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INTRODUCTION

1 INTRODUCTION

1.10rigin of tetrapod limbs

Tetrapods (four-footed, from Greek: tetra four + pod-, pous foot), i.e. vertebrates with two
pairs of limbs, have a very long history, starting in the Devonian period, meaning at least 360
million years ago. At that time, the transition between fishes and tetrapods occurred, often
referred to as the fin-to-limb transition.

It is believed that limbs evolved to facilitate exploiting a shallow-water environment and they
were originally used horizontally as props or/and paddles (Lebedev 1997). Their proximal
parts share homology with fish fins, however more distal limb structures, including digits, are
present in tetrapods only. The first known digited tetrapods living in the late Devonian,
|chthyostega, Acanthostega and Tulerpeton, were polydactylous and probably aquatic (Coates
and Clack 1990; Lebedev 1997; Clack 2002). Spreading over the land, achieved during
tetrapod evolution, was associated with profound limb changes including reduction in the
digit number (to maximal 5) and increase in the number of carpus and tarsus bones. This
process was followed by other morphological, anatomical and physiological changes

allowing adaptation to the terrestrial lifestyle.

1.2Limb development in embryogenesis

1.2.1 Anatomical view

Limb development follows the same sequence of events in all higher vertebrates. Limb buds
are derived from specific regions of the so-called lateral plate mesoderm (LPM), which
comprises two stripes of tissue that run along the length of the main body axis. Positioning of
the limb field (group of cells which give rise to the limb bud) is dependent on complex
signalling and can be initiated only if the prospective limb-forming region responds properly
to the signals from more medial tissues. After the limb field has been specified, the limb bud
induction and its outgrowth along three major axes, proximodistal (PD), anteroposterior (AP)
and the dorsoventral (DV) starts. In respect to the limb structure, proximal-to-distal
patterning refers to the formation of the stylopod (upper arm or thigh), through the zeugopod

(forearm or shank) up to the autopod (wrist and hands or ankle and feet), respectively. The
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anterior part of the limb is defined by the location of the digit number 1 (thumb), whereas the
posterior part corresponds to the location of the digit number 5 (little finger) in
pentadactylous tetrapods. Due to thorough studies in the past decades, many factors and
pathways responsible for limb patterning processes along each of the axes have been
determined. Most studies were done in chicken or mouse models. Especially, transplantation
experiments, injection of signalling molecules into animal embryos, transgene introduction or

knockout technology were useful in these complex analyses.

1.2.2 Molecular basisof limb patterning

1.2.2.1 Establishment of the proximodistal axisin the limb

Limb outgrowth along the PD axis is dependent on the apical ectodermal ridge (AER), a layer
of tissue that covers the rim of the distal tip of the limb bud. It has been observed that the
AER function is mediated by different members of the fibroblast growth factor (FGF)
superfamily (Niswander and Martin 1992; Niswander et al. 1993) and that FGF signalling
seems to be essential for proper limb patterning both at the early as well as at the late stage of
the limb bud outgrowth (Summerbell 1974; Rowe and Fallon 1982; Saunders 1998;
Lewandoski et al. 2000).

AER initiation is a complex event, depending on synthesis and transport of many different
molecules. At the beginning, a very important role is ascribed to FGF and Wnt proteins which
are synthesised in the mesoderm underlying the prospective limb bud and which activate
target genes (for instance other FGFs) in the AER (Capdevila and Izpisua Belmonte 2001;
Tickle and Munsterberg 2001; Barrow et al. 2003). Later, the limb bud outgrowth is regulated
by FGF or retinoc acid (RA) signalling, depending on the distance to the AER. The distal part
of the bud located close to the AER is under the influence of different fibroblast growth
factors, which are capable to repress retinoic acid production. Lack of RA, together with the
expression of “distal” bone morphogenetic proteins (BMPs) and homeobox (Hox) proteins,
blocks activation of the proximising genes Meisl and Mels2 in the distal limb bud. The
proximal part of the future limb is further away from the AER, therefore it lacks FGF
molecules. Instead, RA signalling is activated and can induce expression of Meisl and Meis2
(Capdevila et al. 1999; Mercader et al. 1999; Mercader et al. 2000; Capdevila and Izpisua
Belmonte 2001).
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The maintenance of the AER occurs via two positive feedback loops (Laufer et al. 1994;
Niswander et al. 1994; Zuniga et al. 1999; Capdevila and Izpisua Belmonte 2001; Panman
and Zeller 2003). The first one is established between Fgfl0, expressed in the limb bud
mesoderm, and Fgf8 from the AER. In the second loop, FGF from the AER activates Sonic
hedgehog (Shh) expression in the posterior distal mesenchyme. Shh, acting via Formin and
Gremlin genes, switches off BMP signalling, which in turn enables FGF activation in the
AER.

Up to now two models explaining the mechanism of proximal-to-distal patterning in the
developing limb bud have been proposed. The older one, called progress zone model,
assumes that an internal clock controlled by the AER determines the fate of the cells lying
underneath, in the so-called progress zone. While proliferation proceeds, older cells leave the
progress zone and escape from the influence of the AER. Cells, which left the progress zone
earlier, give rise to the more proximal parts of the limb, whereas cells, which stayed longer
under the AER control, contribute to the distal parts of the limb (Summerbell et al. 1973).
Recently, the progress zone model has been questioned and a new hypothesis has been
proposed (Dudley et al. 2002; Sun et al. 2002). According to it, cells are “labelled” as
proximal or distal very early, and the limb development corresponds to the outgrowth of the

pre-specified domains.

1.2.2.2 Establishment of the AP axis

Establishment of the anterioposterior axis in the limb bud is tightly connected with the AER.
Fgf4 and other FGFs expressed in the AER are able to activate Shh in the posterior part of the
limb bud, called zone of polarising activity (ZPA). However, the induction of Shh is only
possible in the presence of posteriorising factors like RA and Hox proteins (Johnson et al.
1994; Niswander et al. 1994; Knezevic et al. 1997; Mackem and Knezevic 1999; Catala
2000; Capdevila and Izpisua Belmonte 2001; Panman and Zeller 2003). AP asymmetry in the
limb bud is subsequently established by the negative feedback loop between Shh and the
repressor form of Gli3 (Gli3R). The interplay between these two proteins results in formation
of the Shh gradient along the AP axis. Lack of Shh signalling in the anterior part of the limb
bud results in expression of specific genes, which give anterior identity to the mesenchyme.
Posterior mesenchyme is specified by the positive feedback loop between 5° Hox genes, Shh
and dHand (te Welscher et al. 2002a; te Welscher et al. 2002b; Panman and Zeller 2003;

Zakany et al. 2004). A schematic representation of these pathways can be seen in Fig. 1.

10
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anterior
proximal —|— distal

posterior

Fig. 1 Establishment of the anterioposterior (AP) asymmetry in the limb bud. Only the most important players
are shown. 5’ HOX genes are expressed in the posterior part of the limb bud and activate Sonic hedgehog (Shh)
and the transcription factor dHand, which subsequently activate each other. All these proteins inhibit
accumulation of transcriptional repressor Gli3R in the posterior part of the limb bud. Therefore, Gli3R is present
only in the anterior structures, where it suppresses transcription of 5’ Hox, dHAND and Shh. The resulting Shh
gradient (purple zones) along the AP axis drives expression of different genes in the anterior and the posterior

parts of the limb bud. Adapted from Zakany et al. 2004.

1.2.2.3 Limb patterning along the dorsoventral axis

Establishment of the DV axis of the limb bud is strictly dependent on the formation of the DV
boundary at the mid-point of the AER. Wnt/B-catenin signalling from the ectodermal ridge
activates BMPs in the ventral ectoderm, which subsequently induce expression of the
Engrailed 1 gene (En-1), coding for a homeobox-containing transcription factor. Presence of
En-1 proteins specifies ventral ectoderm and blocks expression of Wnt7a, which is active
only in the En-1-free dorsal cells of the distal limb bud. Wnt7a signalling from the dorsal
ectoderm induces expression of the LIM-homeodomain factor Lmx1b in the same tissue.
Thus, both Wnt7a and Lmx1b are responsible for the establishment of the dorsal pattern
(Capdevila and Izpisua Belmonte 2001). In addition, it is known that Radical fringe (Rfng),
expressed in the dorsal ectoderm and in the whole AER of chicken limb buds, might be also

involved in the DV patterning (Tickle and Munsterberg 2001).

11
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1.3HOX genesin limb development

1.3.1 Chromosomal clustering of Hox genes is linked to a specific expression pattern
during embryogenesis
Hox genes code for a conserved family of homeobox-containing transcription factors. They
are usually clustered and can be found in genomes of different organisms, for instance
cnidarians, nematodes, arthropods, echinoderms, cephalochordates and vertebrates (Martinez
et al. 1999; Aboobaker and Blaxter 2003; Hill et al. 2003; Wagner et al. 2003). In mammals
Hox genes are organised in four clusters named A, B, C and D located on different
chromosomes. Each cluster consists of 9—11 genes, which are expressed according to the
spatio-temporal collinearity rule along the primary body axis. This means that the anterior
genes, located at the 3’ extremities of the complexes, are expressed earlier and more anterior
in the embryo than the posterior genes, located at the 5’ ends of the clusters (Duboule and
Dollé 1989; Izpisua-Belmonte et al. 1991). The pattern of HOX gene expression is
evolutionary conserved and can be observed not only in vertebrates but also in invertebrate
species, for example in Drosophila, which contains a single homeobox cluster (HOM-C

complex) (Fig. 2).

Abd-B Abd-A Ubx Antp Scr Dfd pb  lab

—  {HEHE{ Hl—{Hl— Drosophila

5 genes Paralogous group

(posterior)

3' genes

13 12 11 10 9 8 7 6 5 4 3 2 1 (anterior)

A
., BHTHEHEH HEHEHTHE—-B Mammals

Cc

D

posterior (

Fig. 2 Organisation of the Drosophila HOM-C complex and of the corresponding four HOx complexes in
mammals. Genes marked with the same colour exhibit the highest homology, thus correspond to the same
paralogous groups. Below, expression pattern of Hox genes along the main body axis in the mouse embryo.
Different colours correspond to expression domains of various Hox genes, as shown in the upper panel. Adapted

from Carroll 1995.
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In addition, in certain tissues HOX genes are expressed in a quantitative order. For instance, in
limbs of higher vertebrates Hoxd genes follow the so called third collinearity rule in such a
way that the most posterior gene Hoxd13 is expressed very strongly, whereas genes located
towards the 3’ end of the cluster, have a progressively reduced expression level (Kmita et al.

2002a).

1.3.2 Hox genesand pre-patterning of the embryo

Nested Hox gene expression along the primary body axis forms a pre-pattern, which can
define prospective organ regions. For example, anterior expression boundaries of HOXCG,
Hoxc8 and Hoxb5 in the lateral plate mesoderm of vertebrate embryos fit exactly to the the
regions where the forelimb fields are specified, thus suggesting a role of these HOX genes in
the determination of these particular regions in the embryo (Nelson et al. 1996). In addition, it
has been shown that Hoxb5 knockout mice develop the shoulder girdle shifted, which
corresponds to the shift in HOX expression domains compared to the wildtype mice (Burke et
al. 1995; Rancourt et al. 1995; Gaunt 2000). It is possible that also other HOX genes influence
the pre-specification of the limb fields. For example, it has been observed that ectopic
expression of the Hoxb8 gene in the anterior part of the limb bud induces an additional ZPA.
Furthermore, the lack of limbs in snakes correlates with specific changes in Hox expression

domains (Cohn and Tickle 1999).

1.3.3 Posterior Hoxa and Hoxd genes and their rolein limb patterning

As previously mentioned, HOX genes seem to play a very important role in specification of
the limb field, but it is also known that they are essential at later stages of limb development,
namely for the establishment of the PD and the AP limb axes.

Expression profiles of the Hoxd9-13 genes in limb buds differ depending on the stage of
development. In the first phase, the posterior HOX genes are expressed in the entire limb bud.
According to the collinearity rules, more anterior genes such as Hoxd9 and Hoxd1O are
expressed first, followed by expression of the more posterior genes. A similar profile can be
observed for the Hoxa9-13 genes. In phase II, a clear change in the expression domains is
visible, namely the Hoxd genes are activated in the posteriorly nested order. It means that the
more anterior genes, for instance Hoxd10, are expressed in the anterior part of the limb bud,

whereas expression of the posterior genes like Hoxdl3 is restricted to the posterior

13



INTRODUCTION

mesoderm. In the last phase, the Hoxd genes are expressed only in the distal part of the limb
bud, and there is a switch in the AP expression domains, so that the anterior genes are
expressed in the posterior part of the limb bud and vice versa (Fig. 3) (Izpisua-Belmonte and
Duboule 1992; Duboule 1994; Nelson et al. 1996).

anterior
proximal + distal
posterior
' a '?‘\
Phase | ® Hoxdg-10 Phase Il ~ Hoxdg Phase Il » Hoxa13
® Hoxd8-10 Hoxa13, d13
Hoxda-11 ® Hoxal3, d13-9

® Hoxd9-12
Hoxd8-13

Fig. 3 Three phases of Hoxd genes expression in developing limb buds. See text for further explanations.

Adapted from Shubin et al. 1997.

Overlapping expression domains of HOX genes create a dynamic pattern for Hox proteins
activity. However, it is known that the region in which few HOX genes are expressed, is
dominated by the most 5’ gene (i.e. the most posterior one). This phenomenon is called
posterior prevalence and leads to the situation that in various limb regions, different Hox
genes at different timepoints play a dominant role. Thus, during phase I, expression of Hoxd9
and Hoxd10 specifies the stylopod. Zeugopod patterning is accomplished during both phases
I and II, whereas digit formation is dependent on expression of the most posterior HOX genes
during phases II and III (Johnson and Tabin 1997).

This model has been confirmed by the observation of skeletal defects and Hox expression
domains in different Hox mutants. Thus, Hoxd9 and double Hoxa9/Hoxd9 knockout mice
show forelimb defects, affecting the humerus (Fromental-Ramain et al. 1996), whereas
Hoxd9/Hoxd10 double mutants show alterations in the hindlimb skeleton, visible on the
border between the stylopod and the zeugopod, which is similar to the defects observed in the
single Hoxd10 mutant mice. In addition, in a small percentage of Hoxd9/Hoxd10 ” mice the
humerus is also deformed (Carpenter et al. 1997; de la Cruz et al. 1999). Inactivation of both
HoxalO and Hoxd10 affects the femur, knee joint and tibia/fibula in mice (Wahba et al.
2001). Moreover, improper development of the thigh and shank has been described in mice

lacking either Hoxd11l or Hoxall genes and in the double mutants (Small and Potter 1993;
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Davis and Capecchi 1994; Davis et al. 1995; Favier et al. 1995; Boulet and Capecchi 2004).
Additionally, in Hoxd1l knock-out mice metacarpals, phalanges and wrist bones are also
affected (Davis and Capecchi 1994; Favier et al. 1995). Interestingly, compound mutants for
HoxalO and Hoxd1l show a more severe phenotype, giving the evidence that zeugopod
development is dependent on the proper expression of several posterior HOX genes from both
Hoxa and Hoxd paralogous groups (Favier et al. 1996; Wahba et al. 2001). Finally,
production of various single and compound mutant mice indicated that four posterior genes,
Hoxal3, Hoxd1l, Hoxd1l2 and Hoxd13 regulate digit development in a dose-dependent
manner (Dolle et al. 1993; Davis and Capecchi 1996; Kondo et al. 1996; Zakany et al. 1997;
Kondo et al. 1998). Moreover, Hoxall and Evx2, the latter one being located at the proximal
end of the Hoxd complex, were also shown to contribute to digit morphogenesis, however to

a lesser extend (Zakany and Duboule 1999).

1.3.4 A gspecial role of the posterior Hoxd genes in the development of digited limbs
and the contribution of different pathwaysto digit formation

It has been proposed that during evolution HOX genes acquired new functions, which enabled
development of new structures, for instance digits, which appeared only after the fin-to-limb
transition. This hypothesis has been supported by the recognition that the specific expression
domains of the 5’ Hoxd genes known for tetrapods, is not established during development of
teleost pectoral fins (Sordino et al. 1995). For a long time it was not clear, what exactly
happens on the molecular level and how Hoxd proteins regulate digit formation. However,
recent data revealed links between HoOx genes and pathways which play an established role in
digit development.

Until now it was known that digit patterning is dependent on Sonic hedgehog, as concluded
from the analysis of Shh mutant mice (Kraus et al. 2001). Moreover, Shh-signalling was
shown to induce various genes, among them BMPS. Their expression in the interdigital
necrotic zone suggested their contribution to apoptotic events separating prospective digits
(Yokouchi et al. 1996; Zou and Niswander 1996; Chen and Zhao 1998; Drossopoulou et al.
2000; Guha et al. 2002). Recently, it has been shown that BMPS can also be directly activated
by posterior Hox genes (Suzuki et al. 2003; Knosp et al. 2004). Furthermore, other
experiments indicated that the early posterior repression of 5° Hoxd genes is required for the
localised expression of Shh, which in turn promotes late activation of Hoxd genes leading to

digit asymmetry (Zakany et al. 2004). Moreover, it has been lately shown that Gli3, the
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intercellular mediator of Shh, directly interacts with 5° Hoxd proteins and it was suggested
that the varying Gli3:Hoxd ratio across the limb bud is responsible for differential activation
of target genes (Chen et al. 2004). Therefore, according to the current knowledge, the
interplay between Hoxd, Gli3 and the Shh- and the BMP-signalling is thought to pattern the

prospective digit area.

1.3.5 Mechanisms controlling expression of Hox genes

The identification of regulatory sequences responsible for gene expression is fundamental to
obtain the full knowledge about gene function, its connection to the cellular network and its
possible implication in diseases. Thus, a very important role of Hox genes for the
development and patterning of the embryo led many scientists to investigate regulation of
these genes in more detail. Especially, a lot of effort has been put to find promoters and
enhancers, as well as to explain the collinear expression of HOox genes. Moreover, special

attention has been directed on the regulation of the 5’ Hox genes in developing limb buds.

1.3.5.1 Regulation of single Hox genes

Different studies revealed that several anterior HOX genes respond to RA treatment, so it was
not surprising that retinoic acid responsive elements (RAREs) have been found in enhancer
regions of different Hoxa, Hoxb and Hoxd genes (Maconochie et al. 1996; Morrison et al.
1996; Gould et al. 1998; Packer et al. 1998; Zhang et al. 2000; Oosterveen et al. 2003). In
addition to the induction by RA, some of these genes are controlled by other mechanisms as
well, for instance autoregulation (Popperl and Featherstone 1992; Packer et al. 1998;
Manzanares et al. 2001; Yau et al. 2002), cross-regulatory interactions (Gould et al. 1997;
Maconochie et al. 1997; Manzanares et al. 2001; Yau et al. 2002) or activation by other
transcription factors (Sham et al. 1993; Manzanares et al. 1997; Manzanares et al. 1999;
Manzanares et al. 2002).

In many cases enhancers specific for single Hox genes, flanking these from the 3’ or the 5’
side, were found (Whiting et al. 1991; Eid et al. 1993; Gerard et al. 1993; Kanittel et al. 1995;
Shashikant et al. 1995; Becker et al. 1996; Morrison et al. 1997, Kwan et al. 2001).
Interestingly, these regulatory elements can also be shared between neighbouring genes, as
shown for the Hoxa and Hoxb clusters (Gould et al. 1997; Sharpe et al. 1998; Oosterveen et
al. 2003).
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Recently, several genes for microRNAs have been proposed to lie within Hox clusters and to
downregulate expression of single genes, as shown in vivo for Hoxb8 and in vitro for Hoxb8,
Hoxc8, Hoxd8, and Hoxa7 (Calin et al. 2004; Mansfield et al. 2004; Yekta et al. 2004).

All these data, although valuable for understanding the regulation of HOX genes, do not
explain their specific nested expression domains thought to result from the clustered
organisation on chromosomes. Therefore, it has been proposed that in addition to the
regulation of single genes driven by their promoters and local regulatory elements, other
regions controlling and regulating the expression of the whole cluster have to be present as

well.

1.3.5.2 Global regulation of the Hox clusters

Molecular mechanisms responsible for driving the collinear expression of HOX genes have
been proposed by several authors (Deschamps et al. 1999; Kmita and Duboule 2003). The
first hypothesis suggests that the mechanism of the collinearity is dependent on the
progressive accessibility of HOX transcriptional units from one end of the cluster to the other.
This might involve the process of opening the chromatin structure by transcription of one
gene, which would be spread out on to the neighbouring regions. According to this model,
expression of the most anterior HOX genes is initiated by retinoic acid (Roelen et al. 2002),
and upon induction sequential activation of the more 5’ genes occurs. The second hypothesis
proposes that the collinear activation of the Hox genes is driven by local cis-acting elements,
which show increasing or decreasing affinity to certain signalling molecules. The existing
gradient of these molecules could be “read” along the cluster, allowing expression of the HOX
genes in the proper way. The third mechanism assumes that a global control region (GCR),
located outside the clusters, can regulate several genes in a relatively promoter-unspecific
manner. These three mechanisms are not exclusive; on the contrary, they could work in

combination with each other, depending on the site and the stage of HOX gene expression.
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1.3.5.3 Regulation of the posterior Hox genes during limb devel opment
It has been observed that the posterior Hoxd genes, Hoxd10, Hoxd1l, Hoxd12 and Hoxd13

show very similar expression domains in presumptive digits (Sordino and Duboule 1996),
therefore it has been proposed that these four transcription units are under the control of the
same enhancer, which could regulate their spatial and temporal expression in developing
limbs (van der Hoeven et al. 1996; Herault et al. 1999). Moreover, it has been suggested that
this element (called digit enhancer) is located centromeric to the Hoxd complex (Kondo and
Duboule 1999; Spitz et al. 2001).

Recently, a conserved region (called region XII) located at the 5 end of the Hoxd cluster has
been described and it has been shown to be required for the quantitative collinearity of the
Hoxd genes in limbs (Kmita et al. 2002a; Kmita et al. 2002b). In addition, an approximately
40 kb large segment of human DNA located further 5’ to the HOXD cluster, has been found to
contain the digit enhancer and to control the expression of both Hoxd and Evx2 genes (Spitz
et al. 2003). Moreover, a region regulating Hoxd gene expression before Shh signalling (early
limb control region — ELCR) has been lately proposed to be located 3’ to the whole complex
(Zakany et al. 2004).

