, Not expression in the posterior notochord of truncate mutant embryos

was discontinuous and reflected the loss or disruptions of the notochord (white arrowhead in Fig.

7 h, i).
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Figure 7. Not Expression in the truncate mutants during embryonic development. Expression analysis

was performed by whole-mount in situ hybridization using an antisense riboprobe derived from Not cDNA

(covering Not ORF). No expression of Not was detected in E6.0 embryos (a). Not transcripts were first

detected in the node (b) at E7.5, and subsequently, expression of Not was observed in the node and caudal

portions of the notochord (c, d, e, f, g, h, i, j). Ectopic transcripts were detected in the head process and

anterior notochord (red arrowhweads in c, d, e, f) and in the expression domain in the notochord (g, h, i, j)

of mutant embryos. The white arrowheads in (h, i) point to gaps in the notochord reflecting the tc

phenotype.

3.4 Transcription of Not
The analysis of a gene expression by in situ hybridization using a cDNA probe reflects the

presence of the total mRNA (both before and after splicing process). While, the analysis of the

transcription of a gene can be investigated by using an intron probe, which reflects the active

transcription process.

Therefore, transcriptional activity of Not was analyzed further by performing whole-mount in situ

hybridization with an intron Not probe of wild type embryos E9.0 and compared to the embryos

hybridized with a cDNA Not probe (Fig. 8).
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Figure 8. Not Transcriptional activity. Expression of Not was visualized by whole-

mount in situ hybridization with an intron Not probe of wild type embryo E9.0

compared to a cDNA Not probe. Weaker and shorter expression domain was observed

in embryos hybridized with intron probe (b, c), which indicated that Not RNA was

relatively stable.

Notably, weaker and shorter expression domain in the caudal notochord was observed in embryos

hybridized with the intron probe (Fig. 8 b, c), compared to those ones hybridized with the cDNA

probe (Fig. 8 a). This result showed that Not RNA was relatively stable after the transcriptional

process, and that Not transcription was highly restricted to the newly formed notochord in the

caudal region of the embryo.

3.5 Truncate allele is a point mutation in the homeobox of Not
3.5.1 Identification of a point mutation in the tc allele
Since, the expression levels of Not detected in tc mutant embryos were similar of the ones seen in

wild type embryos, the possibility that the tc phenotype could be due to a reduction of Not

transcripts was discarded. To test whether potential mutations in the coding region of Not in tc

mutants account for the tc phenotype, the three exons were amplified by PCR from genomic

DNA of six homozygous tc mice, and from DNA of C57BL/6, 129Sv/ImJ, FVB/N and CD1 wild

type mice strains, respectively, subcloned into pGemTEasy and sequenced. The comparison of

these different genomic DNAs showed that exon/intron junctions and the first exon and the third
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exon of wild type and mutant DNAs were identical. The only difference detected between the

sequences of six independent clones from different individual mutant DNAs and the sequences of

wild type clones of the different strains was a single base change (T ↔ G) in the 2nd exon (Fig.

9A, 9B).

Figure 9. Identification of a point mutation in the tc allele.

(A) Partial nucleotide sequence of six different individual

homozygous tc mice and of C57BL/6, 129Sv/ImJ, FVB/N

and CD1 wild type strain mice, where the point mutation is

indicated by a black box. (B) Example from

chromatogramme of partial sequence of wild type and

truncate Not allele around the T↔G mutation.

Consequently, this point mutation in the nucleotide sequence leads to a substitution of
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Phenylalanine by Cysteine in position 20 of helix1 of the homeodomain protein designed as

(F20C) shown in Fig. 9C.

Figure 9. Identification of a point mutation in the tc allele. (C) Alignment of Not homeodomain with other

related homeodomain sequences. The red arrow points to the substitution of phenylalanin by a cystein in tc as

a consequence of this point mutation.

3.5.2 Stability of Not homeodomain
Phenylalanine in position 20 represents a conserved amino acid among related Not genes (Fig.

9C). In homeodomains of other homeobox genes, a Phenylalanine residue or another

hydrophobic amino acid is normally found in this position (http://www.sanger.ac. uk/cgi-

bin/Pfam/getalignment.pl?name=homeobox&acc=PF00046&format=link; and see examples in

Fig. 9C). This suggests that the substitution of Phenylalanine by Cysteine could affect the

biochemical or physicochemical properties of the homeodomain. To analyze the effect of the

F20C mutation on the Not homeodomain protein properties, the wild type and mutant Not

homeodomains were subcloned in expression vectors (Fig. 10A), then expressed as GST fusion

proteins, the circular dicroism was measured and the thermal denaturation curve of the purified

wild type and truncate Not homeodomains was determined.
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This experiment has been done in collaboration with Dr.Rolando Rivera-Pomar (Max-Planck-

Institute for Biophysical Chemistry, Göttingen). First, the wild type and truncate Not homeoboxes

were amplified from Not wt and Not tc cDNAs using the primers not-homeo-F1 and not-homeo-

B1 in which BamHI and EcoRI sites were introduced, were subcloned, and posteriorly were sent

to Dr.Rolando Rivera-Pomar for further analysis.

Figure 10. F20C mutation caused a significant destabilitization of Not homeodomain in vitro. (A)

Not homeoboxes cloned into pGEX6 expression vector. (B) UV-CD spectra obtained from HD NOT-

WT (solid line) and HD-NOT-F20C (broken line). (C) Thermal denaturation curves obtained from

HD-NOT-WT (open circles) and HD-NOT-F20C (filled circles) monitored by the ellipticity of the

absorption signal at 222 nm indicate a significant reduction of the melting temperature of HD-Not

F20C (≈44°C compared with 57°C of the wild type homeodomain).

The pattern of circular dichroism of the wild type and mutant protein in the far UV was

equivalent at 25°C (Fig. 10B), and similar to that observed in other homeodomains (Ades and

Sauer 1994; Subramaniam et al. 2001), indicating that the helical structure of the Not

homeodomain was not altered by the F20C change. However, measuring the helical content of
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the homeodomains as a function of the temperature showed that the F20C mutation caused a

significant destabilization of the Not homeodomain in vitro (Fig. 10C) that could affect Not

function in vivo.

3.5.3 Generation of Not tc/tc ES cells and reversion of the tc mutation

Since, the point mutation (T ↔ G) caused a significant destabilization of Not homeodomain in

the in-vitro assay, a rescue experiment was designed with the purpose of restoring this point

mutation in one Not allele in the tetraploid embryos.

To address whether the F20C mutation leads to the tc phenotype, Not tc/tc embryonic stem (ES)

cells were generated by Dr.Karin Schuster-Gossler, and the F20C mutation in one Not allele of

these cells was corrected by homologous recombination using a replacement vector that

contained the wild type exon2 sequence in its 5’ region of homology (Fig. 11A). 11kb of

genomic DNA of the Not locus including the three exons were used to make the targeting

construct. A Diphtheria ToxinA expression cassette (pKO SelectDT; Lexicon Genetics) was

cloned upstream of the 5’homology arm. A PGKpuro selection cassette flanked by loxP sites was

cloned in intron2 into SspI site, approximately 180bp downstream of exon2 (Fig. 11A).

Figure 11. Reversion of the tc mutation. (A) Targeting strategy for reverting F20C, with

schematic representation of the genomic Not locus targeting vector and reverted targeted allele.