Thus, the current model proposes that at the early stage of limb development, the ELCR
controls phase II of Hoxd gene expression (more 5’ genes become activated progressively in
more posterior domains). The Hoxd-dependent Shh production probably causes a switch into
the later phase of Hoxd gene regulation, which is controlled by the global elements located 5’
to the complex. The AP expression domains of the Hoxd genes change, and at the same
timepoint the quantitative collinearity is established by interactions between the remote digit
enhancer and local regulatory elements (for instance region XII). The strongest effect,
resulting in the highest expression level, is exerted on the most 5’ gene (Hoxdl3) and
progressively weaker effects on more anterior genes (Fig. 4) (Deschamps 2004).

Regulation of Hoxa expression has not been studied so extensively as that of the Hoxd genes.
However, recent analyses indicated that over 900 kb long regions upstream of the Hoxa and
the Hoxd clusters are higly conserved. This gave rise to the hypothesis that also for the
posterior Hoxa genes, limb-specific expression might be dependent on global regulatory
elements present upstream of the cluster. Further functional tests partially confirmed this

theory (Lehoczky et al. 2004).
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Fig. 4 Schematic representation of 5’ Hoxd regulation in limb buds. A: The hypothetical early limb control
region (ELCR) located 3’ to the Hoxd cluster controls the early phase of Hoxd gene expression. B: In the later
phase, Hoxd expression is regulated by the digit enhancer located 5’ to the cluster. Local regulatory elements,
for instance region XII or other sequences located within the cluster (marked in blue), can co-operate with the
globally acting digit enhancer, leading to establishment of the quantitative collinearity. Thickness of the arrows
indicates the strength of the enhancement and corresponds to the expression level of a particular gene. Adapted

from Zeller and Deschamps 2002, and Deschamps 2004.

1.3.6 HOX gene mutationsand limb malfor mationsin humans

To date, mutations in four human HOX genes, namely HOXA1l, HOXA13, HOXD10 and
HOXD13, have been found. All these mutations, as expected, are associated with limb
malformations.

In two families a single nucleotide deletion within the second exon of HOXA11, resulting in a
frameshift and a premature stop codon, has been found to co-segregate with the proximal
radial-ulnar synostosis (Thompson and Nguyen 2000). Different changes in HOXAL3,
including missense and nonsense mutations, polyalanine expansions or small deletions within
the promoter region, cause hand-foot-uterus syndrome, a rare dominantly inherited condition
affecting distal limbs and genitourinary tract (HFUS, OMIM #140000) (Mortlock and Innis
1997; Goodman et al. 2000), or Guttmacher syndrome (OMIM #176305) (Innis et al. 2002).
Recently, a missense mutation in the HOXD10 gene has been described to be the cause of
isolated congenital vertical talus, also known as rocker-bottom feet (CVT, OMIM # 192950),
and Charcot-Marie-Tooth disease (CMT, OMIM# 118220) in a big American family of Italian
descent (Shrimpton et al. 2004).

The first described mutation within the HOXD13 gene was an imperfect alanine-coding

trinucleotide expansion in the first exon of the gene. This insertion has been linked to
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synpolydactyly (SPD, OMIM #186000), a dominant inherited limb disorder affecting
exclusively autopods (Muragaki et al. 1996). SPD is characterised by syndactyly of the third
and fourth fingers and the fourth and fifth toes, both associated with polydactyly. Subsequent
studies revealed that in more than 20 families published up to now, SPD is caused by the
same pathological polyalanine tract expansions in HOXD13 protein and that the size of these
expansions correlates with the severity of the phenotype (Akarsu et al. 1996; Goodman et al.
1997; Kjaer et al. 2002). Other mutations found in the HOXD13 gene such as intragenic
frameshift deletions, predicted to result in truncated proteins, an acceptor splice site mutation
and a missense mutation in exon 2, cause an atypical form of SPD (Goodman et al. 1998;
Calabrese et al. 2000; Debeer et al. 2002; Kan et al. 2003). Interestingly, a different missense
mutation in the same exon 2 of HOXD13 has been found in a family with a dominantly
inherited combination of brachydactyly and polydactyly (Caronia et al. 2003). The SPD
phenotype was also observed in 2 related patients with a microdeletion at the 5’ end of the
HOXD cluster, which removes HOXD9 to HOXD13 and extends 85 kb upstream of HOXD13
(Goodman et al. 2002). In contrast, larger deletions involving chromosome 2q31.1, where the
HOXD complex is located, have been associated with minor digital anomalies (Nixon et al.
1997; Slavotinek et al. 1999), or with major limb defects (Boles et al. 1995; Nixon et al.
1997; Goodman 2002), or with a combination of severe limb and genital abnormalities (Del

Campo et al. 1999).

1.3.7 Hox proteinsin complexes

The main role of Hox transcription factors is to regulate the pattern of chondrogenic
differentiation in limbs, probably by activation a variety of target genes. However, different
experiments in vitro revealed a poor affinity of single Hox proteins to the DNA and a low
specificity of this binding (Gehring et al. 1994; Pellerin et al. 1994; Lu et al. 1995). Thus, it
has been suggested that in order to increase the affinity and to generate binding specificity,
Hox proteins form multiprotein-DNA complexes. Known Hox-interaction partners are
homeodomain-containing proteins Pbxl and Pbx2 (Lu et al. 1995; Chang et al. 1996;
Knoepfler et al. 1996; Shen et al. 1996; Knoepfler and Kamps 1997; Lu and Kamps 1997).
Binding of both Pbx molecules is dependent on the YPWM motif in Hox proteins from
paralogous groups 1 — 8 and on the specific tryptophane residues in paralogues 9 —10 (Chang
et al. 1995; Knoepfler and Kamps 1995; Chang et al. 1996; Shen et al. 1996; Shen et al.

1997b). Furthermore, Pbx proteins have been shown to dimerise with Meis (Chang et al.
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1997; Knoepfler et al. 1997), and since Hox paralogues 9-13 bind Meis as well (Shen et al.
1997a), trimeric complexes of Meis, Pbx and Hox can be formed (Shanmugam et al. 1999). It
is known that all three classes of proteins are present in the proximal part of a limb bud,
therefore it is believed that Meis/Pbx/Hox complexes control development of the proximal
limb structures by regulating transcription of downstream targets (Capdevila and Izpisua
Belmonte 2001). Furthermore, trimeric complexes between Prep, Pbx and 3’ Hox proteins
have also been described (Berthelsen et al. 1998). However, in this case Prep proteins do not
interact directly with Hox, and the binding occurs via Pbx (Ferretti et al. 1999; Fognani et al.
2002).

Little is known about interaction partners of the most posterior Hox paralogues. As already
mentioned, Meis proteins can bind them in vitro, but it is rather unlikely that this binding
occurs in vivo as well, since Hox paralogues 11-13 are expressed only in the distal part of the
limb, whereas Meis expression is inhibited in this region. Recently, it has been shown that the
zinc finger transcription factor Gli3, which plays a role in the AP limb patterning, directly
binds the homeodomains of Hoxdll, Hoxdl2 and Hoxdl3 proteins (Chen et al. 2004).
Furthermore, it is known that Hoxal3 and Hoxd13 functionally cooperate with Spl, a GC-
box binding transcription factor (Suzuki et al. 2003). However, up to date no other interaction
partners for Hoxd13 are known. Thus, it would be interesting to find and define more factors,
which co-operate with this and other Hox proteins in order to regulate distal limb

development.

1.40Outline of the project

Human disorders are currently investigated very thoroughly at the molecular level, and many
disease-causing genes have been identified so far. However, it became clear that knowledge
about the defective gene or even the mutated nucleotide is often not sufficient for prediction
of the clinical phenotype or the severity and course of the disease. This is because genes, and
most of the proteins which they encode, do not act alone, but they are parts of different
pathways and can be regulated or modified by the action of other genes in various ways. To
investigate the factors and mechanisms that play a role in the clinical variability of Mendelian
disorders, the Collaborative Research Centre in Berlin has been founded. As a part of this

research the molecular pathology of HOXD-related limb malformations is being studied.
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The goal of my project was to investigate at the cytogenetic and molecular level the
autosomal translocation t(2;10)(q31.1;q26.3) carried by a male patient presented with
synpolydactyly and mental retardation. Systematic analysis revealed that the breakpoint on
chromosome 2 is located in the vicinity of the HOXD cluster and that it does not disrupt any
known gene. The knowledge about the complexity of HOXD regulation mechanisms allows
us to hypothesise that the translocation might have disturbed these subtle mechanisms by
position effect, thus being causative for the limb phenotype in the patient. The second part of
the project focused on the search for Hoxd13 interaction partners. A yeast two-hybrid screen
has been performed, and afterwards candidate genes were studied using RNA in sSitu
hybridisation, immunofluorescence and coimmunoprecipitation methods. The preliminary
results presented here give new insights into the molecular mechanisms of limb development

and pathogenesis.
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2 MATERIALSAND METHODS

2.1Materials

2.1.1 Chemicalsand reagents

Standard chemicals and reagents are listed in Table 1 in the alphabetical order.

Table 1 Standard chemicals and reagents

Name Company
Acetic anhydride Sigma
Acrylamide mix [Rotiphorese® Gel 40 (29:1)] Roth
L-Adenine hemisulfate salt Sigma
Agar Difco
Agarose Invitrogen
Ammmonium chloride Merck
Ammonium persulfate (APS) Invitrogen
Ampicillin Sigma
L-Arginine HCI Sigma
Bacto peptone Difco
Bacto yeast extract Difco
Blocking reagent Boehringer
Bovine serum albumin (BSA) Sigma
Bradford reagent Sigma
Bromophenol blue Fluka
Calcium chloride Merck
Chloroform Merck
Citric acid Merck
Complete mini protease inhibitor cocktail tablets Roche
4’6-diamino-2-phenyl-indole (DAPI) Serva
[0(—32P]—Dctp Amersham
Dextran blue Fluka
Dextran sulfate Sigma
Diethylpyrocarbonate (DEPC) Sigma
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Name Company
Dimethyl sulfoxide (DMSO) Merck
Disodiumhydrogen phosphate Merck
Dithiothreitol (DTT) Sigma

dNTPs MBI Fermentas

DO supplement
DPBS (PBS for cell culture)

Dulbecco’s Modified Eagle’s Medium (DMEM) with 4,5 g/1 glucose

Ethanol

Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Fetal Bovine Serum (FBS)
Fluoromount-G

Formamide

Formaldehyde

GeneRuler 1 kb and 100 bp DNA ladders
Glacial acetic acid

Glass beads (425-600 um).

Glucose

L-Glutamine solution for cell culture
Glutaraldehyde

Glycerol

Glycine

Heat inactivated sheep serum (HISS)
Heparin sodium salt

Herring sperm DNA

Hydrogen peroxide

L-Histidine HCl monohydrate
Hybridime human placental DNA

BD Biosciences
BioWhittacker
BioWhittacker
Merck

Serva

Merck
Biochrom AG
Science Services
Merck

Roth

MBI Fermentas
Merck

Sigma

Merck
BioWhittacker
Sigma

Merck

Sigma

Gibco

Sigma

Roche

Merck

Sigma

HT

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium (HEPES) Sigma

L-Isoleucine
Isopropanol
Kanamycin

L-Leucine

Sigma
Merck
Invitrogen

Sigma
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Name Company
Lithium acetate Sigma
Lithium chloride Merck
L-Lysine HCI Sigma
Magnesium chloride Merck
Magnesium sulfate Merck
Maleic acid Merck
Manganese chloride Sigma
B-Mercaptoethanol Merck
Methanol Merck
L-Methionine Sigma
3-[N-Morpholino]propanesuflonic acid (MOPS) Sigma
N,N,N ,N —Tetramethylethylenediamine (TEMED) Invitrogen
Nonidet P40 (NP40) Fluka
OPTIMEM with GLUTAMAX Gibco
Paraformaldehyde (PFA) Sigma
Pd(N)6 random hexamers Pharmacia
Penicillin/streptomycin antibiotic solution for cell culture Invitrogen
Phenol Roth
Phenol red Fluka
L-Phenylalanine Sigma
Polyethylene glycol 3350 (PEG 3350) Sigma
Polyethylene glycol 6000 (PEG 6000) Merck
Polyfectamine transfection reagent Qiagen
Potassium acetate Merck
Potassium chloride Merck
Potassium dihydrogen phosphate Merck
Precision Plus Protein Kaleidoscope Standards Bio-Rad
L-Proline Sigma
Protector RNase Inhibitor Roche
Ribonucleic acid from Baker’s yeast type III (tRNA) Sigma
Rubidium chloride Sigma
Salmon sperm DNA Sigma
Sephadex G-50 Pharmacia

25



MATERIALS AND METHODS

Name Company
Sodium acetate Merck
Sodium azide Sigma
Sodium chloride Merck
Sodium citrate Merck
Sodium deoxycholate Sigma
Sodium dihydrogen phosphate Merck
Sodium dodecyl sulfate (SDS) Serva
Sodium hydroxide Merck
Tetramisole hydrochloride (levamisole) Sigma
Thiamine hydrochloride Sigma
L-Threonine Sigma
Tris (hydroxymethyl)-aminomethane Merck
Triton X-100 Roth
TRIzol reagent Invitrogen
L-Tryptophane Sigma
Trypton Difco
Tween 20 Sigma
L-Tyrosine Sigma
L-Uracil Sigma
L-Valine Sigma
Yeast nitrogen base without amino acids Difco

2.1.2 Buffersand solutions

Aqueous solutions were prepared using autoclaved Millipore water. For sterilisation solutions
were autoclaved or passed through a 0.45 pum filter (Millipore). Solutions used for Southern
blot hybridisation are listed in Table 2. Buffers and solutions used for denaturing RNA gel
and Northern hybridisation can be found in Table 3. Solutions used for yeast lysis and
B-galactosidase assay are listed in Table 4. Solutions required for SDS polyacrylamide gel
electrophoresis (SDS-PAGE), Western blot analysis and immunofluorescence are listed in
Table 5. Solutions used for whole mount and section in Situ hybridisation can be found in

Table 6. Buffers used for preparing chemical competent E.coli cells are listed in Table 7.

26



MATERIALS AND METHODS

Table 2 Solutions used for Southern blot hybridisation

Solution

Components

Nucleus buffer
(pH 7.5)

20 x SSC
(pH 7.0)

Denaturing solution
0.5 M Phosphate buffer

(pH 7.4)
PEG hybridisation buffer

5x OLB (-dCTP)

Stop solution
(pH 7.5)

TES
(pH 7.5)

Washing buffer

10 mM Tris-HCl
25 mM EDTA
75 mM NaCl

300 mM Sodium citrate
3 M NaCl

0.5 M NaOH
1.5 M NaCl

77.4 mM NazHPO4
22.6 mM NaH,POg4

250 mM NacCl

125 mM Na,HPO,4

1 mM EDTA

7% (w/v) SDS

10% (w/v) PEG 6000

0.1 mM each dATP, dGTP, dTTP
1 M HEPES

0.425 mM pd(N)6

25 mM MgCl,

250 mM Tris-HCI

0.36% (v/v) B-Mercaptoethanol

10 mM Tris-HC1

5 mM EDTA

2% SDS

0.1% Dextran blue
0.1% Phenol red

10 mM Tris-HCl
5 mM EDTA
0.2% SDS

40 mM Phosphate buffer
0.5% (w/v) SDS
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Table 3 Solutions for Northern blot hybridisation

Solution Components/Company
25 X MOPS solution 1 M MOPS

0.25 M NaAc

50 mM EDTA (pH 7.0)

Electrophoresis buffer

Northern blot loading buffer

QuikHyb Hybridization Solution

Washing solution

High stringency washing solution

1 X MOPS solution
0.66 M Formaldehyde

50% Formamide

2.2 M Formaldehyde

1 X MOPS solution

40 pg/ml Ethidium bromide

Stratagene

2 x SSC
0.1% (w/v) SDS

0.1 x SSC
0.1% (w/v) SDS

Table 4 Solutions used for yeast lysis and B-galactosidase assay

Solution Components
Yeast lysis buffer 2% Triton X-100
1% SDS
100 mM NacCl
10 mM Tris-HCI (pH 8.0)
1 mM EDTA (pH 8.0)
Z-buffer 60 mM Na,HPO, '2H,0O
(pH 7.0) 40 mM NaH,PO, H,O

Substrate solution

10 mM KCl
MgSO4 “7TH,O

100 ml Z- buffer
0.27 ml B-Mercaptoethanol
33.4 mg X-Gal
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Table 5 Solutions used for SDS-PAGE, Western blot analysis and immunocytochemistry

Solution

Components

10 X Protease inhibitor solution

Cell lysis buffer

2 x Sample buffer

Protein loading buffer

1 x Electrophoresis buffer

Western blot transferring buffer

1 x PBS
(pH 7.3)

PBST
Blocking buffer for Western blot

Blocking solution for
immunocytochemistry

1 tablet of complete mini protease inhibitor
cocktail per 1 ml H,O

150 mM NaCl

50 mM Tris-HCI (pH 7.5)

1% NP40

1 X Protease inhibitor solution

125 mM Tris-HCI (pH 6.8)
4% SDS

10% Glycerol

0.006% Bromophenol blue
2% B-Mercaptoethanol

350 mM Tris-HCI (pH 6.8)
10% SDS

30% Glycerol

9,3% DTT

0.012% Bromophenol

25 mM Tris-HCI
250 mM Glycine
0.1% SDS

192 mM Glycine
25 mM Tris-HCl
20% Methanol

137 mM NaCl

2.7 mM KCl

10.1 mM Na,HPO4
1.8 mM KH,PO4

0.1% Tween 20 in 1 x PBS
5% (w/v) nonfat dry milk in 1 X PBST

1 x PBS
10% FBS
0.05% NaNj,
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Table 6 Compound solutions used for whole mount and section in Situ hybridisation

Solution Components
DEPC-H,0O 0.1% (v/v) DEPC in H,O
DEPC-PBS 0.1% (v/v) DEPC in 1 X PBS
DEPC-PBST 0.1% (v/v) Tween 20 and 0.1% DEPC in 1 X PBS
PBST/Glycine 0.2% (w/v) Glycine in DEPC-PBST
PBST/Tetramisole 0.05 % (w/v) Tetramisole in DEPC-PBST
RIPA buffer 0.05% SDS

150 mM NacCl

1% (v/v) NP40

0.5% (w/v) Sodium deoxycholate

1 mM EDTA

50 mM Tris-HCl

in DEPC-H,0O
PFA/Glutaraldehyde 4% PFA/PBS (pH 7.4)

0.2% Glutaraldehyde
20 x DEPC-SSC 300 mM Sodium citrate
(pH 7.0) 3 M NaCl

0.1 % DEPC

Heparin

Hybe buffer

SSC/FA/T

5 x MABT

RNase solution

Alkaline phosphatase

buffer

100 mg/ml Heparin in 4 x DEPC-SSC

50 % Formamide

0.1 % Tween 20

50 pg/ml Heparin

5 x DEPC-SSC (pH 4.5, adjusted with citric acid)
diluted in DEPC-H,0O

2 x SSC
50% Formamide
0.1 % Tween 20

0.5 M Maleic acid (pH 7.5)
0.75 M NacCl
5 % Tween 20

0.5 M NaCl
10 mM Tris-HCI (pH 7.5)
0.1 % Tween 20

100 mM NacCl

100 mM Tris-HCI (pH 9.5)
0.05 % (w/v) Tetramisole
0.1 % Tween 20
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Solution Components
10 x Wash buffer 4 M NaCl
1 M Tris-HCI (pH 7.5)
0.5 M EDTA
TNE 10 mM Tris-HCI (pH 7.5)
500 mM NacCl
1 mM EDTA
NTMT 100 mM NacCl
(pH 9.5) 100 mM Tris-HCI (pH 9.5)
0.1% Tween 20
Hybridisation 10 mM Tris-HCI (pH 7.5)
solution (for paraffin 600 mM NaCl
sections) 1 mM EDTA
0.25% SDS

10% Dextran sulfate

1 x Denhardt solution

200 pg/ml Ribonucleic acid from Baker’s yeast type 111
50% Formamide

Table 7 Solutions used for preparing chemical competent E. coli cells

Solution Components

Buffer A 30 mM KAc
10 mM CaCl,
100 mM RbCl1
50 mM MnCl,
15% Glycerol

Buffer B 10 mM MOPS/NaOH (pH 7.0)
75 mM CaCl,
10 mM RbCl
15% Glycerol

2.1.3 Media

2.1.3.1 Yeast media

Yeast media used for propagation the wild type strains L40 and AH109, as well as selective

media required for the yeast two-hybrid assay are listed in Table 8.
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Table 8 Yeast media and dropouts (DO)

Solution Components
YPD medium 2% Bacto peptone
(pH 5.8) 1% Bacto yeast extract
1% Glucose
YPD agar 20 g Agar per 1 1 YPD medium
(pH 5.8)
YPDA medium 2% Bacto peptone
1% Bacto yeast extract
2% Glucose
0.003% Adenine
YPDA agar 20 g Agar per 1 | YPDA medium

10 x DO supplement

10 x DO -T
10 x DO -L
10 x DO -TL

10 x DO -THULL

SD medium

SD agar

0.03% (w/v) L-Isoleucine

0.15% (w/v) L-Valine

0.02% (w/v) L-Adenine hemisulfate salt
0.02% (w/v) L-Arginine HCI

0.02% (w/v) L- Histidine HC] monohydrate
0.1% (w/v) L-Leucine

0.03% (w/v) L-Lysine HC1

0.02% (w/v) L-Methionine

0.05% (w/v) L-Phenylalanine

0.2% (w/v) L-Threonine

0.02% (w/v) L-Tryptophane

0.03% (w/v) L-Tyrosine

0.02% (w/v) L-Uracil

10 x DO supplement lacking tryptophane

10 x DO supplement lacking leucine

10 x DO supplement lacking tryptophane and
leucine

10 x DO supplement lacking tryptophane,
histidine, uracil, lysine and leucine

0.67% Yeast nitrogen base without amino acids
2% Glucose
1 x appropriate DO supplement

20 g Agar per 1 1 SD medium
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2.1.3.2 Bacterial media

E.coli strains XL1-Blue, DH50, GM2163 and STBL4 were cultured in LB medium

implemented with appropriate antibiotics, the strain HB101 was cultured in M9 minimal

medium. Media with their components are listed in Table 9. Dropout solution (DO) used for

preparing M9 minimal medium can be found in the previous section (Table 8).

Table 9 Bacterial media

Medium Components
LB medium 10 g/l Trypton
5 g/l Bacto yeast extract
10 g/l NaCl
LB agar 20 g Agar per 1 I LB medium

M9 minimal medium

M9 agar

6 g/l Na,HPO4 2H,0
3 g/ 1 KH2P04

1 g/l NH4Cl

0.5 g/l NaCl

2 mmol/l MgSO,4
0.1 mmol/l CaCl,

1 mmol/l Thiamine
I1x DO -L

8 g/l Glucose

40 mg/l Proline

50 mg/l Ampicillin

16 g Agar per 1 1| M9 minimal medium

2.1.3.3 Cdll culture media

List of components for COS1 medium can be found in Table 10.

Table 10 Cell culture media

Solution

Components

COS1 medium

DMEM medium with 4,5 g/l glucose

5% FBS

1% L-Glutamine

1% Penicillin/streptomycin antibiotic solution
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214 Enzymes

All restriction endonucleases for cloning and genomic DNA digestion were purchased from
New England Biolabs, Invitrogen or MBI Fermentas. Reactions were performed in supplied
reaction buffers following the manufacturers’ instructions. Additional enzymes used are listed

in Table 11.

Table 11 Additional enzymes

Enzyme Concentration Company
Tag DNA polymerase 5U/ul Promega
AmpliTaq DNA polymerase 5U/ul Perkin Elmer
Pfu DNA polymerase 2.5U0/ul Stratagene
TaKaRa LA Taq polymerase 5 U/ul TaKaRa
Expand Long Template Enzyme mix 5 U/ul Roche
Klenow fragment 2 U/ul Roche
Superscript reverse transcriptase 200 U/ul Invitrogen
DNase I RNase-free 10 U/ul Roche
Proteinase K 10 mg/ml Invitrogen
T3 RNA polymerase 20 U/l Roche
T7 RNA polymerase 20 U/ul Roche
RNase A 10 mg/ml Roche
T4 DNA ligase 400 U/ul Promega
Shrimp alkaline phosphatase (SAP) 20 U/ul Fermentas
E. coli exonuclease | 1 U/ul Fermentas
Calf intestine alkaline phosphatase 1 U/ul Fermentas
215 Kits

All kits used are listed in Table 12.
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Table 12 List of commercial kits

Kit Company
BigDye terminator cycle sequencing ready reaction kit PE Biosystems
10 x DIG RNA labelling mix Roche

BM Purple AP Substrate Roche
QIAprep spin miniprep kit Qiagen
QIAgen plasmid midi and maxi kits Qiagen
QIAquick gel extraction kit Qiagen
Roti™-Lumin Chemiluminescence substrate Roth

2.1.6 Vectorsand universal primers

All vectors used for expression studies as well as those used for intermediate cloning steps

are listed in Table 13. Multiple cloning sites and/or maps of modified vectors as well as of the

vectors obtained from other labs (marked in the last column of the Table 13) can be found in

the appendices 11.1, 11.2, 11.3 and 11.4. Vector-specific primers used for colony PCR and/or

sequencing of inserts can be found in Table 14.

Table 13 Vectors

Vector Resistancegene  Company/Remarks

pGEM"-T Easy Vector System I ~ Ampicillin Promega

pCRII®-TOPO® Ampicillin/ Invitrogen
Kanamycin

pVP16 Ampicillin/ constructed by Stan
Leucine Hollenberg*

pBMT116 Ampicillin/ constructed by Paul Bartel
Tryptophane and Stan Fields*

pGBKT7 Kanamycin/ BD Biosciences
Tryptophane

pcDNA-Flag Ampicillin modified pcDNA3.1 vector

from Invitrogen*
pTL1-HA2 Ampicillin modified pSGS5 vector from

Stratagene®*

* Akind gift from the group of Prof. W. Birchmeier, Max-Delbrueck-Center, Berlin.
** A kind gift from the group of Prof. E. Wanker, Max-Delbrueck-Center, Berlin.
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Table 14 Vector-specific primers

Vector Primers Primer sequences Ta
pairs

pGEM®-T Easy and M]13for GTAAAACGACGGCCAGTG 52°C

® ®

pCRII"-TOPO M13rev GGAAACAGCTATGACCATG

pVP16 VP16F1 GGATTTACCCCCCACGACTCC 62°C
VP16R1 AGGGTTTTCCCAGTCACGACGTT

pBMT116 BTM116F1 TCAGCAGAGCTTCACCATTG 55°C
BTM116R1 GAGTCACTTTAAAATTTGTATAC

pGBKT?7 Y2H-T7 TAATACGACTCACTATAGGGC 54°C
Y2H-BD TTTTCGTTTTAAAACCTAAGAGTC

pcDNA-Flag T7 AATACGACTCACTATAGGGAA 54°C
BGHrev TAGAAGGCACAGTCGAGG

pTL1-HA2 pSG fw. TCTGCTAACCATGTTCATGCC 58°C

pSG rev. GGACAAACCACAACTAGAATG

2.1.7 Antibodies

All primary and secondary antibodies used in this study are listed in Table 15.

Table 15 Antibodies

Antibody Company
Monoclonal anti-c-myc antibody Invitrogen
Anti-HA antibody produced in rabbit Sigma
Monoclonal anti-HA agarose conjugate Sigma
Monoclonal LexA antibody Clontech
Anti-Flag® M2 Affinity Gel Sigma
Monoclonal anti-Flag antibody Sigma
Polyclonal anti-Flag antibody Sigma

Alexa Fluor® 546 goat anti-rabbit IgG Molecular Probes

Alexa Fluor® 488 goat anti-mouse IgG
Anti-rabbit IgG (Goat), peroxidase conjugate
Anti-Mouse IgG (Goat), peroxidase conjugate
Anti-digoxigenin-AP

Molecular Probes
Oncogene
Oncogene

Roche
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218 Primers

All primers used in this study were synthesised by MWG Biotech or by Metabion, Germany.

2.1.9 Genomic clones, ESTsand genomic and cDNA libraries

All human YAC, BAC and cosmid clones, as well as EST clones and the spotted human
chromosome 2-specific cosmid library (Livermore) were obtained from the Resource Centre
of the German Human Genome Project (RZPD).

Mouse embryonic cDNA library (from pooled stages E9.5 — E10.5) cloned in pVP16 vector
was a kind gift from the group of Prof. W. Birchmeier, Max-Delbrueck-Center, Berlin.

2.1.10 Bacteria

For all recombinant DNA techniques, competent Escherichia coli strain DH5a or XL1-Blue
cells (Stratagene) were used. Isolation of prey plasmids from the yeast two-hybrid screen was
performed with the help of the E. coli strain HB101 (Promega). Non-methylated plasmids
were isolated from the dam”/dem™ E.coli strain GM2163. Cloning of repetitive-rich sequences

was performed with the help of the E.coli strain STBL4 (Invitrogen).

2.1.11 Yeast

Yeast strain L40 was obtained from Invitrogen, whereas AH109 strain was purchased from

Clontech.

2.1.12 Mammalian cell lines

Transient transfection experiments were performed in COS1 cells (African green monkey

kidney cells).

2.1.13 Mouse embryos

Mouse embryos were derived from crosses of wildtype C57B1 and B110 mice.
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2.2Methods

2.2.1 DNA isolation

Genomic DNAs from lymphoblastoid or fibroblast cell lines were extracted according to
standard protocols (Sambrook et al. 1989). Briefly, approximately 1 x 10% cells were
suspended in 10 ml of nucleus buffer (see Table 2), and lysed by addition of SDS to a final
concentration of 0.5%. Cell lysates were subjected to overnight proteinase K digestion. DNA
was extracted by phenol/chloroform, precipitated with 96% ethanol and washed twice with
70% ethanol.

Plasmid DNAs were isolated using QIAprep miniprep kit or QIAgen plasmid midi and maxi

kits according to the manufacturer’s instruction.

2.2.2 Fluorescencein situ hybridisation (FISH)

Metaphase chromosomes were prepared from the Epstein-Barr virus transformed
lymphoblastoid cell line, which was derived from the patient with the translocation
t(2;10)(q31.1;926.3). YAC probes were selected from the Whitehead Institute database, and
BAC clones were found with the use of the NIX programme available on the UK HGMP
Resource Centre webpage. To select cosmid clones, screening of the spotted human
chromosome 2-specific cosmid library (Livermore) was performed. A pool of PCR products
selected from the breakpoint region of the patient was labelled with [0**P]-dCTP by random
priming and was preannealed with Hybridime at 65°C for 1.5 h. Hybridisation to the library
filters was performed at the same temperature overnight. Afterwards, the filters were washed
in 40mM phosphate / 0.5% SDS solution. Signals were detected by autoradiography and
positive clones were selected for FISH.

DNAs from all clones were isolated according to standard protocols (Sambrook et al. 1989).
Purified DNAs were labelled with either digoxigenin-11-dUTP or biotin-16-dUTP by nick
translation and were hybridised to metaphase chromosomes of the patients. Signals were
detected either by anti-digoxigenin or by FITC- or Cy3- conjugated avidin and were

visualised by fluorescence microscopy, as described previously (Wirth et al. 1999).
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2.2.3 Amplification of DNA probesfor Southern blot hybridisation

DNA probes for Southern blot hybridisation were amplified by PCR with the Tag DNA
polymerase (Promega) in the supplied buffer (1.5 mM MgCl, final concentration). PCR
reactions were carried out in 50 pl reaction volumes and contained 0.2 uM of each primer
pair, 0.2 mM dNTPs, 1 U Taq DNA polymerase and approximately 100 ng genomic DNA as
template. Cycling conditions included an initial denaturation step at 94°C for 5 min, followed
by 35 cycles of 30 seconds at 94°C, 30 seconds at the specific annealing temperature,
1 minute at 72°C, and a final extension step at 72°C for 7 minutes. The PCR products were
separated on a 1% agarose gel and purified using the QIAquick gel extraction kit (Qiagen),
according to the manufacturer’s instruction. Selected probes used for Southern blot
hybridisation, and the respective primer sequences, together with the annealing temperatures

(Tx) for each PCR reaction are given in Table 16.

Table 16 Probes for Southern blot hybridisation

Probe Primer name Primer sequence[5 =2 3] Ta
538A12 49750 538A12 49750for GCTTCCCATTGCAGGTGTAAA 56°C
(694 bp) 538A12 49750rev. ATTACTGGTCATCAATATCTAGC

538A12 79400 538A12 79400for AACTCAACATAAACTTTTCCAAAG 56°C
(558 bp) 538A12 79400rev GAATGTAAAATATAGACATTTGACATTG

300B2 80000  300B2 80000for TCCTTTGCACACAGGTCCTTTC 58°C
(611 bp) 300B2 80000rev  TGGTGACCATGGCAGTCATAC

300B2 84000 300B2 84000 for GAGAAGGACTAGAGAGGATG 58°C
(766 bp) 300B2 84000 revn CACAGGTATTTGATATGTTGTCAGC

300B2 90000  300B2 90000 for GGAAGATGTTGAACAGGTGAGAG 60°C
(991 bp) 300B2 90000 rev CACAGAAAGCACGTGGCTGC

2.2.4 |sotope-labelling of probesfor Southern blot hybridisation

Gel purified DNA probes were denatured for 10 min at 95°C, chilled on ice and radiolabelled
using random hexanucleotide primers in 1 X OLB buffer. Essentially, the reaction was carried
out at 37°C for at least 1 hour in 25 pl volume containing 25 ng of DNA probe, 20 pCi
[0-**P]-dCTP and 2 U Klenow fragment. The reaction was stopped by adding 50 pl of stop

solution. To remove the excess of non-incorporated dNTPs and random hexamers, the
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reaction mixture was separated by passing through a Sephadex G-50 column and the labelled

probe was eluted with TES buffer. Solutions used in this section are listed in Table 2.

2.2.5 Southern blot hybridisation

Genomic DNAs from the patient with the translocation t(2;10)(q31.1;q26.3) and from
controls were digested with appropriate restriction enzymes and separated on 0.7% agarose
gels. Subsequently, gels were pre-incubated in denaturing solution twice for 30 minutes each,
and the DNAs were capillary transferred to nylon membranes (Roth) using 10 x SSC. After
an overnight transfer, membranes were incubated for 10 minutes in 50 uM phosphate buffer
and the DNAs were fixed by UV crosslinking at 254 nm for 2 min. For hybridisation,
membranes were pre-hybridised in PEG hybridisation buffer supplemented with 0.1 mg/ml
denatured herring sperm DNA as blocking reagent for at least 2 hours at 65°C. Isotope-
labelled DNA probes were denatured for 10 min at 95°C, chilled on ice and blocked with
human placental DNA Hybridime in PEG hybridisation buffer for 1 hour at 65°C before
added to the pre-hybridisation solution. Membranes were hybridised with isotope-labelled
probes at 65°C overnight, washed with washing buffer and exposed to Kodak X-Omat AR

film at —80°C for 1-7 days. Solutions used in this section are listed in Table 2.

2.2.6 Genomicwalking

For breakpoint cloning, genomic walking was performed, as described elsewhere (Siebert et
al. 1995). Genomic DNAs from the patient and a control were digested with appropriate
restriction enzymes, phenol/chloroform extracted, and ethanol precipitated. Approximately
1 pg of each digested DNA was ligated to pre-annealed adaptor oligos using T4 DNA ligase
(Promega) in supplied buffer. After overnight ligation at 15°C, the reaction was stopped by
heating at 70°C for 10 min. 1 ul of each ligation mixture was used as a template in the first
round of nested PCR. All PCR reactions were carried out with TakaRa LA Taqg polymerase
(TaKaRa) in 50 pl volume of 1x PCR buffer provided by the manufacturer. The first round
PCR contained 30 uM of adaptor primer APl and one of the sequence-specific primers:
84364for [for der(10)] or 85206rev]l [for der(2)]. Cycling condition comprised an initial
denaturation step at 94°C for 3 minutes, followed by 30 cycles of 40 seconds at 94°C,

40 seconds at 60°C, 3 minutes at 72°C, and a final extension at 72°C for 15 minutes. 1 pl of
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each first round PCR product was used as a template in the second round of PCR reaction,
which contained 30 uM each of nested adaptor primer AP2 and one of sequence-specific
primers 84715for [for der(10)] or 85163rev2 [for der(2)]. Cycling condition for the second
round PCR was essentially the same as the first round, except for the annealing temperature,

which was adjusted to 58°C. Primers and adaptor sequences are listed in Table 17.

Table 17 Primer/Adaptor sequences for genomic walking

Name Sequence[5 2> 3]

Adaptor-long CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT
Adaptor-short* AATTACCTGCCCGG

AP1 GGATCCTAATACGACTCACTATAGGGC

AP2 TATAGGGCTCGAGCGGC

84364 for CAGATTGTGATTAGATCAGGAG

84715for GACTTAAAATTGCAGCGTGTGTTTC

85206revl GTGTATCTATCTGAGCTCCATG

85163rev2 TTCAGCCTTAAGTCAAAATGTTGG

* 5 phosphate modification

Amplified fragments were isolated from 1% agarose gels, purified with Qiagen columns,

subcloned into pPGEM-T Easy vector and sequenced using M13 universal primers.

2.2.7 Screening for mutationsin the HOXD13 gene in the translocation patient

In order to screen the HOXD13 gene in the translocation patient, several PCR reactions were
performed using patient genomic DNA as template. First, a 172 bp long fragment encoding
the alanine stretch was amplified using HsHOXD13for 1 and HsHOXD13rev 1 primers.
Amplification reaction contained 1x PCR Buffer II (Perkin Elmer), 0.75 mM MgCl,, 0.2 mM
of each dNTP, 0.5 uM of each primer and 2.0 units of AmpliTaq DNA polymerase (Perkin
Elmer) in a final volume of 50 pl. Initial denaturation was at 94°C for 2 min, followed by 35
cycles of denaturation at 94°C for 30 sec, annealing at 60°C for 1 minute, and extension at
72°C for 2 minutes. The product was purified with the QIAQuick Gel Extraction Kit
(Qiagen) and sequenced with HsHOXDI13for 1 and HsHOXDI13rev 1 primers. Later,
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additional PCR reactions were performed in order to screen the whole coding sequence and
the splice site acceptor of the HOXD13 gene. The very 5’ end of the coding sequence was
amplified with HsHOXD13for b and HsHOXDI3 rev a primers using patient genomic
DNA as template. The reaction contained 10 pl FailSafe PCR Premix J (Epicentre), 2.5 mM
of each primer and 0.3 pl Expand Long Template Enzyme mix (Roche) in a final volume of
20 pl. Cycling conditions included an initial denaturation step at 94°C for 2 min, followed by
35 cycles of 30 seconds at 94°C, 30 seconds at 61°C, 2 minutes at 68°C, and a final extension
step at 68°C for 10 minutes. The 3’ end of exon 1, the part of the intron containing the splice
site acceptor, and the whole exon 2 of HOXD13 gene were amplified in three PCR reactions
using the following primer pairs: HSHOXD13 for a and HsHOXD13rev, HsHOXD13for2
and HsHOXD13rev2, HsHOXD13for3 and HsHOXD13rev3, respectively. PCR reactions
contained 1 X PCR buffer (Promega), 0.4 uM of each primer, 0.2 mM dNTP, 8% DMSO and
1 unit Tag DNA polymerase (Promega) in a total volume of 50 pl. Initial denaturation was at
94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 sec, annealing at the
appropriate temperature (T,) for 30 seconds, and extension at 72°C for 45 seconds.

All PCR products were separated on the 1% agarose gel, purified using the QIAquick gel
extraction kit (Qiagen), according to the manufacturer’s instruction, subcloned into pGEM-T
Easy vector and sequenced using M13 universal primers. Primer sequences used for

HOXD13 amplification are listed in Table 18.

Table 18 Primers used for amplification the HOXD13 gene

Primer name Primer sequence[5 =2 3] PCR . Ta
product
HsHOXD13for b GGAGCTGGGACATGGACG 8881-9027 bp 61°C
HsHOXD13 rev. a AATGCGTCCC GGCGAACAC (147 bp long)
HsHOXD13for 1 CAGTGCCGCGGCTTTCTCTC 8982-9153 60°C

HsHOXD13rev 1 CTACAACGGCAGAAGAGGAC (172 bp long)

HOXD13 for a CTCGTCGTCGTCCTCTTCTG 9125-9289 bp 62°C
HsHOXD13rev GACATACGGCAGCTGTAGTAGC (165 bp long)

HsHOXD13for2 CTACTACAGCTGCCGTATGTCG  9269-9675 bp 58°C
HsHOXD13rev2 TCGGTCCCTTTTCTCCATC (407 bp long)

HsHOXD13for3”  AGCTAGGTGCTCCGAATATCC 10405-10739 bp 58°C
HsHOXD13rev3 AAGCTGTCTGTGGCCAACC (335 bp long)

Posmons corresponding to the HOXD13 gene sequence, GenBank entry AB032481.
™ Primers are lying in the intron of the HOXD13 gene.
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2.2.8 RNA isolation

Total RNAs from lymphoblastoid or fibroblast cell lines, as well as the RNA from mouse
embryos were isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s

protocol.

2.2.9 Analysisof MGMT expression by Northern blot

In order to analyse MGMT expression in lymphoblastoid cell lines total RNAs from the
translocation patient and from control cell lines were isolated. Approximately 10 pg of each
RNA was mixed with 2.7 volumes of Northern blot loading buffer and denatured for
10 minutes at 65°C. Afterwards, samples were chilled on ice, loaded onto a denaturing 1%
agarose gel containing 2.2 M formaldehyde and 1 X MOPS and separated at 28 V for
1624 hours. After electrophoresis the gel was washed 3 times with DEPC-H,O in order to
remove formaldehyde, and the RNA was capillary transferred to the nylon membrane
Hybond™-XL (Amersham Pharmacia Biotech) using 10 x SSC. After an overnight transfer,
the RNA was fixed in UV Stratalinker 1800 (Stratagene) for 2 minutes. In order to remove
the rests of formaldehyde the membrane was subsequently baked for 2 hours at 80°C.

The MGMT and G3PDH probes were amplified from total RNA isolated from control cell
lines. About 2.5 ng of the RNA was used for the first strand synthesis with Superscript 11
reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. Probes were
PCR-amplified using specific primers (see table Table 19) and 1pl of the prepared cDNA as a
template. Cycling conditions and purification of PCR products were basically the same as
described in section 2.2.3. Labelling and purification of radioactive probes were performed as

described in section 2.2.4.

Table 19 Probes used for Northern hybridisation

Probe Primer name Primer sequence[5 =2 3] Ta
MGMT MGMT ex.2 for GGACAAGGATTGTGA AATGAAACG 58°C
(403 bp) MGMT ex.4 rev.  TCTCATTGCT CCTCCCACTG

G3PDH G3PDH_for GACCACAGTCCATGCCATCACT 58°C
(454 bp) G3PDH rev GTCCACCACCCTGTTGCTGTAG
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Prehybridisation and hybridisation of radioactive probes was performed in QuikHyb®
Hybridization Solution (Stratagene) at 68°C for 30 minutes and 3 hours, respectively.
Washing was performed according to the manufacturer’s protocol. Signals were detected on
the phosphoimager. Intensity of the MGMT signals was compared to the intensity of the
G3PDH (housekeeping gene) signals using ImageQuant software (Amersham Biosciences).

MGMT expression in different human tissues was examined by hybridisation of the MGMT
probe to the human multiple tissue Northern blot (Clontech) and human fetal multiple tissue

Northern blot (Clontech). Hybridisation and washing were performed as described above.