Exons are indicated by black boxes, relevant restriction sites and restriction fragments, as well as

the probes used for genotyping, are shown above and below. The asterix in exon 2 of the genomic

locus indicates the point mutation.



                                                                                                                         Results

68

Positive targeted clones containing puro cassette, were identified by PCR with the primers

Puro3’Not-F1 and Puro3’Not-B2 and by Southern blot analysis using 5’and 3’ probes (Fig. 11A,

11B a). The selection cassette “puro“ was removed by transient expression of Cre in correctly

targeted cells containing puro. Positive targeted clones deprived from puro cassette, were

identified by PCR with the primers ca1 and ca2 and by Southern blot analysis using 5’probe (Fig.

11A, 11B b). Additionally, the reversion to wild type (tcrev) was verified by cloning and

sequencing exon 2 from the targeted allele (data not shown).

Figure 11. Reversion of the tc mutation. (B) Screen for targeted clones before (Ba) and after

Cre-mediated excision of puro (Bb) by Southern blot and by PCR. Negative and positive targeted

clones are indicated in Ba with – and +, respectively.

 Not tc/tc and finally Not tc/tcrev ES cells were used to generate completely ES-derived embryos

by injection of tetraploid morulae (Nagy et al. 1990). This technique allows the generation of an

embryo from ES cells. The injection of tetraploids was performed by Dr.Karin Schuster-Gossler.

To visualize the eventual defects in the notochord, a Brachyury (T) probe was used as a specific

marker for the notochord in this analysis (Fig. 11C; Table1).
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Table 1. Summary of the number of embryos and tetraploids from different genotypes used in the

Rescue experiment

Figure 11. Reversion of the tc mutation. (C) Glycerol cleared wild type wt

(panel a) and Nottc/tc
 mutant (panel b) embryos collected from natural

matings, and completely ES cell-derived embryos obtained with Nottc/tc

(panel c) and N o ttc/tcrev (panel d) cells, respectively, after in situ

hybridization with a brachyury probe. Arrowheads in (panels b,c) point to

gaps in the notochord.
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The result revealed that two out of eleven completely Not tc/tc ES cell-derived E11–E11.5

embryos showed disruptions in the caudal notochord, reflecting the typical phenotype of tc

mutant embryos (Fig. 11C, panel c). This low frequency is very likely attributed to the

incomplete penetrance and highly variable expressivity of the tc phenotype. In contrast, all

embryos (n= 35) obtained with Not tc/tcrev ES cells either with (n = 20) or without (n = 15) the

puro cassette showed a normal intact notochord (Fig. 11C, panel d; and data not shown) which

was identical to the wild type pattern (Fig. 11C, panel a). This finding indicated that the

restoration of one allele in Not tc/tc ES cells was able to rescue the truncate phenotype.

These data provided direct evidence that the F20C mutation is effectivly responsible for the

notochordal defects seen in tc mutant embryos.

3.6 Regulation of Not

3.6.1 Not act downstream of both Foxa2 and T
In previous studies, it has been reported that both transcription factors Foxa2 and T play a

prominent role in notochord formation during development. To determine which position fulfills

Not gene in the genetic cascade involved in notogenesis process, with respect to Foxa2 and T

genes, Not expression in Foxa2 and T mutant embryos was analyzed by performing whole-mount

in situ hybridization.

This experiment was done in collaboration with Dr.Janet Rossant (Samuel Lunenfeld Research

Institute, Canada) and with Dr.Bernhard G. Herrmann (Max-Planck-Institute, Berlin) who

provided T mutant embryos.
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Figure 12. Not Expression in Foxa2 -/- and T -/- mutant embryos. The expression of Not was visualized by

whole-mount in situ hybridization. Absence of Not transcripts in both Foxa2 -/- (A) and T -/- (B) mutants.

In the case of Foxa2, chimeras between homozygous Foxa2 null ES cells and tetraploid embryos

were used to generate the mutants. In these embryos, node and notochord are defective as in

Foxa2 null mutants, but streak morphogenesis is restored (Dufort et al. 1998). The results showed

that Not transcripts were abolished in Foxa2 tetraploid chimeras between embryonic stage E7.5

and E8 (Fig. 12A), suggesting that Foxa2 is required for Not expression and thus, Not acts

genetically downstream of Foxa2. Likewise, in 6 of 28 E8–E8.25 embryos obtained from matings

between heterozygous T mutants (Dobrovolskaia-Zavadskaia 1927), Not transcripts were absent,

except in one embryo, Not expression was severely reduced compared to the usual mRNA levels

of Not observed in the wild type (Fig. 12B; and data not shown). These data suggest that T is also

required for Not expression and thus, Not acts genetically also downstream of T.
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3.6.2 Not is most likely a direct target of Foxa2
Foxa2 is a transcription factor, which plays a pivotal role during notogenesis. Since no Not

expression was detected in homozygous Foxa2 mutants, these could suggest that Not is a direct

transcriptional target of Foxa2, but these also can simply reflect the lack of notochordal cells in

these mutants. To investigate whether Not is a target of Foxa2, the transactivation effect of Not

promoter by Foxa2 was analyzed in vitro by a luciferase reporter construct. Approximately 12kb

upstream genomic region of Not containing the first exon and intron was fused in frame with the

second exon of Not to the luciferase reporter gene to generate Not promoter reporter luciferase

construct (Not pr Luc) (Fig. 13A). Also, expression plasmids for Foxa2 and Not were cloned

(Fig. 13B). Then, the Not pr luc construct was cotransfected together with the expression

plasmids into HEK293 cells and the luciferase activity was measured. All transfections

experiments shown in (Fig. 13C) were independently repeated five times and the results were

reproducible. The statistical significance of this experiment was assessed using the student t-test.

Strong activation  (about 5,2± 0,9 folds; P< 0,05) of the transcriptional activity of Not pr Luc was

observed when Foxa2 was transfected. These results are statistically significant. These data

suggest that Foxa2 is a direct regulator of Not. This observation was supported by sequence

analysis showing that putative binding sites for Foxa2 were located upstream of the first exon of

the Not gene and in the first intron (indicated in Fig. 13A; and Table2).

In homozygous truncate mutants a transient ectopic expression of Not was observed suggesting

that Not contributes to its own regulation. To investigate a potential autoregulatory effect of Not

gene, a cotransfection of an expression plasmid for Not and Not reporter construct was

performed. No activation of transcriptional activity of Not promoter was detected when Not was

cotransfected.