2.2.10 RT-PCR analysis

Total RNAs from cell lines, human brain or mouse embryos (E16.5) were digested with the
RNase-free DNase I (Roche) in the supplied buffer, according to the manufacturer’s protocol.
Reverse transcription (RT) reactions were performed according to the manufacturer's
instruction using the Superscript reverse transcriptase (Invitrogen) or water (for RT negative
control). Efficiency of the first strand synthesis was subsequently controlled by amplification
of the housekeeping gene G3PDH on cDNA templates. High quality cDNAs were used as
templates for expression studies of homologous regions identified in the vicinity of the
HOXD cluster, as well as for analysis of human ESTs found close to the chromosome 2
breakpoint region in the translocation patient. All RT-PCR reactions were carried out in 50 pl
reaction volumes and contained 1 X reaction buffer (1.5 mM MgCl, final concentration),
0.2 uM of each primer pair, 0.2 mM dNTPs, 1 U Tag DNA polymerase and 2 pl of proper
cDNA as template. Cycling conditions included an initial denaturation step at 94°C for 5 min,
followed by 35 cycles of 30 seconds at 94°C, 30 seconds at the specific annealing
temperature, 1 minute at 72°C, and a final extension step at 72°C for 7 minutes. After the first
PCR reaction, 2 ul of each product was used for the second round of PCR with the same
primers and reaction conditions. In parallel, reactions with the RT negative control were
performed in order to make sure that PCR products did not derive from genomic
contamination of the cDNA. PCR products were analysed on 1 % agarose gels.

In general, analyses of conserved elements on chromosome 2 were performed using RNA
from mouse embryos, whereas human ESTs were amplified either on reported source tissue
or on cell lines, in case when the source tissue was not accessible. Normally, primers were

designed according to both ends of tested sequences. In case amplification with such primer
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pairs did not result in a specific product, inner primers (which did not allow amplification of

the whole sequence of interest) were ordered and used for RT-PCR experiments.

Primers used for human EST expression analysis can be found in Table 20. Sequences of

primers used for analysis of conserved regions together with the expected length of PCR

products and annealing temperatures are listed in Table 21.

Table 20 Primers used for expression analysis of EST sequences on chromosome 2q31

EST Primer name Primer sequence[5 2> 3] Ta
AI075926 Hs ESTS8 for GTAGTGATACTCAGAAACTGACAC 56°C
Hs ESTS8 revl AGAGGGATCATTTACAGCAGG
AWE850653 Hs EST10 forl ATTGCTAACCTAATGTGTGAGC 58°C
Hs ESTI10 revl GTGGTATGGACCAAAAACCAG
BG980989 Hs EST5 forl AAGTCACATTTAATGGGAGGATC 58°C

Hs ESTS revl CAGGACATTCTGATGCTAAACG
BG980131 Hs EST3 for TCGTTGGGAAGATCAAATGAG 56°C
Hs EST3 rev GGTTCCCATGGTCTGTTTC
BG979719 and Hs EST6/16 for AATGCTCCATGCATACCCAAC 58°C
BG979037 Hs EST6/16 reve.  CAGGGCCACTATAATGTCTC
BF815673 Hs EST4 forl CTTCTATATTCCAGTTATGATTTCAAGG  54°C
Hs EST4 revl ACACATCTGGAATGAAAACATAAACC
AWS858552 and Hs EST2 for CAGGACAATTAGTTCTAGAAGG 56°C
AWE858470 Hs ESTIS rev CTCCTATTTAAATTGCTCACACTC
AW167235 Hs EST17 for TGACTATCTCTGTTGGGTAGAG
Hs ESTI7 rev GTGGGTTTTCAGAAATCTGAGC
BE064736 and  4ESTfor TAACCCTATGTAGCTGGTGC 58°C
BE064727 and  4ESTrev CACACAATGCTCTCTCATTGG
BE065063 and
BE064976
BG952464 Hs 78 for CACATTCCTCCTCCTTCATTC 56°C
Hs 78 rev2 GATGTGCACTGTCCATTTTAGATC
AW937867 and Hs ESTY9/14for GCAGAAATTCTTTGTGAAAGGAG 58°C
AW937872 Hs EST9/14rev ACTGTACACACAGGATTGTGC
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Table 21 Primers used for expression analysis of high homology regions (HHR)

HHR Primer name Primer sequence[5 =2 3] PCR Ta
product

1. Mm 46 for GTACTTGGTAGCCCTTCAAG 185bp  56°C
Mm_46 rev CTGAAAAATGAACTGCTTCTAGC

2. Mm 47 for CTCTCCCTAGCCCACTTAG 390bp  56°C
rej57rev CTATTACCCTGGCGAAACC

3. Mm_48 forl CATGCTAACAACGCCCCTAG 224bp  56°C
Mm 48 revl AGCCCCACTTTGCCTTCC

4, Mm 48 for2 new GGAATTGCTCATTAAATTGCCTAC 98 bp 56°C
Mm 48 rev2 new  GAATTTGACTTGGGGTGGACT

5. Mm 361 forl TTTGGAAGATGTATAATGCAATATAA 244bp  56°C

AC

Mm 361 revl GAGCAATTGAAAGTAATATGGGCA

6. Mm 50 forl CAATATATTTTTCAATCCTGACTGTT 85 bp 60°C

GG

Mm 50 revl TGAGGCAGTGGCACTAAATG

7. Mm_50 for2 ATAGAGAAAATGCGTAGATGTGCC 94 bp 60°C
Mm 50 rev2 new  TTCAGCTACAGAGAGCTCCCCCA

8. Mm 51 forl GTTTTACACTCTAAATGAAAGCCAC 92 bp 56°C
Mm_51 revl TACCTTACTTTAGCAGCGTGG

9. Mm 365 forl CCATTGTCATGCAAGCACAG 341bp  60°C
Mm_365 revl GGGATTTGTCCTTTTTATCTAGTC

10. Mm_54 for CATGGCGAATTCAGTATGAAGG 275bp  58°C
rej67rev GCAGCTATTTAGCTCGAATTGG

11. Mm 65 forl newl ATGTGTCTAGGAAGGACATGC 299bp  58°C
Mm_65 revl newl AGAGTTCAGCGACATTTGCCTC

12. Mm 65 for2 GACAACAATGCCTCGGAAG 133bp  56°C
Mm_65 rev2 GACTTCTGAGCTTTCAGAGTG

13. Mm_68 forl CAGCTGTACCCATGAGCATC 130bp  56°C
Mm 68 revl GGGAGACAATGAGAACGTTTG

14. Mm 68 for2 TCATGCACTTCGTACACCTG 106 bp  56°C
Mm_68 rev2 TTCCTTGACCTAGAAATACGATAC

15. Mm_70 for GAGTCAGAAAATTGCGATTCATTCC 196bp  56°C
Mm_70 rev CTTGGCTCCAACAGAGTAGC

16. Mm_73 for GGGACATGCCATATATTAGCAG 446bp  56°C
Mm 73 rev GATACAGGAATCGAAGAAAACAGG

17. Mm 77 forl CCTTGTTTTCTTCTGGCCATTTC 95 bp 56°C

Mm 77 revl

TTACCAGTGTGACAGTATTAGAAAG
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HHR Primer name Primer sequence[5 =2 3] PCR Ta
product

18. Mm_77 for2 CCTGTCTCCAGAGATGGATC 143bp  56°C
Mm 77 rev2 GTCTCTGATGTGTAAGATCAAGC

19. Mm 78 for GAAGGCACCTCTCACATAAG 532bp  56°C
Mm_78 rev GTGCTCTATAATTCTACGTGAAG

20. Mm_79 for CAGAGATCACCCTCTTTCAG 106 bp  56°C
Mm 79 rev TACATAGAATTGTCTTCTGGACC

21. Mm_80 for GTAAAAGCAGCACACAGTAGTC 221bp  56°C
Mm 80 rev CTTAGATCTTGATTCTACTCCAACC

22. Mm 81 for new GTAGTTTAATGCCCAGCGG 178 bp  58°C
Mm_81 rev GTGTAAAGCAGTTGCTAGAAATC

23. Mm_86 for TTCTCCGTGAAAGGAGGAG 158bp  56°C
Mm_86 rev GTGCTGTCACTGAATTCCTTG

24, Mm_89 for TCTGTCCCTTCTCAAATGGAAG 86 bp 56°C
Mm 89 rev GTGGAGTTAAAGTAGACATATGAGC

25. Mm 90 for new?2 ATCCATTCTCTGCCCCACTC 89 bp 58°C
Mm_90 rev ATCAGAGGTATTATGGGTGAGC

26. Mm 95 for CTTGTGAGGCATTAAGATGTTCTC I16bp  56°C
Mm_95 rev GGTGCTGCCGTGTTAGTATG

217. Mm_97 for CCCAGTGGCCTTTCTAGTC 118bp  56°C
Mm 97 rev GGTATGTAGGGCAGGAATATG

28. Mm 98 for CCTTATTCTAGAATGGCCCAG 122bp  56°C
Mm 98 rev CTTTGTAAGAGCCCAGAAATGG

29. Mm 100 forl GAGCTAAATTTCCTAGATGGTTATG  127bp  56°C
Mm_100 revl CTTGGAAAGGTTCTAGGTGTC

30. Mm 100 for2 CATAAAACCGGGGCTCCCA 226bp  56°C
Mm_100 rev2 CTTATGGGGACTAATGACTAATTCC

31. Mm_105 for CCCTGCAAATTATAAGCAGCTC 126 bp  58°C
Mm 105 rev newl CTAATGAAAAGCAGAGGCAAATGA

G

32. Mm 105 for newl CACATTTCCTATCAGCCCCT 470bp  56°C
Mm_105 rev TGCAGTTTGTGACTCCCAAAG

33. Mm_106 forl CTGATCTTTTCCTCTAGCCAG 190bp  56°C
Mm 106 revl CCTGAGCCCAAGTATTCAC

34. Mm 106 for2 TCTTCCCAGGAATGCATCTG 356bp  56°C
Mm_106_rev2 CCCTTTTCCTGTTGCTATTTCC

35. Mm_106 for3 ACGGACGGTTGTTACACTAG 394bp  56°C

Mm_ 106 rev3

TTTCTGAATCATGCTGACGACG
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HHR Primer name Primer sequence[5 =2 3] PCR Ta
product

36. Mm_107 for TGATCAACTTTACTCCTGTTGCTT 125bp  52°C
Mm 107 rev CTTTATGATATCAGTCACACAG

37. Mm 108 for TGTCAGGAGTACTAGGAAATGG 147bp  58°C
Mm_108 rev AATGGATCCTCTCTAGGGGTGT

38. Mm 111 for CATGTTTTGAGAGGTCAACAATGTC 110bp  58°C
Mm 111 rev_new CTTCACAAGGAGCCTCAGATG

39. Mm_113 for2 TCTAAGTAAGAGAACAGATGTGG 92 bp 56°C
Mm 113 rev GTACTTCCTTAATGTAAAGCTCG

2.2.11 Construction of yeast and mammalian expression vectors

DNA manipulations were carried out using standard techniques (Sambrook et al. 1989). In
order to facilitate cloning, appropriate restriction sites were incorporated into gene-specific
primers used for PCR amplification. Amplified DNA fragments were cloned via A overhangs
into the pCRII-TOPO vector as intermediate products or digested with relevant restriction
enzymes and cloned directly into proper vectors. In all cases a Tag/Pfu polymerase mix
(Tag:Pfu in proportion 36:1) was used for amplification in order to improve the fidelity.

Sequence identity of each construct was verified by sequencing.

2.2.11.1 Hoxd13 cloning

The yeast two-hybrid bait construct LexA Hoxd13-HD was cloned in two steps. First, the
Hoxd13 fragment lacking the homeodomain (Hoxd13-HD) was amplified using primers listed
in Table 22 on the cDNA template derived from mouse embryonic stage E14.5. Afterwards,
the PCR product and the pBTM16 vector carrying the LexA DNA binding domain were
digested with ECORI and Sall restriction nucleases, ligated using T4 DNA ligase (Promega)
according to the manufacturer’s protocol and transformed into E. coli. Similarly, for
construction of the vector GAL Hoxd13-HD, the Hoxd13-HD fragment was amplified using
specific primers (see Table 22) and cloned into the pGBKT?7 vector carrying the GAL DNA
binding domain via ECORI and Sall sites.

In order to clone Hoxd13-HD into the pTL1-HA2 vector, an EcoRI-site-containing 5’ primer
and a stop codon- and the Xhol-site-containing 3’ primer were used for amplification of the
insert (Table 22). Following restriction digestion with ECORI and Xhol enzymes, the PCR
product was ligated with the vector, giving rise to the Hoxd13-HD-pTL1-HA2 construct.
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All PCR reactions were performed in 1 X PCR buffer (Fermentas) and contained 1.5 mM
MgCl,, 1 uM each primer, 8% DMSO and 0.1 mM dNTPs. Cycling conditions included an
initial denaturation step at 94°C for 5 min, followed by 35 cycles of 30 seconds at 94°C, 30
seconds at the specific annealing temperature, 1 minute at 72°C, and a final extension step at
72°C for 10 minutes.

pTL1-HA2 constructs carrying the wild type Hoxd13 gene (wtHoxd13-pTL1-HA2), as well
as the Hoxd13 gene with the expanded stretch for additional 14 Ala residues (Hoxd13+14Ala-
pTL1-HA2) or with the alanine stretch reduced to two residues only (Hoxd13 2Ala-pTL1-
HAZ2) were kindly provided by A. Albrecht (MPI for Molecular Genetics, FG Mundlos).

Table 22 Primers for amplification and cloning of Hoxd13

Cloned Primer Sequence[5 > 3] PCR  Cloning
fragment product vector

Hoxd13-HD EcoRI-HoxD13-For  GAGAATTCGGAATGA Hoxdl13 pBTM116
GCCGCTCGGGGACT  (1-816 bp)

Sall-HoxD13-Rev CTGTCGACTCCCCGT
CGGTAGACGCA

Hoxd13-HD EcoRI-HoxDI13-For GAGAATTCGGAATGA HoxdlI3 pGBKT7
GCCGCTCGGGGACT  (1-816 bp)

Hoxd13-Sall-rev-sto CTGTCGACTTATCCC
CGTCGGTAGACGCA

Hoxd13-HD EcoRI-HoxD13-For ~GAGAATTCGGAATGA Hoxdl13  pTLI-HA2
GCCGCTCGGGGACT  (1-816 bp)

Hoxd13-Xhol-rev-sto CTCTCGAGTTATCCC
CGTCGGTAGACGCA

i Recognition sites for restriction endonucleases are underlined within primer sequences.
Positions correspond to the Hoxd13 mRNA sequence NM_008275.

2.2.11.2 Pegl0 cloning

At the beginning, Pegl0 fragments found in the yeast two-hybrid screen were cloned into the
mammalian expression vector pcDNA-Flag, later however the full ORF2 of PeglO was
amplified and cloned into the same vector.

The yeast two-hybrid inserts were cut out of the respective prey plasmids using Notl
restriction endonuclease and the inserts were cloned directly into the Notl-digested and

dephosphorylated pcDNA-Flag vector.
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For cloning ORF2 of Pegl0, inserts were amplified on mouse cDNAs from embryonic stages

E9.5, E11.5, E12.5 and E13.5 using specific primers with incorporated recognition sites for

restriction nucleases Notl or Xbal. Following digestion with Notl and Xbal, PCR products

were ligated into the pcDNA-Flag vector. Primer sequences, annealing temperature (T,) and

length of amplicon can be found in Table 23.

Table 23 Primers used for Pegl0 amplification and cloning

Ta PCR product

Primer Sequence[5 > 3]

Pegl0 Not ORF2 for  TTGCGGCCGCTTATGCTCCA  60°C
GATTCATATGCCGG

Pegl0 Xba ORF2 R GGTCTAGACTACGCAGCAC
TGCAGGATG

Pegl0-ORF2
(1502-3172 bp)

" Recognition sites for restriction endonucleases used for cloning the PCR products are underlined within primer

sequences.
* Positions correspond to the Pegl0 mRNA sequence AB091827.

PCR products as well as plasmids carrying ORF2 inserts were sequenced with gene-specific

primers (see Table 24). Additionally, recombined plasmids were sequenced with vector-

specific primers (see Table 14) in order to confirm the cloning boundaries.

Table 24 Pegl0-specific primers used for sequencing

Primer Sequence[5 2> 3]

PriEner binding Ta

site

Pegl0 seqd for CAATTGCCTCGGGCCCAATC
Pegl0 seq5 for CCGCATCAGTATCCGCATCC
Pegl0 seq6 for CATATGAATCCGGATCCACATCAC
Pegl0 seq7 for TTGACCCTAACATTGAGATGATTCC
Pegl0 seq8 rev  GTCCACGAAATTTCGCAGAGC
Pegl0 seq) rev. GACAAATTCACCATAGCTTGCCAG

16651684 bp
2021-2040 bp
2276-2299 bp
2619-2643 bp
2702-2722 bp
2900-2923 bp

60°C
60°C
60°C
60°C
60°C
60°C

" Positions correspond to the Pegl0 mRNA sequence AB091827.
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2.2.11.3 Cloning of other candidate genes identified in the yeast two-hybrid screen

Fragments of DIxin-1, Wtip, Limk1, Limd1l and Cnot3 found in the yeast two-hybrid screen,
were subcloned into the pcDNA-Flag vector basically as described for PeglO yeast two-
hybrid fragments. The inserts were cut out of the respective prey plasmids using Notl
restriction endonuclease and cloned directly into the Notl-digested and dephosphorylated
pcDNA-Flag vector. All fragments were cloned in frame and corresponded to the following
positions, for DIxin-1: 1252-1600 bp (GenBank entry AB029448), for Wtip: 706—1177 bp
(GenBank entry NM 207212), for Limk1l: 380-803 bp (GenBank entry NMO010717), for
Limd1: 19742287 bp (GenBank entry NM_013860), for Cnot3: 639-941 bp (GenBank entry
NM _146176).

The full length Wtip sequence cloned into the pcDNA-Flag vector (Wtip-pcDNA-Flag) was a
kind gift of N. Verhey van Wijk (MPI for Molecular Genetics, FG Mundlos).

2.2.12 Small scale yeast transfor mation

LexA Hoxd13-HD and the empty pBTM116 vector were transformed to the yeast cells L40
based on the protocol from the Yeast Protocols Handbook (Clontech). Briefly, a single colony
of the wild type L40 yeast strain was used to inoculate 40 ml of YPD liquid medium
supplemented with 50ug/ml ampicillin. Flasks were incubated overnight at 30°C with
vigorous shaking. On the next day approximately 10-20 ml of the overnight culture was
diluted in 300 ml of the fresh YPD medium, so that the ODgqo of the new culture was between
0.2 and 0.25. Yeast cells were cultivated at 30°C for 3-5 hours until the ODggo reached 0.5-
0.7. Furthermore, the cells were pelleted by centrifugation for 5 minutes at
1000 g at room temperature, washed with 40 ml sterile water and centrifuged again under the
same conditions. The pellet was resuspended in 1.5 ml sterile 100 mM LiAc. Competent cells
prepared in this way were used for heat shock-based transformation. Shortly, 50ul of
competent yeast cells were mixed together with 0.2 pg of the appropriate plasmid, 50 pg of
the denatured carrier DNA (salmon sperm DNA) and 300 pl sterile 40% PEG/100mM LiAc
solution. All components were vortexed and incubated for 30 minutes at 30°C. Afterwards
35 ul DMSO were added and the tubes were incubated for 15 minutes at 42°C, followed by a
short incubation on ice (heat shock). Yeast cells were shortly centrifuged, the pellet was
resuspended in 100 pl sterile water and the suspension was streaked on SD agar plates

lacking tryptophane (SD —T).
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The construct GAL Hoxd13-HD and the empty vector pGBKT7 were transformed into
ADE2-deficient AH109 yeast. In order to culture the AH109 strain, YPDA medium was used.
Preparation of yeast competent cells as well as transformation were performed according to

the protocol described above.

2.2.13 Preparation of yeast protein extracts

A 10 ml liquid culture was prepared from each transformed yeast strain and was incubated in
appropriate medium at 30°C overnight. On the next day, ODgoy was measured and the amount
of yeast culture corresponding to ODgop = 1 was centrifuged for 30 seconds at 8000 rpm in a
table centrifuge. The supernatant was discarded and the pellet was resuspended in 100 pl
2 x Sample buffer (see Table 5). Samples were boiled for 5 minutes, afterwards cooled on ice

and stored at —20°C.

2.2.14 Yeast two-hybrid screen

The yeast two-hybrid library screen was carried out using the LexA system. The yeast 140
strain carrying the vector LexA Hoxd13-HD was transformed with the mouse cDNA library
from pooled embryonic stages E9.5 — E10.5 constructed in the pVP16 vector carrying the
VP16 activation domain. The screening protocol resembles the small-scale yeast
transformation protocol. In short, one colony of the LexA Hoxd13-HD positive yeast was
cultured overnight in 5 ml of the SD —T medium at 30°C. The primary culture was
subsequently transferred into a bigger flask containing 100 ml SD —T medium and was
incubated overnight under the same conditions. On the third day, the culture was diluted in
300 ml YPD so that the ODgo reached 0.2 — 0.25. Yeast cells were grown approximately
5 hours until the culture reached ODgy = 0.5. Afterwards, cells were centrifuged for
5 minutes at 1000 g, washed with 10 ml 100 mM LiAc, pelleted again and resuspended in
2 ml of 100 mM LiAc. 50 ul of yeast competent cells were used for a mini transformation
with the empty pVP16 vector (negative control) according to the protocol described in
section 2.2.12. After transformation yeast suspension was in parallel streaked on SD plates
lacking tryptophane and leucine (SD —-TL), and on SD agar plates lacking tryptophane,
histidine, uracil, lysine and leucine (SD —THULL).

At the same time 2 ml of yeast competent cells were mixed with 200 pg of the mouse cDNA

library and with 3 mg of the denatured carrier DNA (salmon sperm DNA), and kept at the
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room temperature for 3 minutes. After adding 20 ml of 40% PEG/100 mM LiAc solution
yeast cells were incubated for 30 minutes at 30°C with shaking (200 rpm). Subsequently 2 ml
DMSO was added and cells were delicately shaked for 15 minutes at 42°C in order to keep
the whole volume equally warm. Later, cells were cooled for 1 minute on ice (heat shock)
and 400 ml of warm YPD medium supplemented with 50 pg/ml ampicillin was added.
Following incubation for 1h at 30°C, cells were pelleted at 1000 g for 5 minutes, washed in
40 ml sterile H,O, pelleted once more and resuspended in 5 ml H,O. 5 ul of transformed cells
were used to prepare serial solutions 1:10, 1:100, 1:1000, 1:10000 and 1:100000 which were
plated on 12 X 12 cm plates containing SD medium lacking tryptophane and leucine (SD —
TL) (control of transformation efficiency). The rest of the cells was plated on SD medium
lacking tryptophane, histidine, uracil, lysine and leucine (SD —THULL) in order to identify
protein-protein interactions. The clones surviving from the nutrition selection (HIS3-positive
colonies) were re-streaked three times on the same SD —“THULL medium in order to reduce
the number of false positives, and later they were tested for expression of the second reporter
gene (see section 2.2.15). Different media used during the yeast two-hybrid screen are listed

in Table 8.