Since Foxa2 and Not share in part overlapping expression domains this could suggest that Foxa2

and Not cooperates in the transcription of Not. This would validate the possibility that Not

contributes directly to its own regulation in vivo. Therefore, a possible potential of Not to

enhance the transactivation properties of Foxa2 was investigated by performing transactivation

assay. No change was detected on Not promoter transcriptional activity when Not was

cotransfected with Foxa2 (about 5,2± 1,5 folds) compared to the one with cotransfection of

Foxa2 alone.
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Table 2. Putative binding sites for Foxa2 in Not promoter region (12kb) of the Not locus,

indicated in Fig.13A, by sequence analysis

Binding site

number
             Sequence Strand

           1      T T T T A T T T G T T T        +

           2     A A A C A A A T A C A T         -

           3     A A A T A T A T A T T G        -

           4     C A T T A A A T A T T A        -

           5     A A C T A C T T G C T T       +

           6     A A A T A A A T C T T T        -

           7     T A T T A T T A A C T T       +

           8     G A T T A A A T A C T G        -

           9     C C T T G T T T A T T T       +

         10      C T T T A T T T A T T T       +

         11      A T T T A T T T A T T T       +

         12      A T T T A T T T A T T T       +

         13      A T T T A T T T A T T T       +

Foxa2            C                                       A                         Consensus binding site of Foxa2 compared

                        T G N A N T A T T T A C T T A               to the predicted binding motifs for Foxa2

                        G                    G           G G        T                 located in Not promoter region (12kb).

1                               T T T T A T T T G T T T

2                              A T G T A T T T G T T T

3                              C A A T A T A T A T T T

4                              T A A T A T T T A A T G

5                              A A C T A C T T G C T T

6                              A A A G A T T T A T T T

7                              T A T T A T T A A C T T

8                              C A G T A T T T A A T C

9                              C C T T G T T T A T T T

10                            C T T T A T T T A T T T

11                            A T T T A T T T A T T T

12                            A T T T A T T T A T T T

13                            A T T T A T T T A T T T
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Figure 13. Transactivation effect of Foxa2 or/and Not in vitro on Not promoter. (A) Schematic representation of
Not promoter luciferase reporter construct (Notpr Luc), about 12kb upstream genomic region of Not containing the
first exon and intron were fused with luciferase reporter gene. The asterix indicates potential binding sites for Foxa2.
(B) Schematic representation of expression plasmids for Foxa2 and Not cloned in myc-tagged pCS2+ vector. (C)
Transactivation effect on Not promoter by Foxa2 and Not in vitro. The Not pr luc construct was cotransfected
together with the expression plasmids into HEK293 cells and the luciferase activity was measured. As a control
empty plasmid myc taggedpSC2+ (MT) was used and also an appropriate amount of empty plasmid was used to keep
total DNA constant. The results indicated strong activation of the transcriptional activity of Not pr Luc with
transfection of Foxa2. No activation of transcriptional activity of Not promoter was detected when Not was
transfected. No change was detected when Not is cotransfected together with Foxa2 on Not promoter transcriptional
activity compared to the transfection with Foxa2 alone. Luciferase activities were normalized by B-galactosidase
activities. The data are the result of pooling five independent experiments. Error bars indicate standard deviation.
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3.6.3 Analysis of the significance of predicted binding sites of Not promoter
Sequence analysis indicated the presence of putative binding sites for Foxa2 located upstream to

the first exon of Not gene and/or in the first intron  (shown in asterix in Fig. 14A). To investigate

the significance of these predicted binding sites of the Not promoter, several 5’deletions of the

Not promoter fused to the luciferase repoter gene were generated (Fig. 14A). These deletion

constructs and the Foxa2 expression plasmid (shown in Fig. 13B) were cotransfected into

HEK293 cells and luciferase activity was measured. All transfections experiments shown in (Fig.

14B) were independently repeated at least three times and the results were reproducible. The

statistical significance of this experiment was assessed using the student t-test.

The result indicated strong activation of the transcriptional activity of all different Not promoter

Luciferase constructs (Notpr Luc, Not fgIII luc, Not fgII luc, and Not ATGfgII luc) by Foxa2.

These results are statistically significant (P < 0,05).  These data support the proposed idea

previousely, suggesting that Foxa2 is a direct regulator of Not.

However, a higher activation by Foxa2 was observed with Not fgII luc construct (about 16,7± 2

folds; P < 0,05) suggesting that the binding sites located in the additional fragment of Not pr luc

(about 5,3± 0,9 folds) or Not fgIII luc (about 9,4± 1,4 folds) could have an antagonistic effect on

transcription while those located in Not fgII luc have an activator effect.

The induction of Not ATGfgII luc (about 10,7± 2,6 folds; P < 0,05) was reduced compared to that

of Not fgII luc (about 16,7± 2 folds), suggesting that some of the four binding sites in the first

intron of Not gene might have some relevant functional significance in Not regulation.
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Figure 14. Transactivation effect of Foxa2 in vitro on different deletions Not

promoter constructs. (A) Schematic representation of Not promoter luciferase

reporter construct (Notpr Luc) and different deletions promoter luciferase

constructs (Not fgIII luc, Not fgII luc, and Not ATGfgII luc). The asterix indicates

potential binding sites for Foxa2. (B) Transactivation effect on deletions Not

promoter constructs by Foxa2, after cotransfection into HEK293 cells. The result

showed strong activation of the transcriptional activity of all the different Not

promoter Luciferase constructs by Foxa2. However, the highest activation was

observed with Not fgII luc construct. The induction of Not ATGfgII luc was

reduced compared to that of Not fgII luc. Luciferase activities were normalized by

B-galactosidase activities. The data are the result of pooling at least three

independent experiments. Error bars indicate standard deviation.
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3.6.4 Analysis of the regulatory region required for Not expression in vivo in

transgenic embryos
Not showed a highly restricted expression pattern during embryonic development, since the

expression was confined to the node and notochord. To define the regulatory regions of Not

promoter, which are essential for directing Not expression into the node and notochord, a

promoter reporter construct in transient transgenic embryos was analyzed. To clone Not promoter

reporter LacZ construct (Not pr LacZ), approximately 12kb upstream genomic region of Not

containing the first exon and intron (the same region used for Notpr luc construct) was fused in

frame with the second exon of Not to E.coli lacZ gene containing the SV40 and PGK

polyadenylation signals (Fig. 15A).

Figure 15. Promoter analysis of Not in transgenic embryos. (A) Schematic

representation of Not promoter lacZ reporter construct (Notpr LacZ). About 12kb

upstream genomic region of Not containing the first exon and intron were fused

with E.coli lacZ gene with the SV40 and PGK polyadenylation signals. The

asterix indicates potential binding sites for Foxa2.

The transgenic embryos were generated by pronuclear injection of Notpr lacZ construct

performed by Dr.Karin Schuster-Gossler. The E9.5 embryos were examined for the presence of

the transgene by PCR (Fig. 15B) and analyzed for lacZ expression by X-gal staining (Fig. 15C).
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Figure 15. Promoter analysis of Not in transgenic embryos. (B) Genotyping

PCR for the lacZ transgene. (C) Expression pattern of transgenic embryos E9.5

(tgNotpr lacZ) visualized by X-gal staining. LacZ expression was detected in

notochord (b, c, d, e), gut  (b, c, d, e) and developing liver (b).

The results showed that in transgenic embryos E9.5, lacZ expression was detected in notochord

(Fig. 15C b, c, d, e), gut (Fig. 15C b, c, d, e) and developing liver (Fig. 15C b). Interestingly, the

expression domains of the transgene reflected the endogenous expression pattern of Foxa2. The

transgene (Fig. 15C) showed the same pattern but different expression levels, probably due to the
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integration events of the reporter construct. This promoter analysis indicated that the genomic

region (12kb) of Not locus used for Notpr lacZ construct is sufficient to drive Not expression in

the notochord; however this region does not contain all the regulatory sequences that are

nessecary to recapitulate the endogenous expression pattern in transgenic embryos. This result

also suggests that additional negative regulatory elements for the restriction of expression to

notochord are located either upstream or downstream of the genomic region tested in the

transgene (tg Not pr lacZ).