2.2.15 LacZ colony filter assay

In order to screen HIS3-positive yeast colonies for the expression of LacZ (the second marker
gene indicating interaction between proteins) a colony filter assay has been performed.
Briefly, 12 x 12 cm filters were cut out of Whatman paper 3MM and were put onto SD —TL
plates on which positive yeast colonies and a negative control were growing (yeast
transformed with the LexA Hoxd13-HD construct and the empty pVP16 vector). Yeast cells
that attached to the filters were permeabilised by repeated freeze/thaw procedure (three times
freezing in liquid nitrogen for ~10 seconds each, and then thawing at room temperature).
Fresh Whatman filters were put into clean 12 X 12 cm plates and were soaked with 7 ml of
the substrate solution containig X-Gal. Filters with yeast colonies were placed on the pre-
soaked filters in the plates and incubated at 37°C. Filters were monitored for the appearance
of blue colour once per hour. The reaction was stopped when the negative control (yeast
clone transformed with the bait and the empty prey vector) started to get the blue staining.
Only colonies showing very intensive blue colour were considered as true positives.

Solutions used in this section can be found in Table 4.
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2.2.16 Analysisof prey insertsin double positive yeast clones

For all positive yeast clones that survived from nutrition selection and turned blue in the
presence of the X-Gal, inserts of prey plasmids were amplified by colony PCR. In short, fresh
yeast colonies were picked and dispersed in 50 ul H,O by vigorous vortexing. Cell
suspensions were subjected to three times freeze/thaw treatment (frozen for ~10 seconds in
liquid nitrogen, and thawed at room temperature). Five pl of the supernatant containing the
released plasmids were used as template for PCR. PCR reactions were carried out with
VP16F1 and VP16R1 primers. Cycling conditions included an initial denaturation step at
94°C for 5 min, followed by 35 cycles of 30 seconds at 94°C, 30 seconds at 62°C, 1 minute at
72°C, and a final extension step at 72°C for 7 minutes. Positive PCR products were
enzymatically purified using shrimp alkaline phosphatase (SAP) and E. coli exonuclease I in
the supplied buffer according to the manufacturer’s protocol. After purification, PCR
products were sequenced using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). Samples were analysed on an ABI PRISM® 3100 Genetic Analyzer (Applied
Biosystems), according to the manufacturer’s instructions. Sequences were analysed by
BLAST searches against the non-redundant nucleotide database at the National Center for

Biotechnology Information (NCBI).

2.2.17 Preparation of chemical competent E. coli cells

A single colony of E. coli HB101, DH5a, XL1-Blue, GM2163 or STBL4 cells was used for
inoculation of Sml LB medium without antibiotics. Cells were grown overnight at 37°C with
vigorous shaking. On the next day the overnight culture was used to inoculate 500 ml of the
fresh LB medium and afterwards bacteria were cultured under the same conditions until they
reached ODgpp = 0.9 — 1.0. Subsequently the culture was centrifuged for 15 minutes in a GSA
rotor at 8000 rpm at 4°C. The medium was discarded and the bacterial pellet was resuspended
in 125 ml of buffer A and incubated 30-60 minutes on ice. Next, the centrifugation step was
repeated and the pellet was resuspended in 20 ml of buffer B. Bacteria were aliquoted, frozen
in liquid nitrogen and stored at -80°C. Media and solution used for preparing competent cells

can be found in Table 7 and Table 9.
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2.2.18 Isolation of prey plasmidsfrom double positive yeast colonies

Isolation of prey plasmids from HIS3- and LacZ-positive yeast clones was performed in three
steps, which included isolation of total yeast DNA, separation of the plasmid DNA from yeast
genomic contamination in HB101 E. coli strain, and finally plasmid purification from
bacterial cells.

Each HIS3/LacZ double positive yeast colony was cultured overnight at 30°C in SD medium
lacking leucine. The next day, cells were harvested by centrifugation for 10 seconds at
13000 rpm. The supernatant was discarded and the cell pellet was resuspended in 200 pl of
yeast lysis buffer. Subsequently, 200 ul of phenol/chloroform and approximately 0.3 g of
glass beads were added to the buffer. The yeast cell suspension was vortexed for 2 minutes in
order to destroy cell walls, and centrifuged at room temperature for 5 minutes at 13000 rpm.
Yeast total DNA was precipitated by adding 1/10 volume of 3 M NaAc and 2.5 volumes of
96% ethanol to the supernatant, and by centrifugation for 15 minutes at 13000 rpm at 4°C.
The DNA pellet was washed twice with 70% ethanol, dried and suspended in 15 pl sterile
water.

Approximately 10—15 pl of yeast total DNA was used to transform chemical competent
HBI101 E. coli cells with the “heat shock” method according to standard procedures
(Sambrook et al. 1989). Before plating, cells were harvested at 2500 rpm for 5 minutes. The
pellet was washed twice with M9 minimal medium, resuspended in 80 pl of M9 minimal
medium, plated on M9 agar and incubated at 37°C. Colony growth was observed 36-48 hours
after transfection. Plasmid DNAs were isolated from HB101 colonies using the QIAprep spin
miniprep kit according to the manufacturer’s protocol.

All solutions, kits and media used in this section are listed in Table 4, Table 8 and Table 9.

2.2.19 Confirmation of protein-protein interactionsin yeast

Each positive prey plasmid was separately transformed into the L40 yeast strain carrying the
LexA Hoxd13 construct according to the small scale yeast transformation protocol described
in section 2.2.12. After transformation, cells were plated on SD —THULL agar. Interactions
between GAL Hoxd13-HD construct and the candidate genes were confirmed in yeast strain
AH109 basically in the same way, however in order to detect protein-protein interactions
yeast cells were plated on a slightly different medium (SD agar lacking adenine, histidine,

leucine and tryptophane).
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2.2.20 Cdll culture and DNA transfection

COS1 cells were cultured in the appropriate medium at 37°C in 5% CO,. For
immunocytochemistry studies, cells were grown on glass coverslips in 12-well plates.
Transient transfection was performed using Polyfect transfection reagent (Qiagen), according
to the manufacturer’s protocol. Typically, 4 x10* cells per well were seeded 24 hours before
the experiment, and transfected with 0.6 ug plasmid DNA and 4 pl Polyfect Transfection
Reagent.

For Western blot and coimmunoprecipitation analysis transfection was performed in 6-well
plates and the amount of plasmid DNA and transfection reagent was adjusted proportionally

to the surface of wells.

2.2.21 Immunocytochemistry

Immunofluorescence experiments were performed 48 hours after transfection. All steps were
performed at room temperature. First, medium was sucked off and the cells on coverslips
were rinsed with PBS and fixed in 4% paraformaldehyde/PBS for 15 minutes. Later, cells
were washed one time with PBS to remove excess of paraformaldehyde, and permeabilised in
PBS buffer containing 0.2% Triton X-100 for 15 minutes. After washing three times in PBS,
cells were blocked for 45 minutes in blocking solution and incubated for 1 hour with primary
antibodies diluted 1:250 in blocking solution. After washing three times with PBS, cells were
incubated for another hour with the appropriate Alexa Fluor-conjugated secondary antibodies
diluted 1:500 in blocking solution. Subsequently, cells were washed 3 times with PBS,
incubated in DAPI/PBS (1:2000) solution for 10 minutes in order to stain nuclei, and washed
twice in PBS to remove excess of DAPI. Coverslips were fixed on slides with Fluoromount-
G slide mounting medium and cells were visualised using 63 X oil-immersion lens on an
Axiovert 200 M fluorescence microscope (Zeiss) equipped with filters for excitation of green,
red and blue. Digital images were captured using an AxioCam MRm camera and the
AxioVision 4.2 fluorescence image analysis software.

For the detection of different Hoxd13 proteins anti-HA antibodies produced in rabbit and
Alexa Fluor® 546 goat anti-rabbit immunoglobulins were used. Detection of Pegl0, Dlxin-1,
Wtip, Limk1, Limd] and Cnot3 proteins was performed with the use of monoclonal anti-Flag

antibodies and Alexa Fluor® 488 goat anti-mouse immunoglobulins.

Antibodies and solutions used in this section are listed in Table 5 and Table 15.
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2.2.22 Coimmunoprecipitation

Coimmunoprecipitation experiments were performed 48 hours after transfection. All steps
were done at 4°C in order to avoid protein degradation. COS1 cells were shortly washed with
ice cold 1 x PBS and cell-containing plates were immediately transferred onto ice. 400 pul of
cold lysis buffer containing protease inhibitors was added to every well and cells were
scraped off the bottom of the wells with plastic scrapers (Biochrom). Afterwards, COSI cells
were incubated for 1 hour with very delicate shaking. Cell lysates were collected in
eppendorf tubes and centrifuged for 15 minutes at 14000 rpm in a table centrifuge. Lysates
were transferred into fresh tubes and pellets were discarded. Total protein concentration in
lysates was measured according to the standard Bradford method (Bradford 1976) using
Anthos Reader 2020 (Anthos Labtec Instruments, Austria).

For one immunoprecipitation reaction 30 ul of anti-Flag gel or anti-HA agarose conjugate
(both called beads for short) were used. Appropriate beads were washed 3 times with 800 pl
of the lysis buffer, which was followed by addition of cell lysates containing 0.8 —1.0 mg of
total protein. Bead suspensions were incubated for 2 hours with delicate shaking, pelleted and
washed 4 times with 1 ml of lysis buffer. In the end, 45ul of protein loading buffer were

added, samples were denatured for 5 minutes at 95°C and stored at —20°C.

2.2.23 SDS-PAGE and Western blot analysis

Polyacrylamide gels were prepared according to standard protocols (Sambrook et al. 1989).
Protein samples were heated at 95°C in protein loading buffer for 5 min and separated by
10-15% SDS-PAGE. For Western blot analysis, proteins were transferred from gels to
microporous polyvinylidene difluoride (PVDF) membrane Immobilon-P (Millipore) using a
mini tank transfer unit TE22 (Amersham Bioscience) according to the manufacturer’s
instructions. After transfer, blots were incubated with Western blot blocking buffer for 1 hour
at room temperature, and then incubated overnight at 4°C with primary antibodies diluted in
blocking buffer. Blots were washed three times in PBST, and incubated for 1 hour at room
temperature with peroxidase-conjugated anti- rabbit IgG or anti-mouse IgG. Following
5 times washes in PBST, blots were incubated with Roti-Lumin chemiluminescence substrate
(Roth) according to the manufacturer’s protocol and exposed to Fuji X-ray film. Anti-HA and
anti-Flag antibodies were used at 1:2000 dilution. Anti- c-myc monoclonal antibodies were

used at 1:500 dilutions. Peroxidase-conjugated anti-mouse and anti-rabbit antibodies were
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used at 1:2000 dilution. Solutions and antibodies used in this section are listed in Table 5 and

Table 15.

2.2.24 Synthesisof RNA probesfor in situ hybridisation

The part of the PeglO coding sequence corresponding to 2075-2348 bp according to
GenBank entry AB091827 (yeast two-hybrid positive prey number 37) was cloned into the
pcDNA-Flag vector, as described in section 2.2.11.2. One of the positive plasmids containing
the insert cloned in the antisense orientation was used to prepare the probe for RNA in situ
hybridisation experiments. For negative control, the vector pcDNA-Flag 37, which carried
the same Pegl0 insert in a sense orientation, was used. Similarly, the Limk1, Limdl and
Cnot3 yeast two-hybrid clones were subcloned into pcDNA-Flag vector (described in the
section 2.2.11.3). Plasmids carrying inserts in frame were used for synthesis of negative
controls, whereas vectors with inserts cloned in the antisense orientation were used to
synthesise in situ probes. In short, 30 pug of each plasmid was linearised with 3 units of Bcll
restriction endonuclease in a total reaction volume of 100 pl. After 3 hours of digestion at
37°C, 20 pg proteinase K was added to the reaction in order to remove ribonucleases.
Starting from this step, all used solutions were treated with DEPC or they were taken from
fresh aliquots in order to ensure that they were RNase-free. After 1 hour incubation at 37°C
the reaction was stopped and 400 ul DEPC-H,O was added, followed by phenol/chloroform
extraction of the plasmid DNA, according to standard procedures (Sambrook et al. 1989).
Precipitated vector was resuspended in 25 ul DEPC-H,O and used as a template for in vitro
transcription. The reaction was performed in a total volume of 20 ul and contained 1 ug of
vector, 1 X DIG labelling mix, 40 units of RNase inhibitor, 1 X transcription buffer (Roche),
and 40 units of T7 RNA polymerase. All components were incubated for 2 hours at 37°C,
afterwards 20 units of RNase-free DNase I were added in order to remove the plasmid DNA
template and incubation was proceeded. After 15 minutes, the reaction was stopped by adding
2 ul of 0.2 M EDTA, synthesised RNA was precipitated using 1/10 volume of 4 M LiCl and
2.5 volumes of ethanol, and diluted in 100 pul DEPC-H,0. The quality of the synthesised
RNA probe was checked on 1% agarose gel.
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2.2.25 Whole mount in situ hybridisation

Isolation of mouse embryos was performed in DEPC-PBS. Clean embryos were fixed
overnight in 4% PFA/PBS at 4°C. On the next day embryos were washed at room
temperature two times for 5 minutes in DEPC-PBST, two times for 5 minutes in 50%
methanol/DEPC-PBST, and finally one time for 5 minutes in 100% methanol. In the end,
embryos were soaked in fresh 100% methanol and stored at —20°C.

Hybridisation with DIG-labelled probes was performed essentially as described elsewhere
(Albrecht et al. 2002). In short, embryos were rehydrated at 4°C in 75%, 50%, 25%
methanol/DEPC-PBST (10 minutes per each solution) and washed 2 times in ice-cold DEPC-
PBST. Afterwards, embryos were bleached with 6% hydrogen peroxide for 1 hour at 4°C,
followed by 3 washes in DEPC-PBST (10 minutes each). Younger embryos (E10.5 and
E11.5) were digested for 3 minutes with 10 pg/ul proteinase K in proteinase K buffer at room
temperature. For older embryos (E12.5), proteinase K concentration was raised to 20 pg/ul
and the reaction time was increased up to 5 minutes. After digestion, embryos where washed
2 times in PBST/Glycine, 2 times in DEPC-PBST, 3 times in RIPA buffer, again 3 times in
DEPC-PBST and fixed for 20 minutes in PFA/Glutaraldehyde. Subsequently, embryos were
washed 3 times in DEPC-PBST and incubated in hybe buffer:DEPC-PBST (1:1 dilution) for
10 minutes, followed by a single washing step in hybe buffer at room temperature.
Prehybridisation of embryos was performed in hybe buffer at 65°C. Prior to hybridisation,
DIG-labelled RNA probes were diluted 1:100 and denatured for 5 minutes at 80°C, and added
together with tRNA (100 pg/ml) to the prehybridisation solution. Hybridisation was
performed at 65°C overnight. In order to remove unbound probe, embryos were washed
2 times for 30 minutes in hybe buffer at 65°C, followed by a single washing step in 50%
RNase solution/50% hybe buffer at room temperature and by digestion with RNase A
(100 pg/ml in RNase solution) for 1 hour at 37°C. Subsequently, embryos were incubated for
5 minutes in 50% RNase solution/50% SSC/FA/T at room temperature, and washed with
SSC/FA/T at 65°C (2 times for 5 minutes, 3 times for 10 minutes and 6 times for 30 minutes).
After cooling down to room temperature embryos were washed for 10 minutes with (1:1)
SSC/FA/T/1 x MABT and subsequently 2 times for 10 minutes with 1 X MABT. Prior to the
incubation with antibodies, embryos were blocked with 10% Blocking reagent (Boehringer)
diluted in 1 X MABT for 1 hour at the room temperature. At the same time
1 x MABT solution containing 1% Blocking reagent and alkaline phosphatase-conjugated

anti-DIG antibodies (diluted 1:5000) was prepared and incubated for 1 hour at 4°C. After the
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blocking step, embryos were incubated overnight at 4°C in anti-DIG-antibody-containing
solution and subsequently transferred to room temperature and washed 8 times for 1 hour in
fresh PBST/Tetramisole solution in order to remove unbound antibodies. Staining of the
embryos was based on the enzymatic reaction performed by alkaline phosphatase (AP) in AP
buffer using the BM Purple AP Substrate (Roche) according to the manufacturer’s protocol.
After the reaction, embryos were washed in alkaline phosphatase buffer, fixed in
PFA/Glutaraldehyde and stored at 4°C. Images of the stained embryos were captured using
the Leica MZ 12.5 stereomicroscope (Leica) coupled to the AxioCam HRc camera and the
AxioVision 4.2 image analysis software.

Solutions and antibodies used in this section are listed in Table 6 and Table 15.

2.2.26 Section in situ hybridisation

Mouse embryos were isolated and fixed as described in the previous section. On the second
day the embryos were washed twice for 15 minutes in fresh DEPC-PBS, followed by
incubation for 1 hour in 70% ethanol. After changing the ethanol, embryos were incubated in
the tissue processor Leica TP 1020 (Leica) according to the manufacturer’s protocol,
embedded in paraffin and sectioned at 7 um with the Reichert Jung 2050 microtome
(Reichert Jung). Sections were attached to glass slides, baked for 1 hour at 60°C, dewaxed in
xylene and rehydrated using 100%, 75%, 50% and 25% ethanol concentrations. At the end,
slides were washed 2 times in DEPC-PBS, followed by a fixation step in 4% PFA/PBS for
10 minutes at room temperature. After 2 washes in fresh DEPC-PBST, mouse sections were
digested with proteinase K (1.5 pg/ml) for 10 minutes and washed again 2 times in
DEPC-PBST, followed by a second fixation step in 4% PFA/PBS for 5 minutes. Afterwards,
sections were acetylated for 10 minutes with 0.25% acetic anhydride, washed 2 times in
DEPC-PBST and prehybridised for 1-4 hours in hybridisation solution (for paraffin sections)
in a humified slide box. Two pl of the specific probe was denatured in 100 pl of hybridisation
solution (for paraffin sections) and hybridised to the slides at 65°C overnight. On the next day
slides were rinsed with 5 X SSC, washed with 1 x SSC/50% formamide for 30 minutes at
65°C and in TNE for 10 minutes at 37°C, followed by RNase digestion (20 pg/ml diluted in
wash buffer). Later, slides were washed in TNE for 10 minutes at 37°C, followed by a single
wash in 2 X SSC for 20 minutes at 65°C and 2 washes in 0.2 X SSC in the same conditions.

For detection of DIG-labelled probes, slides were washed 2 times with 1 X MABT at room
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temperature and blocked in 1 X MABT containing 20% heat inactivated sheep serum (HISS).
1:2500 diluted alkaline phosphatase-conjugated anti-digoxygenin antibodies were pre-
incubated for 2 hours at 4°C in 5% HISS/1 x MABT and pipetted onto the slides. After an
overnight incubation at 4°C, slides were washed 3 times in 1 X MABT, incubated for 10
minutes in NTMT and developed with BM Purple AP Substrate (Roche), similarly as
described for whole mount in situ hybridisation. After the reaction, slides were rinsed with
NTMT, washed 2 times for 5 minutes in PBS, fixed in 4% PFA/PBS and embedded with the
help of Tissue-TEK (A. Hartenstein).

For cryo-sections, freshly collected embryos were placed into a chamber filled with OCT
cryomount medium (Sakura) and frozen in dry ice/ethanol. The resulting frozen blocks were
stored at —80°C. Prior to sectioning, blocks were equilibrated for 24—72 hours at —20°C and
sectioned at 10 um with the HM 560 Cryo-Star cryostat (MICROM International GmbH).
Hybridisation with DIG-labelled probes and signal detection was performed with the use of
the Genesis RSP 150 automation system supplied with the Gemini pipetting software (Tecan
Group Ltd.) as described elsewhere (Carson et al. 2005).

Images were captured using the Leica DMR light microscope (Leica) coupled to the

AxioCam HRc camera and the AxioVision 4.2 image analysis software.
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3 RESULTS

3.1 Analysis of a balanced translocation t(2;10)(q31.1;q26.3) in a male patient
with SPD

Disease-associated balanced chromosomal rearrangements (DBCR) form a unique resource
in linking genotypes and phenotypes. Therefore mapping of chromosomal breakpoints in
patients with DBCR is a very powerful approach to identify disease genes (Bugge et al.
2000). Moreover, the same method can be a good starting point to investigate regulatory
elements controlling gene expression (Fantes et al. 1995; Lauderdale et al. 2000; Kleinjan et
al. 2001; Griffin et al. 2002). In order to obtain more data about molecular mechanisms
leading to limb development in humans, a detailed cytogenetic and molecular study on a
balanced translocation t(2;10)(q31.1;g26.3) in a male patient with limb defects was

performed.

3.1.1 Clinical description of the male patient with a de novo balanced translocation
t(2;10)(q31.1;q26.3)
The patient is a thirteen-year-old boy carrying an apparently balanced chromosome
rearrangement t(2;10)(q31.1;926.3) (schematically depicted in Fig. 54). He is the second
child of healthy unrelated parents, born after normal pregnancy without fetal distress. Clinical
examination after birth revealed severe malformations of hands and feet as well as a
dysmorphic face. The hands were short, had 6 fingers, and absence of the distal phalanges
including the nails was noted. The feet showed complete absence of toes Il to V and a
rudimentary first toe with a missing distal phalanx. X-rays of the hands showed 5 short
metacarpals and 6 digits, each consisting only of a single phalanx (Fig. 5B-C). Metacarpal III
was bifurcated at its end giving rise to two digits. The patient was not able to fully extend his
elbows and knees due to contractions. Bilateral inguinal hernias were noted and surgically
corrected. X-rays of the thorax showed hypoplasia of the medial ends of both clavicles.
Ultrasound of the skull revealed hypoplasia of the cerebellum. Further clinical examinations
demonstrated developmental delay, deep set eyes (left > right) a progressive scoliosis, narrow

shoulders, ataxia, coxa valga, and short stature (110 cm at age 6, < p3). The patient received
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several surgical corrections of the hands including removal of polydactylous digits. He has

developed well and is currently attending a special school.