3.7 Left-right determination defects in truncate mutants
The notochord is required for the correct establishment of the left-right asymmetry during the

development. Truncate is a mutation affecting the integrity of the caudal notochord. Not null

mutants show defects in the left-right determination (A.Beckers and A.Gossler, unpublished

data). Since truncate represents a strong hypomorphe of Not (Ben Abdelkhalek.et al, 2004) and

the viability of Not tc/tc mice is reduced, the laterality specification in the truncate mutants was

investigated.

3.7.1 Randomization of embryonic turning in truncate mutants
One of the first morphological events leading to asymmetry between the left and right body

halves in the developing embryo is the looping of the tubular heart to the right. In rodents, this

process is accompanied by an anti-clockwise rotation of the lordotic embryo along its

anteroposterior (AP) axis (Beddington and Robertson, 1999). In mice, this process occurs

between E8.5-E9.5 and is referred to as embryonic turning. Therefore, the direction of turning in

truncate mutant embryos at E9.5 of embryonic development was examined (Fig. 16).

100% of the wild type embryos E9.5 (n= 30) showed that the developing tail curves to the right

side as a consequence of the anti-clockwise rotation (Fig. 16 b). In contrast, 50% of homozygous

Not tc/tc mutant embryos (n= 30) showed positioning of the tail at E9.5 oriented to the left side

indicating that axial rotation at E8.5 was clockwise in 50% (Fig. 16 a). These data showed that, in

homozygous Not tc/tc mutant embryos, the direction of embryonic turning was randomized.
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Figure 16. Embryonic turning in E9 truncate mutants.

(b) As a result of an anti-clockwise rotation, the tail lies

at the right body side of the wild type embryo (wt).  (a)

In half of the homozygous Not tc/tc mutants, the tail was

left-sided, due to the randomization of the direction of

axial rotation.

3.7.2 Left-right positional defects in visceral and thorasic organs in truncate

mutants

A variable number of Not tc/tc newborns die shortly after birth. To determine the cause of

postnatal mortality in Not tc/tc mice, the morphology of 18-18.5 dpc fetuses and neonates that

were subjected to postmortems was examined (Fig. 17).
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Figure 17. Left-right patterning defects of the organs in

Nottc/tc mice. Visceral and thorasic organs of wild type wt

and Nottc/tc mutants of pups E18-E18.5 (shortly before or

after birth) were examined. Pattern of lung lobation showed

that wild type have 4 lobes in the right lung and 1 lobe in the

left lung (a, c) while N o ttc/tc mutant have bilaterally

monolobed lungs (b) or have 4 lobes in the right lung and 4

lobes in the left lung (d). Orientation of the heart apex

showed that in the wild type the heart (ht) is oriented to the

left while in some of Not tc/tc it was oriented to the right. The

stomach (st) is normaly located on the left side (g) but in

some of Nottc/tc it was located on the right side (h).
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A variety of positional defects were apparent in visceral and/or thorasic organs referred to as

heterotaxia, which mean that many individuals exhibited partial situs inversion. Although the

precise phenotype varied among individual animals, the most common features of the Not tc/tc

mice were left pulmonary isomerism. In wild type mice, the right lung has four lobes, whereas

the left lung has one (Fig. 17 a, c). The Not tc/tc mice, however, had bilaterally monolobed lungs

(Fig. 17 b) indicating left pulmonary isomerism. The Not tc/tc mice also showed lungs with four

lobes in the right and four lobes in the left indicating right pulmonary isomerism (Fig. 17 d).  In

normal littermates, the apex of the heart points to the left (Fig. 17 e), yet in Not tc/tc mutants the

heart apex was ambiguously positioned such that a proportion pointed to the left, some to the

middle and others to the right (Fig. 17 e, f; and data not shown). Other malformations apparent in

Not tc/tc mice included random orientation of the stomach being normal, reversed, or ambiguous

(Fig. 17 g, h; and data not shown).

In summary, from 50 mutant mice macroscopically analyzed at stage E18-18.5 dpc fetuses and

neonates (Table3), only 30% showed clear L-R defects but the remaining 70% failed to show any

apparent laterality defect.

Table 3.  L-R asymmetry defects in the organs of Nottc/tc mutants at birth

                 Lung lobation           Heart apex direction         Stomach position
                   Normal     LI      RI           Left        Middle       Right            Left              Right

Wt            (10/10)          0           0              (10/10)            0                  0                  (10/10)                 0

Not tc/tc           (39/50)     (7/50)     (4/50)          (41/50)        (5/50)          (4/50)               (48/50)             (2/50)
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3.7.3 Randomized expression of Nodal as L-R marker in truncate mutants

To further investigate the determination of left-right asymmetry in Not tc/tc mutant embryos the

expression pattern of Nodal, which is a molecular marker for L-R specification, was analyzed by

performing whole-mount in situ hybridization (Fig. 18).

Figure 18. Randomization of Nodal expression pattern used as specific left-

right marker at embryonic stage E8. (a) In the wild type embryos Nodal is

expressed in the left lateral plate mesoderm (LPM) and lateral to the node (n).

In Not tc/tc mutant embryos Nodal expression in the LPM was left-sided, right-

sided (d), bilateral (b, c, e, f) or not detectable (g).
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In wild type embryos at stage E8, nodal expression was confined to the left lateral plate

mesoderm (LPM) and to small domains to the left and right of the node (n) (Fig. 18 a).  In

contrast, expression of Nodal in 50% of Not tc/tc homozygous mutant embryos was altered, with

the expression either in the left LPM, in the right LPM (Fig. 18 d), bilateral expression (Fig. 18 b,

c, e, f) or the expression was absent from the LPM (Fig. 18 g). However, the bilateral expression

levels of nodal in the LPM of Not tc/tc was very variable showing equal strong expression (Fig.

18 b) or equal weak expression (data not shown) in both left and right LPM; or inequal

expression level in the left and right LPM (Fig. 18 c, e, f).

The summary of Nodal expression pattern analysis in wild type and mutant embryos is indicated

in Table 4.

Table 4.  Expression pattern of Nodal a LR- Marker in Not tc/tc mutants

Genotype                                                  LPM
                                      Left                   Right                      bilateral                         Absent

  wt                         25/25                  0                        0                             0

 Nottc/tc                  35/70                 1/70           11/70 equal in both sides            8/70

                                                                                                        15/70 inequal between the two sides
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4. Discussion

4.1 Murine Not represents a new member of Not genes family
The Not genes represent a unique family of homeobox genes and their closest relatives, the empty

spiracles genes of Drosophila (ems) or vertebrates (Emx), are only distantly similar. The

vertebrate Not genes such as zebrafish flh, Xenopus Xnot1/Xnot2, and chicken Cnot1/Cnot2,

belong to a subgroup of the ems homeobox gene family (von Dassow et al.1993; Talbot et al.

1995; Stein et al. 1996), and their homeodomain proteins share between 71% and 90% identity.

In contrast, the mouse Not homeodomain sequence shares only 56-60% identical amino acids

compared to the other vertebrate Not genes and seems more closely related by sequence to

Emx1/2 and Drosophila ems.Thus, the sequence comparisons between mouse Not protein and

other Not proteins confirm the very high divergence level of the murine protein over the

homeodomain. Nevertheless, there are remarkable similarities in the expression profile of murine

Not gene and the pattern of the other vertebrate Not genes. The zebrafish, Xenopus, and chicken

Not orthologs all share prominent expression domains in the organizer, the developing notochord

with a graded pattern of expression, and at later stages in the tailbud and developing epiphysis

(von Dassow et al.1993; Talbot et al. 1995; Ranson et al. 1995; Stein and Kessel, 1995; Stein et

al. 1996). In the case of the mouse Not, all these expression features are conserved exept for the

brain which remains negative for the gene expression. Since, in mouse, Not is expressed during

embryonic development in the node, later during the elongation of the body axis in the notochord

with a posterior to anterior decreasing gradient of intensity, furthermore Not is required for

notochord formation suggesting that functionally mouse Not represents a new member of the

vertebrate Not gene family. These data are supported by other studies, which identified

mammalian orthologs of Not, by using an in silico approach based on similarity searches in

vertebrate genomes and subsequent bayesian phylogenetic analysis (Plouhinec et al. 2004). It has

been reported that the comparison of the primary sequences from zebrafish, Xenopus, and

chicken Not homeodomains revealed that Not genes fall into two significantly different

subgroups comprised of Cnot2/flh and Cnot1/Xnot, respectively (Stein et al. 1996). Based on

sequence analysis, the mouse Not homeodomain is most similar to Cnot2, having 60% amino

acid identity. This finding suggests that Not constitutes the third member of this group becoming

Cnot2/flh/Not. Additionally, the genomic organization of Not resembles Cnot2 rather than Cnot1

and the expression patterns of Not and Cnot2 appear to be more closely related than expression of



                                                                                                                    Discussion

86

Not and Cnot1, since the limb bud expression domain characteristic for Cnot1 is abolished in

Cnot2 and Not profiles. Clustered homeobox genes are present in all vertebrates, such as

Cnot1/Cnot2 which is also considered as a genomic duplication during evolution, and it has been

assumed that Cnot2 represents the original gene in chick and Cnot1 a duplicated copy (Stein et al.

1996). However, in mouse no evidence for a second Not homeobox gene in the genomic contig

on each side of Not locus or elsewhere in the genome is found. Similarly, in the zebrafish or

human genome sequence, no second closely clustered Not gene is known, suggesting that the

presence of tightly clustered Cnot1 and Cnot2 genes reflect a gene duplication specific for avians.

Nevertheless, in both the mouse and human genomes Emx1 is located approximately 250 kb next

to Not. This might indicate that Not and Emx1 represent the results of a gene duplication and

diverged with regard to both sequence and regulation, since Emx1 expression is confined to the

dorsal forebrain (Simeone et al. 1992a; Simeone et al. 1992b). Therefore, the high variability of

the Not 
tc/tc

 phenotype cannot be attributed to the presence of a second Not gene but could be

explained by the intervention of another regulatory protein(s). Since our analysis was done on a

predominantly 129Sv/ImJ genetic background, it is unlikely that the segregating genetic

modifiers could be linked to this variability.

4.2 The truncate mutation and Not function
In zebrafish, flh mutant embryos have shown lower expression levels of flh transcripts, which

suggested that flh positively regulates its own expresssion and thus acts as a transcriptional

activator (Melby et al. 1997). In contrast, experiments in Xenopus embryos have shown that

Xnot1 acts as a transcriptional repressor in notochord formation (Yasuo and Lemaire 2001). In

mouse, the transient ectopic expression of Not, observed in the head process and anterior

notochord in Not  
tc/tc

 mutant embryos, suggests strongly that normal Not function is required to

downregulate its own expression in the head process /anterior notochord. This is consistent with a

repressor function also in mice, supported by the finding of a short octapeptide presence, located

upstream of the homeodomain. This motif shows similarity to the conserved engrailed eh1 motif,

which acts as a transcriptional repressor domain (Smith and Jaynes 1996) that was identified in

Xnot1 (Yasuo and Lemaire 2001), but also has been recognized in other homeodomains such as

fork-head domain transcription factors (Williams and Holland, 2000).
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Nevertheless, to clarify this question further experimental analysis is required. For example, one

could investigate the transcriptional activity of Not homeodomain fused to a known

transcriptional active domain like VP16 and of Not homeodomain fused to a known repressive

domain like en1R. These fusion proteins are supposed to have similar properties compared to

those of VP16-GAL4 and en1R-GAL4 proteins. If no induction by VP16-NotHD can be detected

when compared to the effect of Not-HD, used as a control in the transactivation assay, it is very

unlikely that Not binds directly to its own promoter and thereby regulates its own expression

directly. But, this could be also due simply to the absence of some missing binding partners. In

contrast, if induction by VP16-NotHD is detected, this will support the idea that Not binds its

promoter and therefore can regulate itself. In addition, if no change in the transcriptional activity

by en1R-NotHD compared to that of Not-HD is observed in the transactivation assay, this result

means it is very likely that the fused putative antagonistic domain (en1R) and Not have the same

properties.

In vertebrate Not genes homeodomains a phenylalanine in positon 20 is conserved. Likewise, in

homeodomains of other homeobox genes a phenylalanine residue or another hydrophobic amino

acid is found in this position. The truncate allele carries a point mutation in the homeodomain

that changes a highly conserved hydrophobic amino acid in position 20 in the first helix  of the

homeodomain to a polar amino acid. Previously, structural analysis have demonstrated that helix

1 and helix 2 play a critical role in helping to stabilize the folded structure of the homeodomain,

and that this stabilization requires a hydrophobic core, to which a conserved Leucine in position

16 (L16) and phenylalanine in position 20 (F20) molecular residue in helix 1 contribute (Qian et

al. 1989; Kissinger et al. 1990). This F20C mutation in the truncate allele represents the first

natural point mutation in the homeodomain of a mouse homeobox gene so far known, affecting

significantly the stability of the homeodomain in vitro. Finally, considering the combination of

the different data such as the destabilisation of the homeodomain in the truncate allele in vitro,

the severe loss-of–function phenotype of Not 
tc/tc

 mutant embryos in vivo showing abnormalities

in notochord formation and the restoration of  notochords in completely ES cell-derived E11.5

Not  
tc/tcrev

 embryos strongly support the importance of hydrophobic interactions between helix 1

and the recognition helix for the homeodomain stability. Thus, these data suggest that F20 is

critical for this interaction under physiological conditions in vivo since this mutation has an

remarkable impact on Not function in vivo.
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4.3 The role of Not in notochord development
In zebrafish, flh is an essential gene for axial development during embryogenesis and is one of

the earliest genes to be expressed in notochord precursors, since the loss of Not/flh function in

these mutant embryos leads to the lack of a differentiated notochord along the entire anterior-

posterior body axis (Halpern et al. 1995; Talbot et al.1995). Molecular marker analysis indicated

that flh mutants showed inappropriate expression of paraxial mesoderm  markers in the axial

midline during gastrulation, and therefore instead, muscle cells occupy the position normally

filled by notochord. However, fate mapping in flh mutants has shown that notochord precursors,

which originally express flh RNA, develop as muscle. This suggests that flh is required to

maintain rather than to establish notochordal fate (Halpern et al. 1995). In Xenopus

overexpression experiments of Xnot by injecting Xnot1 or Xnot2 mRNA to wild type embryos

leads to increased development notochord tissue or to the formation of multiple notochords (Gont

et al. 1996; Yasuo and Lemaire 2001) while expression of a VP16-transactivator /XNOT1 homeo

domain fusion inhibits the formation of endogenous notochord formation (Yasuo and Lemaire

2001). Taken together, the data from studies in zebrafish and Xenopus embryos suggested that

Not genes are necessary and sufficient for maintaining notochordal fate in these species and that

their function is required for the entire anterior-posterior body axis during development. In

contrast, in mouse embryos the restriction of Not expression domain to the caudal notochord

suggests that Not function is required for notogenesis only in the posterior region of the body

axis. This is supported by loss of Not function studies in mice (Ben Abdelkhalek et al. 2004).