A
é-b
2

der(2) der(10) 10

Fig. 5 A: Schematic representation of chromosomes in the patient with the translocation t(2;10)(q31.1;q26.3).
Breakpoints at 2q31.1 and 10q26.3 are marked with arrows. B,C: An X-ray and a photo of the right hand of the

patient after surgical correction.

3.1.2 Cytogenetic investigation of the chromosomal breakpoints in the patient

Breakpoint mapping was performed using the fluorescence in situ hybridisation (FISH)
technique. Several large genomic clones were selected from the regions of interest and were
hybridised to the patient’s metaphase chromosomes. Number and localisation of detected
signals helped to narrow down the breakpoint regions (see Fig. 64).

For the chromosome 2 breakpoint, YAC clone 751E12 (with marker D2S2257 located at
188 c¢cM) gave signals on chromosome 2 and der(2), which indicates that this clone lies
proximal to the breakpoint. Another YAC clone, 785G8 (with markers D2S148 and D2S2173
located at 190 cM) showed signals on chromosome 2 and der(10), thus being distal to the
breakpoint (data not shown). Thereby, the breakpoint region on chromosome 2 was narrowed
down to a 2 cM long interval. This region contains several genes, among others the HOXD
genes, which were considered as interesting candidates for the patient’s phenotype. In order
to investigate, whether the translocation disrupts the HOXD cluster, BAC clone
RP11-514D19 (GenBank acc. no. AC016915), containing the EVX2 and HOXDS-13 genes,
were hybridised to the patient’s chromosomes. The results indicated that this clone lies distal
to the breakpoint (Fig. 6B). Additional hybridisation experiments with a series of BAC clones
selected from the region proximal to EVX2 led to the identification of the breakpoint-
spanning clone RP11-538A12 (GenBank acc. no. AC016761) (Fig. 6C).
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46,XY,1(2;10)(q31.1;926.3)

2 der(2) der(10) 10 RP11-514D19 RP11-538A12
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Fig. 6 A: Principle of FISH. Genomic clones from the breakpoint region on chromosome 2 (yellow, blue and red
bars) are used as hybridisation probes on patient metaphase chromosomes. The breakpoint-spanning clone
(blue) shows signals on the normal chromosome 2, the derivative 2 [der(2)] and the derivative 10 [der(10)]. For
a proximal (yellow) or a distal (red) clone, only two signals are detected in each case: on chromosome 2 and
der(2) or chromosome 2 and der(10), respectively. B: FISH results showing hybridisation of BAC clone RP11-
514D19 to patient’s chromosomes. Signals on chromosomes 2 and der(10) indicate that the clone lies distal to
the breakpoint. C: FISH results showing hybridisation of the breakpoint-spanning clone RP11-538A12 to

patient’s chromosomes; signals were detected on chromosome 2, der(2) and der(10) (indicated by arrows).

To map the breakpoint more precisely, PCR products generated with primers selected from
the clone RP11-538A12 were used for screening the chromosome 2-specific cosmid library.
Positive clones were hybridised to the patient chromosomes, and as a result the proximal and
distal cosmids, LLNLc128A0237 and LLNLc128F0946 respectively, were identified.
Sequencing of the cosmid ends, together with database searches, revealed that these clones
slightly overlap by approximately 0.9 kb. The overlapping sequence lies in an approximately
4.5 kb long LINE repeat, thus the region covering this repeat and extending at least 3 kb in
both directions was considered as the region of interest, where the breakpoint must have
occurred.

Breakpoint mapping on chromosome 10 was performed in a similar way. YAC 743G11, one
of six clones that have been tested, gave signals on der(10), which placed the breakpoint
distal to the marker D10S1201. Further mapping showed that BAC RP11-300B2 (GenBank
acc. no. AL355531) was breakpoint spanning (not shown). Moreover, BACs RP11-267K7
(GenBank acc. no. AL359508) and RP11-290N15 (GenBank acc. no. AC022688) were found
to be proximal and clones 218C11 (GenBank acc. no. AL353725) and 355P15 (GenBank acc.
no. AC011849) to be distal to the breakpoint (Fig. 7 and data not shown). BLAST searches
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combined with information from the UCSC Genome Browser Gateway database allowed
establishing a contig, which indicated the overlapping regions between the proximal and the
breakpoint-spanning BACs, as well as between the breakpoint-spanning clone and the distal
ones. The common regions have been excluded from further investigation, and an
approximately 60 kb region found solely on the breakpoint-spanning BAC has been

considered as the candidate region (see Fig. 7).

10926.3
cen tel
300B2 (213877 bp)
 ————————
267K7 218C11
290N15 355P15
I — e —
‘ '
~ 60 kb

breakpoint region

Fig. 7 BAC contig on chromosome 10q26.3. The breakpoint-spanning BAC 300B2 is shown in green, proximal
BACs are shown in red and distal BACs in blue. The breakpoint region is located between the distal and the
proximal BACs.

3.1.3 Southern blot experiments and cloning of the breakpoints

In order to localise precisely the breakpoint on chromosome 2, patient and control DNAs
were digested with several restriction enzymes and transferred onto nylon membranes. Probes
derived from the candidate region were radioactively labelled and hybridised to the blots. The
probe 538A12 49750 gave aberrant restriction fragments in patient DNA digested with
BamHI or Hindlll, whereas the more centromeric probe 538A12 79400 showed aberrant
restriction fragments in patient DNA cut with Bg/Il or Pstl. Analysis of the restriction site
positions narrowed down the breakpoint region to approximately 1 kb (Fig. 84).

Mapping of the chromosome 10 breakpoint was performed in a similar way, although the
candidate region was much larger. Initially, eight probes from the 60 kb long breakpoint
region were amplified and hybridised to digested patient and control DNAs. Two probes,
300B2_80000 and 300B2 90000 gave additional bands seen in patient DNA cleaved with
Hpal and not in the control. Moreover, different lengths of the aberrant restriction fragments
observed with these two probes indicated that the breakpoint maps between these probes, thus
is located between 80778 bp and 90997 bp on the breakpoint-spanning BAC (data not
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shown). In order to refine the breakpoint region, several new probes were designed and used
for hybridisation. As a result, aberrant bands were obtained with probe 300B2 84000 in the

Mbol or Sspl digest. This allowed narrowing down the breakpoint region to approximately

700 bp (Fig. 8B).

A chromosome 2 chromosome 10
538A12 538A12 300B2
_79400 _49750 _84000
PB BH H PB H BH S M S M
: 2 | |
cen 4.5 kb tel cen 15 k_b tel
2kb 7.7 Kb 12 kb
3.3 kb
3 <>
~1kb ~ 700 bp
breakpoint breakpoint
region region
P C kb P C kb P C P C kb
6.1 > - 6.1 > - 2.0
5.0 5.0
" - - -1t
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_>
Pstl Hindlll
Mbol  Sspl + probe
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538A12_79400 538A12_49750

Fig. 8 A4: Schematic representation of the breakpoint region on BAC RP11-538A12 and the localisation of
probes 538A12 79400 and 538A12 49750 (shown as red and blue boxes, respectively) used for Southern blot
hybridisation. Positions and sizes of normal restriction fragments are indicated and enzymes are marked as
follows: B = Bglll, BH = BamHI, H = Hindlll, P = Pstl. The striped box between the two probes indicates the
LINE repeat. Lower panels: Southern blot analysis with probes 538A12 49750 and 538A12 79400. DNAs
from the patient (P) and a control (C) were digested with Ps#I or HindlIII restriction enzymes. Aberrant bands
present only in the patient and not in the control (arrows), indicate that the breakpoint on chromosome 2 is
located within the PstI and HindIII restriction fragments (approximately 1 kb long). Probe 538A12 49750
recognises in addition to the normal 3.3 kb long HindIIl restriction fragment also another fragment of
approximately 4.6 kb in both patient and control DNAs.

B: Schematic representation of the breakpoint region on BAC RP11-300B2. Probe 300B2_ 84000 is shown as
the green box. Positions and sizes of normal restriction fragments are indicated and enzymes are marked as
follows: S = Sspl, M = Mbol. Lower panel: Southern blot hybridisation of the probe 300B2 84000 to patient (P)
and control (C) DNAs digested with Sspl or Mbol restriction nucleases. Additional bands (shown with arrows)
present only in patient and not in control DNAs indicate that the breakpoint on chromosome 10 is located within

the Sspl and Mbol restriction fragments (approximately 700 bp long as shown in the upper panel).
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In order to clone the breakpoints on both chromosomes, adaptors were ligated to the patient
DNA digested with EcoRI enzyme. Subsequent PCR reactions with adaptor and sequence
specific primers gave rise to two products, approximately 500 bp long for the der(10) and
approximately 1.1 kb long for the der(2), which were subcloned and sequenced. The results
indicated that the breakpoint on chromosome 2 is located between positions 107910 bp and
107912 bp of clone RP11-538A12. The nucleotide G at position 107911 bp is missing,
moreover on der(2) a 9 bp long insertion is present between the original chromosome 2 and
chromosome 10 sequences. The breakpoint on chromosome 10 occured between positions

85078 bp and 85079 bp of BAC RP11-300B2 (Fig. 9).

A EcoRlI EcoRI B BP
der(2) | ———— A/
v chr. 2 agaatgat g ctggcct
|| — ey ;
chr. 10 atatcaaat acctgtgt
| S
—» <+
accaatgat
[ sequence from chromosome 2 der(2) agazm[alc’:cft;tgt
I sequence from chromosome 10
I adaptor

der(10) atatcaaat ctggcct

—» chromosome 2 specific primer
< adaptor specific primer

Fig. 9 A4: Principle of breakpoint cloning. For simplicity only one derivative chromosome [der(2)] is shown.
Genomic DNA from the patient was digested with EcoRI restriction enzyme. The restriction fragments were
then ligated to adaptors on both ends. The junction fragments were amplified by PCR using primers specific for
the sequence on chromosome 2 and for the sequence of the adaptor. Sequencing of the PCR products showed
the exact sites of the chromosome 2 and chromosome 10 breakpoints.

B: Chromosome 2, 10, der(2) and der(10) sequences in the translocation patient. Chromosome 2-derived
sequences are shown in bold, the underlined guanine residue from chromosome 2 is missing in both derivative
chromosomes. The 9-bp insertion of unknown origin within der(2) (shaded box) separates chromosome 2- and

chromosome 10-derived sequences.

3.1.4 The MGMT gene is disrupted by the breakpoint but it is still expressed from the

intact chromosome 10 in the translocation patient

Computational analysis of the breakpoint region on chromosome 10 indicated that the
breakpoint-spanning BAC 300B2 contains the methylguanine-DNA methyltransferase gene
(MGMT) encoding a DNA-repair enzyme. The breakpoint occurred between exons 1 and 2 of
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MGMT, upstream of the ATG codon (Fig. 10). Therefore one allele of this gene must be

inactive in the patient.

ATG
cen - ’/] E> | = tel
ex.1 ex.2 ex.3 ex4 ex.5

Fig. 10 Organisation of the MGMT gene. Five exons span over 300 kb of genomic DNA (not drawn to scale).
The breakpoint in the translocation patient (marked in red) disrupted MGMT between exons 1 and 2.

In order to examine the expression of MGMT in the patient, RT-PCR and Northern blot
experiments have been performed. Both approaches indicated that the expression of MGMT
is maintained in the patient lymphoblastoid cell line. Moreover, Northern blot results
suggested that the amount of the MGMT mRNA compared to the total mRNA (represented by
the housekeeping gene G3PDH) is lower in the patient than in control cell lines (Fig. 114).
Quantification analysis performed using the ImageQuant software confirmed that the
intensity of the MGMT signals in the patient is approximately two times lower than in
controls. This result is in agreement with the previous data which indicated that in the patient

one of the MGMT alleles has been disrupted by the breakpoint.
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Fig. 11 A4: Northern blot hybridisation of the MGMT probe (exons 2-4) to four different control (C1, C2, C3 and
C4) and patient (P) total RNAs. G3PDH served as a control for RNA loading. The MGMT signal is lower in the
patient compared to the controls. B: Hybridisation of the same MGMT probe to human multiple tissue Northern
(MTN) blots shows ubiquitous expression in adult and foetal tissues. H = heart, B = brain, P = placenta, L =
lung, Li = liver, M = skeletal muscle, K = kidney, Pa = pancreas. The length of the detected transcript
corresponds to the literature data (Nakatsu et al. 1993). f-actin or G3PDH served as a control for RNA loading.
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Moreover, the MGMT probe was hybridised to commercial human multiple tissue Northern
blots from adult and foetal tissues. The results showed ubiquitous expression of this gene in
different tissues, with the highest level of expression in liver and the lowest in brain (Fig.
11B).

3.1.5 Analysis of the breakpoint region on chromosome 2

3.1.5.1 The breakpoint on chromosome 2 does not disrupt any known gene

Sequencing of the breakpoint region revealed the exact position of the chromosome 2 break,
which appeared to lie approximately 390 kb away from the HOXD genes (see Fig. 12). To
clearify whether there is any gene disrupted on chromosome 2 or not, the region around the

breakpoint has been analysed.

BP
— ATPSG3 KIAA1715 EVXZ tel
538A12
~220 kb
~380 kb
~520 kb ~390 kb

Fig. 12 Schematic map of the breakpoint region on chromosome 2q31.1. The breakpoint spanning BAC clone
RP11-538A12 is shown in red. Known genes neighbouring the breakpoint (BP) are schematically depicted
(boxes). The HOXD cluster containing 9 genes is represented by the green box. Approximate distances between
genes are indicated (not drawn to scale). Cen and tel indicates the orientation of the centromere and the

telomere, respectively.

First, the NIX program was used to find known genes and ESTs. The complete sequence of
the breakpoint-spanning BAC 538A12 was analysed but there were no obvious genes found
on this clone. However, there were good matches to 14 EST sequences derived from colon,
breast, uterus or testis. All ESTs were collinear with the genomic sequence and corresponded
to nine different positions in the genome. Since it was not clear whether the ESTs were parts
of genes or just genomic contaminations, RT-PCR experiments were performed. All primers

were first tested on human genomic DNA and only working primer pairs were used for
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further experiments. Lack of appropriate human tissues was the reason for using human cell
lines as the RNA source for RT-PCR. None of the ESTs could be amplified using 35 PCR
cycles, but few of them gave products after 70 cycles. However, such a high number of cycles
required for amplification of the putative ESTs suggests that they are probably genomic
contaminations rather than expressed sequences. Therefore, it is very likely that there are no
genes located on the breakpoint-spanning clone.

The list of putative ESTs and the RT-PCR results can be found in appendix (section 11.5).

3.1.5.2 The HOXD13 gene is not mutated in the patient

HOXD genes located on chromosome 2 were shown to cause limb abnormalities in humans
and in mice. Especially, different mutations in the HOXDI3 gene cause synpolydactyly
(SPD) (Goodman et al. 1997; Goodman et al. 1998; Calabrese et al. 2000; Debeer et al. 2002;
Kan et al. 2003). Since SPD can be observed in the patient described in this study, it was
theoretically possible that his phenotype is caused by a mutation in HOXD13, rather than by
the translocation. In order to test this hypothesis, the whole coding sequence and parts of the
intron of HOXD13 in the patient were amplified (see Fig. 13) and sequenced. The results did
not show any mutation within the entire HOXD13 gene, hence the patient’s phenotype is most

probably caused by the translocation.

HOXDI13 Fig. 13 Schematic representation of the human
HOXD13 gene. Two exons (blue) encode the

>
_| I }—[-]— nuclear homeoprotein. Regions coding for
> <4

> < conserved domains are marked with red and grey.

ATG

»> <
For HOXD13 amplification, five different primer

I polyalanine stretch

, pairs (coloured arrows) were used. Not drawn to
[ homeodomain (HD)

scale.

3.1.5.3 The human sequence upstream to the breakpoint shows high homology to the

corresponding region in mouse

Abnormal limb development in the patient with a translocation t(2;10)(q31.1;q26.3) suggests
involvement of HOXD genes in the origin of the phenotype. However, HOXDI3 in the

proband is neither mutated nor directly truncated by the translocation. These data gave rise to
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the hypothesis that the translocation might have changed expression of HOXD genes by
disturbing their normal regulation. This in turn might have resulted in the limb phenotype of
the patient. I focused my interest on the region centromeric to the breakpoint, since this part
of chromosome 2 was separated from the HOXD cluster in the translocation patient (see also
Fig. 12), and might contain important regulatory elements necessary for proper HOXD
expression.

In theory, highly conserved non-coding sequences are good candidates for regulatory
elements, thus sequence comparison between different species is generally considered to be
useful in the identification of gene enhancers or silencers. Since this approach has already
been successfully implemented (Loots et al. 2000), I decided to use it in my study.
Approximately 130 kb of human sequence lying centromeric to the breakpoint were
compared to the corresponding mouse region (approximately 70 kb long) using the PipMaker
programme. As a result, 45 elements equal or longer than 100 bp and showing at least 70%
identity between human and mouse were found. Five of these elements are associated with
human EST sequences BG952464, AW937867 and BE064736, and their expression (except
for EST BE064736) was confirmed by RT-PCR in human cell lines or in brain (data not
shown). One sequence corresponds to the mouse EST AK015352 expressed in testis. It was
not clear whether the other 39 elements are coding or not. In order to test this, RT-PCR
experiments with primers specific for these elements were performed on RNA from mouse
stage E16.5. Because of the high similarity between human and mouse genes, it was justified
to use mouse instead of human RNA for RT-PCR analysis. Moreover, mouse tissues were
much more easily accessible. All tested sequences but one could not be amplified using less
than 70 PCR cycles, suggesting that they might be non-coding. In conclusion, with this
approach it was not possible to reduce significantly the number of putative regulatory
elements and to create a good basis for further tests. For this reason functional analyses of the
candidate regions have not been pursued.

The list of putative candidates for regulatory sequences with their characteristics is presented

in appendix (section 11.6).
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3.2 Screening for Hoxd13 interaction partners

As the sequencing of the human genome is completed, the focus of research is shifting to the
functional analysis of gene products. Most proteins do not act alone, instead they interact
with each other or with other components of a cell. Thus, a very complex structural and
functional network is formed. Therefore, one of the very important tasks in molecular biology
is not only to study the function of an isolated protein, but also to identify its interacting
partners. This knowledge provides new clues about the normal function of the protein in the
cell. Moreover, this knowledge is indispensable in understanding the molecular events
leading to proper or abnormal development of our body. Since my interest was focused on
molecular bases of limb development, in the second part of my project | have searched for

Hoxd13 interaction partners.

3.2.1 Yeast two-hybrid screen as a commonly used method to identify protein-protein

interactions

One of the most commonly used methods allowing identification of protein-protein
interactions is the yeast two-hybrid system. This technique takes advantage of the fact that
transcription factors require two functional domains in order to activate gene expression. One
of these domains is responsible for DNA binding (BD - binding domain), whereas the second
one, called activation domain (AD), induces transcription. In the yeast two-hybrid system
these two domains are physically separated and therefore they cannot activate genes, however
bringing both of them into close proximity allows reconstitution of a fully active transcription
factor.

In this study, the mouse Hoxd13 protein (bait) has been fused to the DNA-binding domain
derived from the prokaryotic LexA protein. Proteins from a mouse embryonic library (preys)
were fused to the activation domain originating from the viral protein VP16. The bait and
prey fusion proteins were expressed in L40 yeast strain, which contains LacZ and HIS3
marker genes under the control of the LexA operon. Induction of the reporter genes could
occur only when a prey protein from the library interacts with Hoxd13, resulting in spatial
association of the LexA DNA binding domain and the VP16 activation domain (Fig. 14).

Expression of HIS3 is normally assayed by growth on media lacking histidine and LacZ
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expression can be monitored by colorimetry or other methods detecting P-galactosidase

activity.

A (20

DNA-BD

| LexA operator | minimal promoter | marker genes |

B (ap)
[ Hoxd13 bait [ library|

(@naeD)
| LexA operator | minimal promoter marker genes

transcription

Fig. 14 Yeast two-hybrid principle. 4: Hoxd13 fused to the LexA DNA-binding domain (DNA-BD) can bind the
LexA operator but is not able to activate transcription of the marker genes (HIS3 and LacZ) by itself. Library
proteins fused to the activation domain (AD) cannot bind DNA and therefore marker genes are not expressed. B:
Interaction between Hoxd13 and a specific library protein brings both the DNA binding and activation domains
together which allows transcription of the HIS3 and LacZ marker genes (adapted from Matchmaker LexA Two-
Hybrid System, User Manual, BD Biosciences).

3.2.2 Construction of the bait vector

The yeast two-hybrid method is based on creation of a novel transcriptional activator.
Therefore, in order to obtain reasonable results using this technique, it is essential to use a
bait lacking transcriptional activity. This prerequisite seems to exclude transcription factors as
possible baits, especially if it is not clear which domain of the protein possesses
transcriptional activity. However, the structure of Hoxd13 is known quite well. Similarly to
its human homologue (for the gene structure see: Fig. 13), mouse Hoxdl3 contains a
polyalanine (poly-Ala) repeat in the N-terminal region and a homeodomain (HD) located at
the C-terminus. It has been proposed that the N-terminus is responsible for protein-protein
interactions (Shen et al. 1996), whereas the homeodomain is known to bind DNA and activate
transcription. Therefore, to generate the construct without transcriptional activity, it was
necessary to use Hoxd13 lacking the homeodomain.

Construction of the bait vector for the yeast two-hybrid screen included RT-PCR
amplification and cloning of the N-terminal part of mouse Hoxd13 (Hoxdl3-HD) into the
pBMT116 vector containing the bacterial LexA DNA-binding domain and carrying the 7ip/
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marker gene (the pBMT116 map can be found in appendix, section 11.2). The resulting
construct, called LexA Hoxd13-HD (Fig. 154), should generate a fusion protein consisting
of the LexA DNA-binding domain at the N terminus followed by the mouse Hoxdl3
sequence without homeodomain.

Before the yeast two-hybrid analysis was carried out, expression of this protein had been
confirmed in yeast. Shortly, cell lysates were prepared from yeast transformed with the
LexA Hoxd13-HD construct and from the non-transformed control, and loaded on a
polyacrylamide gel. Western blot analysis using anti-LexA specific antibodies allowed
detection of a band of approximately 50 kDa, corresponding to the expected size of the

LexA Hoxd13-HD fusion protein, only in the transformed cells (Fig. 15B).