Thus, in mouse embryo the role of Not gene appears to have diverged.

4.4 The regulation of Not gene
In zebrafish, Foxa2 homologue, axial acts upstream of flh. In contrast, flh appears to act upstream

of T because the zebrafish brachyury homologue ntl is not expressed in notochord precursors of

flh mutant embryos (Talbot et al. 1995) and flh transcripts are present in embryos lacking ntl

function (Melby et al. 1997). In mouse, in Foxa2 mutant embryos all notochord cells and an

organised node are abolished, and T is expressed only in cells of the abnormal primitive streak

(Ang and Rossant 1994; Weinstein et al. 1994), while in homozygous T mutant embryos node

and trunk notochord are lacking but notochord cells of the head process are formed (Herrmann

1995), suggesting that Foxa2 acts upstream of T in the genetic cascade involved in notogenesis.
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Loss of Not expression in homozygous Foxa2 embryos places Foxa2 also upstream of Not. The

lack of Not transcripts in homozygous T embryos suggests that Not acts downstream of T in the

notogenesis. Since Not expression is transient in the notochord but T expression persists, T might

be required to initiate Not transcription in the notochord and node, but is apparently not sufficient

to maintain Not expression. Thus, in mouse the action of T upstream of Not during notochord

formation differs from zebrafish. This finding further supports the notion that the role of Not

during notochord development in mouse and zebrafish embryos has diverged.

Previous studies in zebrafish demonstrate that flh and ntl interact in a complex way, with each

being required to maintain the expression of the other (Talbot et al. 1995; Melby et al. 1996;

Halpern et al. 1997). In mouse, heterozygous T embryos show fragmented notochord in the

posterior trunk and tail region (Herrmann 1995), closely resembling the Not 
tc/tc

  phenotype.

Thus, both reduction of T or disturbance of normal Not function lead to similar defects. This

could be explained by various possible interactions between T and Not. A reduction of T would

decrease Not activity posteriorly below a certain level, which in turn would lead to a disrupted

notochord formation. Alternatively, T and Not could cooperatively regulate genes critical for

posterior notochord formation, and in the posterior region both high levels of T and full function

of Not are required to maintain notogenesis. In both cases, T or another unknown regulatory

protein might compensate for the lack of Not expression in the anterior notochord. The analysis

of double heterozygous T and Not mutant embryos should help to further elucidate the relation

and interaction of T and Not.

The Forkhead box DNA-binding domain and the homeodomain are highly conserved among

winged-helix/Forkhead box transcription factors and homeoproteins, respectively. Since Fox

proteins and homeoprotein can interact physically and functionally to regulate many distinct

functions, from the earliest events of embryonic development throughout adulthood, it is

proposed that interaction between Forkhead box transcription factors and homeoproteins is a

general phenomenon (Foucher et al. 2003). Homeoproteins constitute a large family of

transcription factors characterized by a highly conserved 60 amino acid-long DNA binding motif,

the homeodomain (Gehring et al. 1994), and by specific spatiotemporal expression patterns

during development (Krumlauf, 1994; Lumsden and Krumlauf, 1996; Stern and Foley, 1998). An

important problem is the remarkable conservation of the homeodomain, making it difficult to

understand how transcriptional specifity can be attained. This is probably why only a few direct

target  genes of distinct homeoproteins have so far been identified (Mannervik, 1999). A probable
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explanation for homeoprotein specificity is their association with cofactors. Clearly,

homeoproteins have shown associations with numerous proteins, including members of the same

homeoprotein family, members of different homeoproteins and non-homeodomain proteins.

Direct physical interactions between Foxa2 and En2, Gsc, Lim1, Hoxa5, or Otx2 have been

reported (Foucher et al. 2003). In transactivation assays Foxa2 strongly activates the transcription

of Not promoter suggesting that Foxa2 is most likely a direct regulator of Not. These data are

supported by a sequence analysis showing that putative consensus binding sites for Foxa2 are

located on Not promoter region tested in the assays. The level of transcriptional induction  by

Foxa2 varies with the different deletions of Not promoter in the transactivation experiments,

indicating that at least some of these biding sites might play a role in this regulation.

Since Foxa2 and Not share in part, overlapping expression domains, this could suggest a potential

cooperation in the transcription between Foxa2 and Not. This is supported by the finding that

Foxa2 is able to induce the transcriptional activity of Not promoter in vitro. Nevertheless, no

change is detected on Not promoter transcriptional activity, when Not is cotransfected together

with Foxa2 and compared to the transfection of Foxa2 alone. These could be due to a possible

requirement of some cofactor(s) that are missing in this experiment since the cells used in these

assays are not notochordal cells. Temporarily, persistent Not expression of Not 
tc/tc

 mutant

embryos in the head process and in the  anterior notochord suggests that Not contributes to its

own regulation. Two possible mechanisms are imaginable for this autoregulation: either Not is a

direct repressor of itself or it is an activator of mediating factor which represses Not transcription.

The transgenic analysis of cis-regulatory elements in the Not promoter is an important step

towards the identification of transcription factors that are required for the spatially and temporally

regulated expression of this gene during development. This analysis has shown that

approximately 12kb upstream genomic region of Not, containing the first exon and intron,

contains essential regulatory sequences that drive the expression in the notochord. Nevertheless,

this region does not contain all the regulatory sequences that are sufficient to reproduce the

endogenous expression pattern of Not in transgenic embryos. Regulatory elements for restriction

of expression to notochord are located either upstream or downstream of the genomic region

tested in the transgene tgNot pr lacZ. Interestingly, the expression pattern of this transgene closely

resembles the endogenous expression pattern of Foxa2. This finding also supports the proposed

idea that Foxa2 is a direct regulator of Not.
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4.5 The truncate mutation and L-R determination
A complex regulatory network of genes required for the initiation, formation and maintenance of

LR asymmetry of vertebrates has been discovered so far (Bisgrove and Yost, 2001; Capdevila et

al., 2000; Hamada et al., 2002; Wood, 1997). The TGFb family genes such as Nodal, which are

the earliest asymmetrically expressed genes in mice described so far, play pivotal roles in this

process. In 50% of the Not tc/tc mutant embryos, the expression pattern of Nodal is altered, being

normal, reversed, bilateral or absent; suggesting that Not regulates directly or indirectly Nodal

expression. The loss of the unilateral expression domain of Nodal is in accordance with the

observed situs ambiguous phenotype (heterotaxia) in Nottc/tc mutants. Nevetheless, only 30% of

the analyzed Not tc/tc mutant mice show clear L-R defects in the organs; in contrast, 50% of the

mutant embryos show abnormal L-R marker expression. This can possibly be explained by the

fact that this analysis was achieved macroscopically. Perhaps, a careful examination of these

animals by histological analysis would reveal that some mice displayed defects such as

cardiovascular malformations including incomplete atrial and ventricular septation. Thus, the

expression analysis demonstrates that Not is required for the consistent asymetrical expression of

Nodal. These results provide convincing evidence that truncate is, so far unknown, a mutation

affecting laterality.

Homozygous Nottc/tc mutants show structural abnormalities  in midline tissues, such as a lack of

notochordal cells and floorplate in some regions of the caudal notochord. Defects in axial midline

tissues are also reported from mouse mutants such as no turning, Shh–/–, Sil–/–  and Dll1. The

midline defects in Nottc/tc mutant embryos are consistent with the observations that midline

tissues may function as a physical barrier, which might be a prerequisite for normal development

and/or maintenance of laterality in vertebrates (Klessinger and Christ, 1996; Levin et al., 1996;

Lohr et al., 1997). However, the observed defect in the midline structure of Nottc/tc  mutant

embryos cannot fully explain the primary cause of the LR abnormalities. Based on previous

studies of  cellular movements in the node and fate maps of the node and primitive streak (Kinder

et al., 2001; Sulik et al., 1994; Tam and Beddington, 1987), it is likely that the midline defects of

Nottc/tc mutant embryos may be caused by earlier defects in the differentiation of node cells and

node morphology. It is suggested that the shape of the node and the equal distribution of motile
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cilia on its ventral surface are prerequisites to generate a nodal flow, which might transport a –

not yet identified – morphogen that triggers the onset of asymmetric gene expression (Nonaka et

al., 1998; Okada et al., 1999). Taken together, the defects in LR-axis formation in Nottc/tc mutant

embryos may originate from a combination of altered node morphology and a defective midline.

The identification of truncate as a spontanuous mouse mutation with laterality defects is

important for the further understanding of LR-axis formation in vertebrates.

In summary, this study supports the concept of regional differences in the genetic control of

notochord development, and identifies Not as one important regulator in this process acting

downstream of Foxa2 and T during mouse embryonic development and most likely regulated

directly by Foxa2. Regionalized control of notochord development also appears to occur in other

vertebrate species as suggested by the zebrafish mom mutation, which disrupts notochord

formation in the trunk but not in the tail (Odenthal et al. 1996). However, the role of individual

components of the genetic hierarchy, that governs notogenesis, appears to vary between different

vertebrate species. Additionally, in this analysis truncate is identified as a mouse mutation

affecting LR determination and Nodal, an earliest asymetrically expressed gene in mouse is

regulated by Not. Thus, the Not gene plays a crucial role in the notogenesis and the left-right

specification processes during development.
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6. Appendix

6.1 Abbreviations

(v/v)             (volume/volume)

(w/v)             (weight/volume)

%                                            percent

°C                                           Degree Centigrade

µ                                             micro= 10-6

A260                                                            Absorbance at 260

A280                                        Absorbance at 280

ATP                                        Adenosine Triphosphate

bp                                            base pair

BSA                                        Bovine Serum Albumin

cDNA                                     Complementary Deoxyribonucleic Acid

cpm                                         Counts per minute

DEPC                                      diethylpyrocarbonate

DMEM                                   Dulbecco’s modified Eagle’s medium

DMSO                                    Dimethyl sulfoxide

DNA                                       Deoxyribonucleic Acid

DNase                                     Deoxyribonuclease

dNTP                                      2’-deoxynucleotide-5’-triphosphate

DT                                           Diphtheria ToxinA

DTT                                        Dithiothreitol

EDTA                                     Ethylene diamine tetrasodium acetate

ES                                           Embryonic Stem

FCS                                         Fetal Calf Serum

g                                              gram(me)

h                                              hour(s)

HEPES                                    N-(2-Hydroxylethyl)piperazine-N-(2-Ethanesulfonic Acid)

IPTG                                       Isopropyl-β-D-thiogalactopyranosid

K                                             Kilo= 103
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kb                                             kilobase

l                                                liter

LB                                            Luria-Bertani medium

m                                              milli= 10-3

M                                              Molar

min                                           minute

MOPS                                      3-(N-Morpholino)propanesulfonic Acid

n                                               nano= 10-9

OD              Optical Density

ORF              Open reading frame

p                                               pico= 10-12

PBS                                          Phosphate-Buffered Saline

PCR                                         Polymerase Chain Reaction

pH              Potentia hydrogenii

puro                                         Puromycin

RNA                                        Ribonucleic Acid

RNase                                      Ribonuclease

rpm                                          revolutions per minute

RT                                           Room Temperature

RT-PCR                                  Reverse Transcription-PCR

SDS                                         Sodium Dodecyl Sulfate

sec                                           second

To                                            Temperature                                                           

TE                                           Tris-EDTA

TEMED                                  N,N,N’,N’-Tetramethylethylenediamine

Tris                                         Tris-(hydroxymethyl)-aminomethane

t-RNA             transfer-RNA

U                                            unit

V                                            Volt (unit)

x g                                          g force

X-Gal                                     5-Brom-4-chlor-3-indolyl-β-D-galactophyranosid
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6.2 List of cloned constructs

List of expression plasmids

Not MT:  Not ORF was amplified by PCR with the primer pairs notORF-F3 and notORF-B3,

generating BamHI in 5’ and ClaI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/ClaI was subcloned into BamHI/ClaI in a pCS2-MT expression vector.

Not tc MT:  Not ORF from the truncate mutant was amplified by PCR with the primer pairs

notORF-F3 and notORF-B3, generating BamHI in 5’ and ClaI in 3’ and cloned in a pGEM-

TEasy vector. The insert BamHI/ClaI was subcloned into BamHI/ClaI in a pCS2-MT expression

vector.

Foxa2 MT: Foxa2 ORF was amplified by PCR with the primer pairs Foxa2-F1 and Foxa2-B1,

generating BamHI in 5’ and ClaI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/ClaI was subcloned into BamHI/ClaI in a pCS2-MT expression vector.

En2 MT:  En2 ORF was amplified by PCR with the primer pairs En2-F1and En2-B1, generating

BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert BamHI/SalI blunted

ends in SalI was subcloned into BamHI/ClaI blunted ends in ClaI in a pCS2-MT expression

vector.

Not pCS2:  Not ORF was amplified by PCR with the primer pairs notORF-F3 and notORF-B3,

generating BamHI in 5’ and ClaI in 3’ cloned in a pGEM-TEasy vector. The insert BamHI/ClaI

subcloned into BamHI/ClaI in pCS2 expression vector.

Not tc pCS2:  Not ORF from truncate mutant was amplified by PCR with the primer pairs

notORF-F3 and notORF-B3, generating BamHI in 5’ and ClaI in 3’ and cloned in a pGEM-

TEasy vector. The insert BamHI/ClaI was subcloned into BamHI/ClaI in a pCS2 expression

vector.