97 kDa
66 kDa

A LexA_Hoxd13-HD construct B B

pBTM116

1 LexA-DNA-BD
= exon 1 from mouse Hoxd13
Hm polyalanine stretch

45 kDa

30 kDa

fusi trol
1 5 part of exon 2 from mouse Hoxd13 pur:f;n Co:)m

Fig. 15 A4: Schematic representation of the bait construct used for the yeast two-hybrid screen. Exon 1 and the 5’
end of exon 2 from the mouse Hoxdl3 gene have been cloned into the pBTM116 vector, downstream to the
LexA DNA-binding-domain-encoding gene (LexA-DNA-BD). The part of Hoxd13 coding for the homeodomain
(3’ end of exon 2) has not been included in the bait vector. B: Western blot showing expression of the
LexA_Hoxd13-HD fusion protein in yeast. Anti-LexA antibodies detect a band of approximately 50 kDa only in
cells transformed with the LexA Hoxd13-HD construct (arrow), whereas no band of this size can be detected in

the non-transformed control.

Furthermore, potential auto-activation activity of the LexA Hoxd13-HD construct has been
examined. As the first step, yeast cells carrying the LexA Hoxd13-HD vector were streaked
on SD plates lacking tryptophane and histidine (SD —TH). Single colonies which appeared
after 4-5 days on SD —TH plates suggested that the bait alone could be able to activate the
HIS3 marker gene (not shown). However, it is also known that the HIS3 promoter in the L40
yeast strain possesses basal activity even in the absence of bait-prey interactions. To

overcome this problem, 3-amino-1,2,4-triazole (3-AT) which is a competitive inhibitor of the
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HIS3 gene product, is usually added to the yeast medium. Testing of several different
concentrations of 3-AT indicated that upon addition of 10 mM 3-AT no yeast colonies could
grow on SD -TH plates (data not shown). Thus, under these conditions the
LexA Hoxd13-HD fusion protein was not capable to activate expression of the marker gene,

hence it was suitable for the yeast two-hybrid screen.

3.2.3 Yeast two-hybrid screen

To co-express bait and prey proteins, yeast cells carrying the LexA Hoxd13-HD bait
construct were transformed with the mouse embryonic cDNA library cloned in the pVP16
vector. For a negative control, the bait was co-transformed with the empty pVP16 vector.
After transformation, yeast cells were plated in parallel on SD plates lacking tryptophane and
leucine (SD —-TL) to check for transformation efficiency, and on SD plates lacking
tryptophane, histidine, uracil, leucine and lysine (SD —THULL) supplemented with 10 mM
3-AT to detect interactions.

Colonies on the SD —TL plates were observed already 2 days after transformation and their
number indicated that approximately 1.6 x 10* clones were screened. This means that the
library, which has approximately 5 x 10° clones, was covered more than 30 times in the
screen. The first positive colonies on the SD —THULL plates were seen 3 days after
transformation, and they have been collected every 24 hours starting at day 4 and finishing at
day 7 after transformation. At the same time, no colony growth was observed on the control
plate, indicating that there was no unspecific interaction between the bait and the prey vector

(Fig. 16).
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Fig. 16 Scheme of the yeast two-hybrid screen. Bait and prey constructs were co-expressed in yeast cells. After
incubation at 30°C on selective plates (SD -THULL), positive yeast colonies were collected and the isolated
prey clones were further analysed. For the negative control, the bait was co-transformed with the empty prey
vector into yeast cells. Lack of colonies on SD -THULL medium indicated that the bait itself cannot activate

marker genes. Colony growth on SD -TL medium served as a positive control of transformation.

However, due to technical limitations, a yeast two—hybrid screen usually generates a large
number of false-positive interactions. In order to facilitate the identification of true positives,
different approaches were implemented. First, collected clones were re-streaked 3 times on
fresh SD —_THULL plates. Afterwards, the expression of the second marker gene (LacZ) was
examined in all HIS3-positive clones. In a colony-lift filter assay only 138 clones showed a
strong blue staining, and these double positives (HIS3"/LacZ") were used for further analysis.
The rest of the clones showed either much weaker or no detectable expression of
B-galactosidase (see Fig. 17). A summary showing the number of positive colonies picked

after the screen is shown in Table 25.
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Fig. 17 Colony-lift filter assay. HIS3-positive clones were
transferred to Whatman paper filters. The enzymatic reaction
was performed using X-Gal as substrate. Blue staining indicates

that the LacZ marker gene coding for [-galactosidase is

expressed in yeast. Results are shown only for eight HIS3-
positive clones (panels A and C-I; each panel corresponds to a

single yeast clone). Panel B represents the negative control

G H (yeast clone transformed with the LexA Hoxd13-HD construct
and the empty pVP16 vector). Only the clone seen in panel C

showed intensive blue staining and therefore it was considered

as a potential Hoxd13 interaction partner.

Table 25 Results of the screen showing the number of positive colonies

Day after No. of HIS3" No. of HIS3" colonies with
transformation colonies collected intensive blue staining
4 128 22
5 252 38
6 182 26
7 401 52
Total 963 138

3.2.4 Analysis of positive colonies

Double positive clones (HIS3"/LacZ") collected after the screen were re-streaked on fresh
SD —-THULL plates, and used for colony PCR in order to amplify the prey inserts. PCR
products were sequenced with pVP16-specific primers and obtained sequences were
subjected to BLAST against public databases at NCBI. The results of this analysis revealed
that the positive preys represent 53 different genes. Among them, 2 hits were within 3’ UTRs,
whereas 51 hits matched to ORFs. Out of these 51 ORF-specific hits, 37 genes were cloned in
frame, 3 were not in frame and 11 were cloned in the antisense orientation. The list of 37

genes represented by preys cloned in frame can be found in Table 26.
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Table 26 List of genes found in the yeast two-hybrid screen

Gene name GenBank accession no. Process/function
Dlixin-1 AB029448 Limb development
Pegl0 AB091827 Chromatin / RNA binding
Cnot3 NM 146176

Dazap? NM 011873

Pax3 NM_008781

Tead? NM 011565

Snrp70 AKO077425

Snrpll6 NM 011431

Pold4 AF515709 Proliferation / apoptosis
Nedd9 NM 017464

Bat3 NM 057171

Pins AYO081187

Limkl NM 010717 Protein modification /
Ppp2ca NM 019411 signal transduction
Ddr2 NM 022563

Map4k4 NM_ 008696

Pkm?2 NM 011099 Cellular metabolism and
Bckdha NM 007533 movement

Pla2g4b BC016255

Mical3 NM 153396

Kifc5a NM 053173

Itch AF037454

Ubce7ip3 AF124663

Angptl2 NM 011923 Secreted / extracellular
Fbin2 NM 007992 matrix proteins

Fnl NM 010233

Coll8al NM 009929

mKIAA1046 AK122429 Unknown function
mKIAA0863 AB093268

mKIAA0054 AB093209

mKIAA0222 NM 183033

Drpla NM 007881

Bcap37 NM 007531

0dz3 NM 011857

Rnf38 NM 175201

Wtip NM 207212

Limd] NM 013860
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3.2.5 Pegl0 as a putative Hoxd13 interaction partner

Among the candidate genes found in the yeast two-hybrid screen Pegl() was represented by 8
different clones. Pegl0 (GenBank accession no. AB091827) is transcribed into an
approximately 6.4 kb long transcript with two long open reading frames (ORFs). ORF1
encodes a putative zinc finger domain of the CCHC class commonly found in the Gag protein
of retroviruses. ORF2 has the potential to encode a polypeptide containing a consensus motif
for an aspartyl protease catalytic site, which is characteristic for retroviral proteases.
Similarly as in retroviruses, these two ORFs overlap and the ribosomal frameshift can lead to

production of a long polyprotein (Fig. 18) (Shigemoto et al. 2001; Manktelow et al. 2005).

Peg10
mRNA

>6.4kb
ATG

ATG
stop |_b ORE2 stop
ORF1 :

proteins

Fig. 18 Pegl0 and ribosomal slippage mechanism. Peg/) mRNA encodes two open reading frames, ORF1 and
ORF2. Translation of the transcript gives rise to two proteins. The first protein corresponds to ORF1, whereas
the second one to both ORF1 and ORF2. The longer protein is generated by ribosomal slippage which leads to a

frameshift and abolishment of the first stop codon. The next recognised termination codon is present at the end
of ORF2.

All Pegl0 clones found in the yeast two-hybrid screen correspond to ORF2 and are cloned in
frame. Their localisation within the gene can be seen in Fig. 19. Since some clones contain

overlapping sequences, only five of them were used for further analysis.
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Fig. 19 Part of the Pegl0 gene sequence corresponding to the end of ORF1 and the complete ORF2 (according

to the GenBank entry AB091827). Clones found in the yeast two-hybrid screen are marked as follows: clone no.

649 - light yellow box; clone no. 318 - red letters; clone no. 40 - light green box; clone no. 81 - blue frame;

clone no. 37 - black underline; clone no. 22 - blue letters; clone no. 173 - grey box; clone no. 143 - pink

underline.
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3.2.5.1 Confirmation of the interaction with Hoxd13-HD in LexA and GAL4 systems

Prey plasmids corresponding to the Pegl/(0 gene were isolated from five positive clones
numbered 37, 40, 143, 318 and 649 (Fig. 19 shows their inserts sequences). To confirm the
interaction between preys and Hoxd13-HD in yeast, wild type L40 cells were co-transformed
separately with the bait (LexA Hoxd13-HD construct) and every single prey plasmid.
Moreover, preys were co-transformed with the empty pPBTM116 vector (bait vector) in order
to test them for autoactivation. Growth on SD —THULL medium observed only for colonies
transformed with the bait and a prey indicates interaction between Hoxd13-HD and parts of
Pegl0 fragments in the LexA system (Fig. 20).

bait pBTM116 bait pBMT116
+ prey + prey + prey + prey
37
40
143
318
649
SD -TL medium SD -THULL medium

Fig. 20 Yeast cells co-transformed with the LexA Hoxd13-HD bait or pPBTM116 empty vector and one of the
Pegl0 prey plasmids (numbers 37, 40, 143, 318 or 649) were spotted in triplicates on selective media. Colony
growth on SD -TL plates indicates that both plasmids entered the cell (positive control of transformation),
whereas presence of colonies on SD —“THULL medium confirms the interaction between Hoxd13 lacking the
homeodomain and different Pegl0 fragments. Specificity of these interactions is proven by absence of colonies

which carry a prey and the empty bait plasmid (pBTM116) on SD -THULL medium.

In addition, the cDNA for Hoxd13 lacking the homeodomain (Hoxd13-HD) was cloned into
the pGBKT?7 bait vector containing the GAL4 DNA-binding domain. Sequencing of the
construct and expression analysis of the fusion protein performed by Western blot indicated
that the GAL Hoxd13-HD bait could be used in yeast two-hybrid experiments. Similarly as
for the LexA Hoxd13-HD construct, the GAL Hoxd13-HD bait was co-transformed with the

isolated prey plasmids. Expression of nutrition marker genes visualised by the growth of
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yeast colonies on selective media indicated that the interactions between different parts of

Peg10 and the Hoxd13 protein take also place in the GAL4 yeast system (data not shown).

3.2.5.2 Cloning of Pegl0

Since the yeast two-hybrid method usually generates a lot of false positives, any interaction
discovered in yeast has to be confirmed in the mammalian system as well. The prerequisite
for this includes cloning the gene of interest into a mammalian expression vector. There are
two identical GenBank entries representing the full length Pegl0 gene (AB091827 and
NM 130877), moreover their alignment with the Edr gene (GenBank ID: AJ006464)
suggests that all three sequences correspond to the same gene (sequence alignment can be
found in appendix, section 11.7). Two significant differences between AB091827 and
AJ006464 are present in the 5’ region of both sequences (resulting in various N-termini of the
predicted open reading frames) and in the length of the repeat which lies within ORF2.

As all Pegl0 clones found in the yeast two-hybrid screen corresponded to ORF2, my interest
was focused on this particular part of the gene. To determine its real sequence, ORF2 was
amplified in eight independent RT-PCR reactions performed on mouse cDNAs derived from
four different embryonic stages. All RT-PCR products appeared to be identical, suggesting
that the true sequence of the Peg/() ORF2 was obtained. However, comparison of the
RT-PCR product with the GenBank entries AB091827 and AJ006464 showed that all three
sequences differ in the length of imperfect repeats present in the gene (Fig. 21). Interestingly,
the various lengths of the QDPH-encoding repeats do not cause frameshifts, therefore all
putative proteins have the same C-terminus.

Repetitive sequences are usually difficult to clone, since they are prone to various
rearrangements during bacterial replication. However, special E.coli strains increasing insert
stability have been designed. One of them, the recombinase-deficient STBL4 FE.coli strain,
was used for cloning Peg/0 ORF2 into the mammalian expression vector pcDNA-Flag. In
spite of much effort (isolation and analysis of 35 transformants), cloning of the full length
RT-PCR product corresponding to the ORF2 was not successful. All analysed clones carried
mutations, mostly deletions, within the repetitive region of Pegl/(. In three analysed
plasmids, the inserts appeared to be identical to the Pegl/0 sequence represented by the
GenBank entry AB091827. One of these clones, named Pegl0-ORF2_pcDNA-Flag was used

for further experiments.
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AJ006464-0ORF2
RT-PCR_product
AB091827-0RF2

AJ006464-0ORF2
RT-PCR_product
AB091827-0RF2

AJ006464-0ORF2
RT-PCR_product
AB091827-0ORF2

AJ006464-0ORF2
RT-PCR_product
AB091827-0RF2

AJ006464-0ORF2
RT-PCR_product
AB091827-0ORF2

AJ006464-0ORF2
RT-PCR product
AB091827-0RF2

AATCCGGATCCACATCACCACTCTCATCCAGATCCCCCTCAGGATCCACATCACCCTCCA
AATCCGGATCCACATCACCATCCTCATCCAGATCCCCCTCAGGATCCACATCACCCTCCA
AATCCGGATCCACATCACCATCCTCATCCAGATCCCCCTCAGGATCCACATCACCCTCCA

CATCAGGATCCACATCAGCATCCGGATCCCCATCAGGAT————=————————————————
CATCAGGATCCACATCAGCATCCGGATCCCCATCAGGATCCTCCACATCAGGATCCACAT
CATCAGGATCCACATCAGCATCCGGATCCCCATCAGGAT————=————————————————

****** GCACATCAGGATCCCCATCAGGATCCCCATCAGGATGCACATCAGGATCCACAT
CAGGATGCACATCAGGATCCCCATCAGGATCCCCATCAGGATGCACATCAGGATCCACAT

CAGCATCCGGATCCCCATCAGGATCCTCCACATCAGGATCCACATCAGGATGCACATCAG
CAGCATCCGGATCCCCATCAGGATCCTCCACATCAGGATCCACATCAGGATGCACATCAG
———————————————————————— CCTCCACATCAGGATCCACATCAGGATGCACATCAG

Fig. 21 Sequence comparison between the RT-PCR product and GenBank entries AB091827 and AJ006464
corresponding to the ORF2 of Pegl0. For simplicity, only the region containing imperfect repeats is shown.

Differences in the nucleotide sequences are marked in red.

3.2.5.3 Immunocytochemistry studies

For cellular localisation studies, the Pegl0-ORF2 pcDNA-Flag construct was transfected
into COS1 cells and the protein was detected with anti-Flag specific antibodies. The results

indicated that the protein is present in the cytosol (Fig. 22).

Fig. 22 Cytosolic localisation
of Pegl0-ORF2 (green) in
Peg10-ORF2 transiently transfected COSI
cells. The nucleus is visualised

by the DAPI-staining (blue).

Alexa Fluor 488

DAPI Merged
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A similar experiment was performed with different Hoxd13 expression constructs, namely
wtHoxd13-pTL1-HA2 (carrying the full length Hoxd13), Hoxd13-HD-pTL1-HA2
(containing Hoxd13 lacking the homeodomain), Hoxd13+14Ala-pTL1-HA2 (containing
Hoxd13 with the Ala stretch expanded for fourteen additional alanine residues) and
Hoxd13 2Ala-pTL1-HA2 (carrying Hoxd13 with the Ala stretch reduced to two alanines).
The results showed that wild type and Hoxd13 2Ala proteins localise to the nucleus, whereas
the mutant lacking the homeodomain as well as the Hoxd13+14Ala are present in the cytosol,
building aggregate-like structures (Fig. 23). All observed signals were specific, since the
transfection of COS1 cells with empty pcDNA-Flag or pTL1-HA2 vectors resulted in no

fluorescently labelled cells (data not shown).

Fig. 23 Single transfection of COS1

cells with the constructs carrying

wtHoxd13 .
wild type or mutant HoxdI3. Red
signals indicate cellular localisation
of wild type and mutant Hox

Hoxd13_2Ala proteins. Nuclei are labelled with
DAPI (blue).

Hoxd13-HD

Hoxd13+14Ala

Alexa Fluor 546 DAPI Merged

In the next step, different Hoxd13 constructs were co-expressed with Pegl0-ORF2 in COS1
cells, in order to examine the putative interaction between the proteins. In all double-
transfected cells, Pegl0-ORF2 perfectly co-localised with cytosolic aggregates formed by
Hoxd13-HD or Hoxd13+14Ala proteins (Fig. 24). Moreover, although Pegl0 is detected only
in the cytosol of single transfected COS1 cells, it can be seen in the nucleus of COSI1 cells
co-expressing either the full length Hoxd13 or Hoxdl13 2Ala (Fig. 24). However,
co-localisation in the nucleus was seen only in approximately 20% of double-transfected

cells.
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wtHoxd13
+ Peg10-ORF2

Hoxd13_2Ala
+ Peg10-ORF2

Hoxd13-HD
+ Peg10-ORF2

Hoxd13+14Ala
+ Peg10-ORF2

Alexa Fluor 488 Alexa Fluor 546 DAPI Merge

Fig. 24 Co-localisation of Pegl0-ORF2 (green) with wild type and mutant Hoxd13 proteins (red) in COS1 cells.
Pegl0-ORF2 expression can be observed in the nucleus (stained with DAPI in blue) of cells co-transfected with
wtHoxd13 or Hoxd13 2Ala. Cells co-transfected with the Pegl0-ORF2 pcDNA and Hoxd13-HD-pTL1-HA2
or Hoxd13+14Ala-pTL1-HA2 constructs show co-localisation of both proteins in the cytosol.

3.2.5.4 Coimmunoprecipitation assay

The co-localisation results suggested that the Hoxd13 protein could interact with Pegl0. In
order to confirm this, coimmunoprecipitation studies have been performed. In preliminary
experiments, COS1 cells were transfected separately with different HA-tagged Hoxdl3
constructs or with Pegl0-ORF2 pcDNA-Flag. Western blot analysis of the cell lysates
indicated that all proteins were easily detectable with polyclonal anti-HA or anti-Flag
antibodies, respectively (data not shown).

The immunoprecipitation was performed with anti-Flag antibodies, followed by detection of
the Hoxd13 proteins with anti-HA antibodies. The results indicated that all Hoxd13 proteins
could bind Pegl0-ORF2 (Fig. 254). Later, these results were confirmed by additional
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experiments, in which the immunoprecipitation with anti-HA antibodies was followed by

Pegl0 detection with anti-Flag antibodies (Fig. 25B).

A wiHoxd13 (HA) . . ; . . .
Hoxd13-HD (HA) ; -+t ] ) )
Hoxd13+14Ala (HA) s oo : + + . _
Hoxd13_2Ala (HA) - - - e
Peg10-ORF2 (Flag) + - + = + a + P
pcDNA-Flag - + - + - + + -
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;i tg = — —-—— - WB: anti-Flag
IP: anti-Fla p— -
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wtHoxd13 (HA) + - -
Hoxd13-HD (HA) + E L -
Hoxd13+14Ala (HA) - - - +
Hoxd13_2Ala (HA) - - + -
pTL1-HA2 - - + . - . .
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Fig. 25 Coimmunoprecipitation results. 4: COS1 cells were co-transfected with different HA-tagged Hoxd13
constructs and with the Flag-tagged Pegl0-ORF2 or the empty pcDNA-Flag vector (for negative controls). Cell
lysates were used for precipitation with anti-Flag beads. In each case, lysates (L) and precipitates (IP) were run
on polyacrylamide gels, followed by protein detection with anti-tag antibodies. Precipitation efficiency can be
seen on anti-Flag blots (positive controls), whereas protein-protein interactions are detected using anti-HA
antibodies. Hoxd13 proteins co-precipitate with Pegl0-ORF2 (red arrowheads) but they cannot be pulled down
by the empty pcDNA-Flag vector (black arrowheads), indicating specificity of interaction. B: Confirmation of
Hox-Pegl0 binding after antibody switch. Hoxd13 proteins were precipitated with anti-HA beads, shown on
anti-HA blots. Pegl0-ORF2 was pulled down together with Hox proteins (red arrowhead) but not with the
empty pTL1-HA2 vector (black arrowheads), as shown on anti-Flag blots.

3.2.5.5 Whole-mount and section in situ hybridisation

The results obtained in the immunocytochemistry and coimmunoprecipitation assays strongly
suggest that Hoxd13 wild type and mutant proteins could bind Pegl0. However, these
experiments were performed in an artificial system and it is not clear, whether these two
proteins could interact in vivo. In order to address this question, whole mount in situ
hybridisation was performed. An antisense probe for the Peg/( gene was hybridised to mouse

embryos from stages E10.5, E11.5 and E12.5. The results indicated that at the earlier stages
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(E10.5) Pegl0 is present in most distal parts of the limb buds, however this domain seems to
expand more posteriorly in E11.5 old limb buds. At a later stage (E12.5) Pegl0 is expressed
in digits and the proximal limb region (Fig. 26). Section in situ hybridisation performed on
E13.5 and E15.5 limbs showed Pegl0 signals in digits, metacarpals, carpals and in limb

muscles. This pattern differs from Hoxd13 expression domains (Fig. 27).

hindlimb

C(-) E10.5 E11.5 E12.5 E12.5

Fig. 26 Whole mount in situ hybridisation showing expression of Pegl( during mouse embryonic development.
Pegl0 is clearly upregulated in limb buds and in the tail tip (blue signals). Negative control [C(-)] shows no
staining in both structures, indicating that the Pegl0 signal is specific. For the E12.5 stage, in addition to the

whole embryo, magnified images of a fore- and a hindlimb are shown.