Foxa2 pCS2: Foxa2 ORF was amplified by PCR with the primer pairs Foxa2-F1 and Foxa2-B1,

generating BamHI in 5’ and ClaI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/ClaI was subcloned into BamHI/ClaI in a pCS2 expression vector.

En2 pCS2: En2 ORF was amplified by PCR with the primer pairs En2-F1and En2-B1,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI blunted ends in SalI was subcloned, into BamHI/ClaI blunted ends in ClaI, in a pCS2

expression vector.
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Not HA:  Not ORF was amplified by PCR with the primer pairs notORF-F3 and notORF-B3,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI was subcloned into BamHI/SalI in a pQE30 expression vector.

Not tc HA:  Not ORF from truncate mutant was amplified by PCR with the primer pairs notORF-

F3 and notORF-B3, generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector.

The insert BamHI/SalI was subcloned into BamHI/SalI in a pQE30 expression vector.

Foxa2 HA:  Foxa2 ORF was amplified by PCR with the primer pairs Foxa2-F1 and Foxa2-B1,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI was subcloned into BamHI/SalI in a pQE30 expression vector.

En2 HA:  En2 ORF was amplified by PCR with the primer pairs En2-F1and En2-B1, generating

BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert BamHI/SalI was

subcloned into BamHI/SalI in a pQE30 expression vector.

Not GST: Not ORF was amplified by PCR with the primer pairs notORF-F3 and notORF-B3,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI was subcloned into BamHI/SalI in a pGEX4T-1 expression vector.

Not tc GST: Not ORF from truncate mutant was amplified by PCR with the primer pairs

notORF-F3 and notORF-B3, generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy

vector. The insert BamHI/SalI was subcloned into BamHI/SalI in a pGEX4T-1 expression vector.

Foxa2 GST:  Foxa2 ORF was amplified by PCR with the primer pairs Foxa2-F1 and Foxa2-B1,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI was subcloned into BamHI/SalI in a pGEX4T-1 expression vector.

En2 GST:  En2 ORF was amplified by PCR with the primer pairs En2-F1and En2-B1,

generating BamHI in 5’ and SalI in 3’ and cloned in a pGEM-TEasy vector. The insert

BamHI/SalI was subcloned into BamHI/SalI in a pGEX4T-1 expression vector.

VP16 NotHDwt: activator domain VP16 was amplified by PCR with the primer pairs VP16-F1

and VP16-B1, generating EcoRI and ATG in 5’ and XhoI in 3’ and cloned in a pGEM-TEasy

vector. Not homeodomain from wild type was amplified by PCR with the primer pairs nHD-F1

and nHD-B1, genereating XhoI in 5’ and XbaI in 3’ and cloned in a pGEM-TEasy vector. The

VP16 insert EcoRI/ XhoI and Not wt homeodomain insert XhoI/XbaI were cloned into

EcoRI/XbaI in a pCS2 expression vector.

VP16 NotHDtc: activator domain VP16 was amplified by PCR with the primer pairs VP16-F1

and VP16-B1, generating EcoRI and ATG in 5’ and XhoI in 3’ and cloned in a pGEM-TEasy
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vector. Not homeodomain from truncate mutant was amplified by PCR with the primer pairs

nHD-F1 and nHD-B1, generating XhoI in 5’ and XbaI in 3’ and cloned in a pGEM-TEasy vector.

The VP16 insert EcoRI/XhoI and Not tc homeodomain insert XhoI/XbaI were cloned into

EcoRI/XbaI in a pCS2 expression vector.

ENG-N NotHDwt: Not homeodomain from wild type was amplified by PCR with the primer

pairs nHD-F2 and nHD-B1, generating SpeI in 5’ and XbaI in 3’ and cloned in a pGEM-TEasy

vector. The insert Not wt homeodomain SpeI/XbaI was subcloned into SpeI/XbaI in a pCS2

expression vector containing Engrailed Repressor domain ENG-N.

ENG-N NotHDtc: Not homeodomain from truncate mutant was amplified by PCR with the

primer pairs nHD-F2 and nHD-B1, generating SpeI in 5’ and XbaI in 3’ and cloned in a pGEM-

TEasy vector. The insert Not tc homeodomain SpeI/XbaI was subcloned into SpeI/XbaI in a

pCS2 expression vector containing Engrailed Repressor domain ENG-N.

List of Not promoter-luciferase reporter plasmids

Not pr Luc: 12kb of genomic DNA from 5’ of Not locus ,where in 3’ end was generated a

HindIII site with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in pCR-XL-TOPO.

The insert HindIII was subcloned in frame with Exon2 into HindIII in a pGL3-Basic vector.

Not fgII Luc: 6.3kb of genomic DNA from 5’ of Not locus ,where in 3’ end was generated a

HindIII site with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in pCR-XL-TOPO.

The insert HindIII was subcloned in frame with Exon2 into HindIII in a pGL3-Basic vector.

Not fgIII Luc: 9.3kb of genomic DNA from 5’ of Not locus ,where in 3’ end was generated a

HindIII site with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in a pCR-XL-

TOPO. The insert HindIII was subcloned in frame with Exon2 into HindIII in a pGL3-Basic

vector.

 Not ATGfgII Luc: 5kb of genomic DNA upstream of ATG from 5’ of Not locus ,where in 3’

end was generated XhoI site before ATG with the primer pairs not1LacZ-F1 and not1LacZ-B3,

was cloned in a pCR-XL-TOPO. The insert MluI/XhoI was subcloned into MluI/XhoI in a pGL3-

Basic vector.
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 List of Not promoter-Lac Z reporter constructs

Not pr Lac Z: 12kb of genomic DNA from 5’ sequence of Not locus ,which contains a generated

HindIII site in 3’ end with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in a pCR-

XL-TOPO. The insert SpeI/HindIII was subcloned in frame in Exon2 with Lac Z gene into

SpeI/HindIII in a pBSKII.

To make a lacZ transgene: the insert was released with XhoI/NotI enzymes for microinjection.

 Not fgII Lac Z: 6.3kb of genomic DNA from 5’ sequence of Not locus ,where in 3’ end was

generated a HindIII site with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in a

pCR-XL-TOPO. The insert SpeI/HindIII was subcloned in frame in Exon2 with Lac Z gene into

SpeI/HindIII in a pBSKII.

Not fgIII Lac Z: 9.3kb of genomic DNA from 5’ sequence of Not locus ,where in 3’ end was

generated a HindIII site with the primer pairs not1LacZ-F1 and not1LacZ-B4, was cloned in a

pCR-XL-TOPO. The insert SpeI/HindIII was subcloned in frame in Exon2 with Lac Z gene into

SpeI/HindIII in a pBSKII.

Targeting Construct for Rescue Experiment

The targeting vector for the rescue experiment was designed as follows: a replacement vector that

contained the wild type exon2 sequence in its 5’ region of homology. 11kb of genomic DNA of

the Not locus including the three exons were used to make the targeting construct. A Diphtheria

ToxinA expression cassette (pKO SelectDT; Lexicon Genetics) was cloned upstream of the

5’homology arm. A PGKpuro selection cassette flanked by loxP sites was cloned in intron2 into

SspI site, approximately 180bp downstream of exon2 (Fig. 11A).
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