Peg10

Hoxd13

E13.5 E15.5

Fig. 27 Section in situ hybridisation showing expression of Pegl/( and Hoxd13 in mouse limbs. At stage E13.5,
Pegl0 transcripts are present in the condensations of phalanges, metacarpals and carpals, as well as in muscles
(asterisks). Hoxd13 shows a different expression pattern, being present in the perichondrium (arrowhead). At
stage E15.5, both genes seem to maintain their expression pattern, however Pegl0 signals in the distal limb are
very weak. Hybridisation of gene-specific probes was performed on paraffin sections (stage E13.5) or

cryo-sections (E15.5).
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3.2.6 Investigation of other putative Hoxd13 binding proteins

In addition to Pegl0, five other genes identified in the yeast two-hybrid screen were
considered as promising candidate Hoxd13 binding partners. Co-expression of each single
clone with LexA Hoxd13-HD or with GAL Hoxd13-HD in yeast, confirmed interactions
between the candidates and Hoxd13 in both LexA and GAL4 two-hybrid systems (not
shown). Further experiments including cellular localisation studies in COS1 cells as well as

in situ hybridisation are presented in the following sub-sections.

3.2.6.1 Studies on Dixin-1

The first interesting gene, for which two slightly different clones have been found in the yeast
two-hybrid screen, is called Dlxin-1 or Magedl (melanoma antigen, family D, 1) and it
shows a limb-specific expression pattern (Matsuda et al. 2003). The longer prey plasmid
isolated in the screen contains a 349 bp long insert (1252—1600 bp according to the GenBank
entry AB029448) which covers the region encoding the WQXPXX repeat of the Dlxin-1
protein. This domain is known to interact with DIx5, a homeobox-containing transcription
factor important for limb development (Masuda et al. 2001). The same WQXPXX repeat
together with the second distinctive domain of DIxin-1, the necdin homology domain (NHD),
have been shown to be necessary for binding of Msx2, another homeodomain-containing
transcription factor which plays a role in osteoblast differentiation. The NHD alone binds
Ror2, a receptor tyrosine kinase, mutations of which are causative for limb pathologies:
brachydactyly type B (OMIM #113000) or Robinow syndrome (OMIM #268310) (Matsuda
et al. 2003). All these data made DIxin-1 an interesting candidate for a Hoxd13-interaction
partner.

Transfection of COS1 cells with pcDNA-Flag vector carrying the 349 bp long Dixin-1
fragment isolated in the yeast two-hybrid screen, and subsequent immunocytochemistry
studies revealed that the truncated Dlxin-1 protein localises to the cytosol (Fig. 28). Co-
transfection with the wtHoxd13-pTL1-HA2 construct did not influence the cellular
localisation of the truncated DIxin-1 protein (Fig. 28), suggesting that Hoxd13 and Dlxin-1
do not bind each other in COS1 cells.
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Fig. 28 Overexpression of the DIxin-1 construct in COS1 cells. Truncated DIxin-1 (green) localises to the
cytosol and does not change its cellular localisation in cells co-transfected with wild type Hoxd13 (red). Cell

nuclei are stained with DAPI in blue.

3.2.6.2 LIM domain-containing genes

Among putative Hoxd13 binding partners, three LIM domain-containing proteins were
identified in the yeast two-hybrid screen, Wtip (GenBank accession number NP_997095),
Limkl (GenBank accession number NP_034847) and Limdl (GenBank accession number
NP _038888). LIM domains are cysteine- and histidine-rich domains which bind two zinc
ions. They appear to mediate protein-protein interactions and are found in many key
regulators of developmental pathways (Dawid et al. 1998).

Wtip gene (WTl-interacting protein also known as similar to LIM domains containing 1) has
been represented by a single prey clone with the insert covering the region encoding two LIM
domains. Whole mount in situ hybridisation of the Wtip probe to mouse embryos (E10.5 and
E11.5) showed a limb specific expression pattern of this gene. Moreover, it has been shown
that the Wtip protein binds Ror2, the receptor tyrosine kinase indispensable for normal
skeletal development (Verhey van Wijk, not published). Overexpression of full length Wtip in
COSI1 cells indicated that the protein is localised in the cytosol (Fig. 29) and does not co-
localise with Hoxd13 in nuclei of cells co-transfected with the wtHoxd13-pTL1-HA2

construct (Fig. 29).
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Fig. 29 Overexpression of Wtip in COS1 cells. Wtip (green) localises to the cytosol in single-transfected cells.
Co-transfection with the wtHoxdl3 pTL1-HA2 construct (red signal) does not influence Wtip cellular

localisation. Blue staining (DAPI) marks cell nuclei.

Limkl (LIM-domain containing protein kinase) is the second LIM protein identified as a
potential Hoxd13 interaction partner. The protein contains two LIM domains, a PDZ- and a
kinase domain, and it has not been connected to limb development yet. Interestingly, it has
been shown that the human homologue, LIMKI1, can shuttle between the cytosol and the
nucleus (Yang and Mizuno 1999) and is involved in Golgi dynamics, membrane traffic and
cytoskeletal organisation (Stanyon and Bernard 1999; Rosso et al. 2004). Two prey clones
encoding the Limk]1 protein were identified in the yeast two-hybrid screen, the shorter one
covers 380-830 bp and the longer one 317-794 bp within the Limkl sequence NM_010717.
The LIM domain-encoding region is included in both inserts. The shorter Limkl fragment
was subcloned into the mammalian expression vector pcDNA-Flag and used for cellular
localisation studies. The results indicated that the partial Limk1 protein shows both cytosolic
and nuclear localisation when overexpressed in COS1 cells, suggesting a possible interaction
with the wild type Hoxd13 in the nucleus. However, the same truncated Limk1 protein does
not seem to co-localise with the aggregates formed by Hoxd13 lacking the homeodomain
(Fig. 30). Whole mount in sifu hybridisation performed with the Limkl-specific probe
showed ubiquitous expression of this gene in mouse embryos (E10.5 — E12.5) (Fig. 31).
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Fig. 30 Partial Limk1 protein (green) is present in both the cytosol and the nucleus (blue) of single-transfected
COSI1 cells. Upon co-transfection with the wild type Hoxd13 or Hoxd13-HD (red signals) there is no detectable

change in the localisation of the partial Limk1 protein.

Limk1

Limd1

Cnot3

C(-) E10.5 E11.5 E12.5 E12.5

Fig. 31 Whole mount in situ hybridisation showing expression of Limkl, Limdl and Crnot3 (blue) during mouse
embryonic development. All three genes are expressed in limb buds, however Limkl expression seems to be
more ubiquitous. Negative controls [C(-)] show only very slight staining in the head, indicating specificity of

detected signals. For stage E12.5, in addition to the whole embryo, magnified images of forelimbs are shown.
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Limdl (LIM domains containing 1) is a novel gene, being very poorly characterised so far.
The human LIMDI protein is a tumor suppressor. Its ability to bind the retinoblastoma
protein (pRB), allows shuttling of LIMD1 between the cytosol and the nucleus (Sharp et al.
2004). Sequence analysis of mouse Limdl revealed that the protein contains three LIM
domains, which according to the yeast two-hybrid data, might be responsible for Hoxd13
binding. In order to examine the expression pattern of Limdl during mouse embryonic
development, whole mount in situ hybridisation experiments were performed. The results
showed that Limd1 is expressed in mice limb buds (Fig. 31). For further analysis, the Limd1
fragment identified in the yeast two-hybrid screen (19742287 bp within the GenBank entry
NM 013860), was cloned into the pcDNA vector and overexpressed in COS1 cells. Single
transfection experiments indicated that the partial Limdl protein is present throughout the
whole cell. Co-expression with the wild type Hoxd13 or with Hoxd13-HD showed co-
localisation of the partial Limd1 protein with both Hoxd13 proteins (Fig. 32).

Limd1 (part)

Limd1 (part) +
wtHoxd13

Limd1 (part)
+ Hoxd13-HD

Alexa Fluor 488 Alexa Fluor 546 DAPI Merged

Fig. 32 Overexpression of the truncated Limdl protein in COS1 cells. Single transfection shows that Limd1
(green) is localised in the nucleus (labelled with DAPI in blue) and spreads in the whole cytosol. Double
transfections with wtHoxd13 proteins (red) show co-localisation of both proteins in the nucleus. Furthermore,
co-expression with Hoxd13 lacking the homeodomain (red), changes Limd1 pattern in the cytosol, suggesting a

possible interaction between both proteins.
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3.2.6.3 Cnot3 as a putative Hoxdl3 binding partner
Cnot3 (GenBank accesion number NM_146176) encodes a subunit of the CCR4-NOT

complex which is known to control global gene expression. Furthermore, it has been shown
that mouse and human Cnot3 orthologues can bind other transcriptional regulators (Aoki et
al. 2002; Yin et al. 2005). Cnot3 protein has a proline-serine rich region at the C-terminus and
two coiled-coil domains at the N-terminus; the function of the latter ones is not clear. The
only prey clone corresponding to Crnot3 which was found in the yeast two-hybrid screen,
covers the region encoding the second coiled-coil domain (639-941 bp within the GenBank
entry NM_146176).

In order to perform cellular localisation studies, the short prey insert was overexpressed in
COSI1 cells, either alone or together with Hoxd13 constructs. The results indicated that the
partial Cnot3 protein co-localises with both the wild type Hoxd13 protein and its N-terminal
part (Fig. 33). Whole mount in sifu hybridisation showed that Cnot3 is expressed in
embryonic limb buds (Fig. 31) and therefore it is possible that it could interact with Hoxd13

in order to regulate expression of target genes.

Cnot3 (part)

Cnot3 (part)
+ wtHoxd13

Cnot3 (part)
+ Hoxd13-HD

Alexa Fluor 488 Alexa Fluor 546 DAPI Merged

Fig. 33 Overexpression of the partial Cnot3 protein in COS1 cells. Single transfection shows that Cnot3 (green)
is localised in the cytosol and the nucleus (labelled with DAPI in blue). Double transfections with Hoxd13
proteins (red signals) indicate that the Cnot3 fragment co-localises in the nucleus with the wild type Hoxd13 and

in the cytosol with Hoxd13 lacking the homeodomain.
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4 DISCUSSION

4.1 Genotype-phenotype correlation in the patient with a trangocation
t(2;10)(g31.1;926.3)

In this study, the translocation t(2;10)(q31.1;q26.3) present in a male patient with skeletal
abnormalities and mental retardation has been investigated. Cytogenetic and molecular
analysis indicated that the breakpoint on chromosome 10 disrupts the MGMT gene, whereas
on chromosome 2 the break is localised approximately 390 kb centromeric to the HOXD
cluster. Moreover, there was no indication that any gene might be disrupted on chromosome
2. The relevance of both breakpoints for the patient’s phenotype will be discussed in the

following sections.

411 The MGMT gene on chromosome 10 disrupted by the breakpoint does not seem
to beresponsible for the limb phenotype of the patient

The methylguanine-DNA methyltransferase (MGMT) gene disrupted in the patient encodes
an enzyme involved in the repair of O°-alkylguanine-containing DNA. The O°-alkylguanine-
DNA adducts are potent pre-mutagenic lesions, since the modified guanine preferentially
mispairs with thymine, instead of building a pair with cytosine. As a result, the G:C 2> A:T
mutations may appear in the DNA. MGMT removes the alkyl group from the DNA by
transferring it to its own cysteine residue. This process irreversibly inactivates the protein and
the alkylated form of MGMT accumulates as a dead-end product. Therefore, the capacity to
repair the O°-alkylguanine residues is limited by the number of MGMT molecules present in
the cell.

In the 1990s two groups created MGMT knockout mice in order to study the gene function.
Tsuzuki et al. showed that the MGMT 7 mice were normal, except for a slight growth
retardation (Tsuzuki et al. 1996), whereas Glassner et al. did not observe any pathologies and
abnormalities during development of the knockout mice (Glassner et al. 1999). Therefore, it
is rather unlikely that MGMT contributes to limb formation. On the contrary, recent data
suggest a link between MGMT and cancer. Downregulation of the MGMT gene might

participate in tumour formation, whereas its upregulation seems to prevent this process
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(Sakumi et al. 1997; Nakamura et al. 2001; Oue et al. 2001; Reese et al. 2001; Zhou et al.
2001; Smith-Sorensen et al. 2002). Thus, all these data suggest that disruption of the MGMT

gene probably did not cause the limb malformations present in the patient.

4.1.2 Could thedisruption of MGMT haveinfluenced the mental status of the patient?

MGMT is ubiquitously expressed in adult human tissues, as shown in this study in Northern
blot experiments. However, different tissues express this gene at various levels, with the
highest expression in liver and a very low expression in brain. A similar situation can be seen
in foetal tissues. The amount of mRNA of the MGMT gene in different cell types correlates
with the enzymatic activity of the protein measured by several groups (Grafstrom et al. 1984;
Wiestler et al. 1984; Pegg et al. 1985). However, during embryonic development a critical
factor can be the rate of DNA repair relative to that of DNA replication. Therefore, some
authors compared the activity of MGMT to the activity of DNA polymerase in extracts from
different tissues (Krokan et al. 1983). Measured in this way, the lowest activity of MGMT
was found in brain of most foetuses. These data suggest that the brain might be more exposed
to the risk of DNA mutations than other organs.

Quantitative analysis of MGMT expression revealed that in lymphoblastoid cell lines derived
from the translocation patient, the level of MGMT mRNA was reduced by approximately
50% compared to the control. This is in accordance with the finding that the translocation in
the patient caused the disruption of one MGMT allele. Decrease of MGMT expression in
patient’s brain during embryogenesis might have led to accumulation of DNA mutations in
neuronal tissue, which might have influenced the development of cognitive functions in the

patient.

4.1.3 Thereisno evidencefor any gene disrupted on chromosome 2 in the patient with
thetrandocation t(2;10)(g31.1;926.3)

The results of RT-PCR experiments suggest that no gene is disrupted on the chromosome 2 in
the translocation patient. However, recent sequence data available from the UCSC Genome
Browser Gateway (May 2004 assembly) indicate that much more ESTs are present on the
breakpoint-spanning BAC RP11-538A12 and on the neighbouring BACs than thought before.
Since these ESTs are either unspliced or repetitive, it is rather unlikely that any of them might

represent a gene.
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4.1.4 HOXD genes located close to the breakpoint on chromosome 2 are good

candidatesfor the limb phenotype in the patient

The translocation patient presented in this study shows a phenotype similar to that of SPD
patients with mutations in the HOXD13 gene. However, sequence analysis of HOXD13 in the
patient showed no abnormalities within this gene, indicating that the SPD phenotype must
have been caused by other defects, most likely by effects of the translocation.

Experiments performed in mice indicate that four posterior Hox genes, Hoxal3, Hoxd11,
Hoxd12 and Hoxd13 can control digit development (Dolle et al. 1993; Davis and Capecchi
1996; Kondo et al. 1996; Zakany et al. 1997; Kondo et al. 1998). Progressive reduction in the
dose of these genes results in adactylous limbs in mutant mice. Interestingly, the intermediate
stage in the pentadactyl to adactyl transition is characterised by polydactyly. The latter
phenotype is present in a triple Hoxd11l/Hoxd12/Hoxd13 knockout mouse, suggesting that
SPD is caused by a loss of function of the HOXD11-13 genes, rather than inactivation of
HOXD13 alone. Therefore, it is very likely that in the translocation patient described in this
study, the breakpoint located in the vicinity of the HOXD genes affected their proper
expression leading to the SPD phenotype. Various hypotheses for the putative deregulation of

the HOXD genes are discussed in the following sections.

415 Chromosomal rearrangements can cause disorders in humans and mice via

position effect

Balanced chromosomal rearrangements may be associated with pathological phenotypes in
humans. One possible mechanism for this is disruption of a gene caused by a breakpoint.
However, during the past few years several patients with balanced chromosomal
rearrangements and a disease phenotype, who do not carry a disrupted gene, were reported
(Kleinjan and van Heyningen 1998; Marlin et al. 1999; Di Paola et al. 2004; Kleinjan and van
Heyningen 2004; Lower et al. 2004; Muncke et al. 2004; Tadin-Strapps et al. 2004). This
phenomenon can be explained by a so called position effect, which is defined as a deleterious
change in the level of gene expression caused by a change in the normal chromosomal
environment of the gene (Kleinjan and van Heyningen 1998).

There are several known cases in humans, where breakpoints involving chromosomal band
2q31 are thought to cause improper development of skeletal structures via position effect.

One example is a family with mesomelic dysplasia and vertebral defects, carrying a balanced
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translocation t(2;8) (Spitz et al. 2002). In addition, a female patient reported with a
pericentric inversion inv(2)(p15q31.1) showed bilateral aplasia of radial, ulnar and fibular
bones, hypoplasia and dislocation of both tibiae and defects in metacarpals and phalanges
(Dlugaszewska et al. 2005). Another known case is a female patient with a balanced
translocation t(2;10)(q31.1;g23.3) showing shortening and aplasia of upper limb structures,
affecting zeugo- and autopods, and with a slight dextro-convex scoliosis (Dlugaszewska et al.
2005). In all these cases the breakpoints on the long arm of chromosome 2 have been mapped
to regions telomeric to the HOXD cluster. It is believed that these rearrangements cause
position effects, resulting in misregulation of HOXD gene expression.

An additional support comes from the analysis of the X-ray induced mouse mutant ulnaless
(Ul), which shows a very severe phenotype, with an affected zeugopod and almost complete
absence of ulnae (Herault et al. 1997; Peichel et al. 1997). Recently, it has been shown that an
inversion occurred on chromosome 2 in the ulnaless mouse, with the breakpoints surrounding
the Hoxd cluster (Spitz et al. 2003). It is very likely that this rearrangement is the reason for
misregulation of posterior Hoxd expression observed in limb buds of the Ul mouse (Peichel et

al. 1997) and therefore the cause for the limb phenotype.

4.1.5.1 Mechanisms leading to a position effect

In general, different mechanisms can lead to a position effect. First, a chromosomal
rearrangement might separate regulatory elements from the gene, thus resulting in its
misexpression. Secondly, a gene and an enhancer element from another transcriptional unit
could be juxtaposed by a rearrangement. Thirdly, one gene together with its regulatory
elements might be placed next to a second gene, and the competition for the same regulatory
elements between both of them could change the expression level of the first gene. Lastly, the
rearrangement could lead to position effect variegation. Assuming that the translocation in the
patient presented in this study led to a change in HOXD gene expression, it would be
interesting to find out which of these mechanisms contributed to the disease phenotype.

It has been suggested that expression of the posterior Hoxd genes in limb buds is dependent
on both local regulatory elements lying in the direct vicinity of these genes as well as on
enhancers lying outside of the cluster. Especially, two global elements, a putative early limb
control region and the digit enhancer, lying respectively 3’ and 5’ of the Hoxd genes are
involved in the regulation of the whole complex (Deschamps 2004). Since the breakpoint in

the translocation patient occurred 5’ to the HOXD complex, the important question to answer
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is, whether 5’ regulatory regions are affected by the rearrangement. Recently, the position of
the human digit enhancer has been narrowed down to a 40 kb long sequence present on BAC
clone 504020 (Spitz et al. 2003). In the translocation patient, this region is neither disrupted
nor separated from the HOXD cluster by the rearrangement. However, it is still possible that
other regulatory elements responsible for HOXD expression may also be present further
upstream to this digit enhancer. This hypothesis is supported by the fact that the region 5’ to
the 2q31.1 breakpoint in the translocation patient was shown to be highly similar to the
corresponding region in mouse. It is broadly accepted that sequence conservation maintained
during evolution, reflects an important role of the conserved elements. Since there is no
evidence for a gene in this region, the presence of regulatory elements is one possible
explanation for the sequence similarity close to the breakpoint. If this theory was true, it
would be possible that these, till now unknown, regions could be affected by the
translocation.

Another mechanism leading to the position effect suggests that the rearrangement, which
brings together two different chromosomes, could place the HOXD cluster under the
influence of another regulatory element located on chromosome 10 or that the impact of the
digit enhancer on the HOX genes could be reduced by another transcriptional unit lying on
the centromeric side of the breakpoint. The first suggestion is possible, however at the present
state of knowledge it has a very speculative character. Nothing is currently known about
regulatory elements of MGMT or other genes in the vicinity of the breakpoint at 10q26.3. The
second mechanism is rather unlikely, since MKI67, the closest gene located approximately
1.4 Mb centromeric to the chromosome 10 breakpoint, lies probably too far away to be able
to compete with HOXD genes for the digit enhancer.

The last mechanism, the classical position effect variegation causes silencing of a gene by
inserting it into or nearby a heterochromatic region. Alternatively, a long-range insulator or
another boundary element may be removed by the rearrangement, which results in spreading
the heterochromatin and inactivating of the whole locus. However, it is rather unlikely that
one of these mechanisms caused the putative misregulation of the HOXD genes in the patient,
since the whole HOXD cluster has been placed into the middle of the transcriptionally active

region at 10g26.
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4.1.5.2 HOXD gene expression may be influenced by the accessibility of the entire cluster

for transcription factors

Regulation of posterior Hoxd genes in limb buds is most likely regulated by the interplay
between Cis-acting elements and trans-acting factors. Till now two groups of genes,
Polycomb (PcG) and trithorax (trxG) have been implicated in maintenance of the active or
the silent state of HOX genes in Drosophila (Simon 1995). Later, PcG and trxG homologues
were also found in mammals (Schumacher and Magnuson 1997). Different Polycomb or
trithorax mouse mutants showed homeotic transformations in the vertebral skeleton which
corresponded to the shift in Hox gene expression domains (Alkema et al. 1995; Akasaka et al.
1996). These observations suggested that the role for Polycomb and trithorax genes in the
regulation of HOX gene expression along the main body axis is conserved between Drosophila
and mammals.

Results published during the last few years provided evidence that PcG genes may also play a
role in proper expression of posterior Hoxd genes in mouse limb buds (Barna et al. 2000;
Barna et al. 2002). According to these studies, Bmi-1 belonging to the Polycomb group
proteins binds Plzf, a nuclear zinc finger protein. Plzf can recognise and bind different
regulatory sequences within the Hoxd locus, and it can remodel the chromatin by histone
deacetylation, which results in Hoxd repression. In addition, Plzf can mediate long-distance
interactions between CiS regulatory elements within the Hoxd locus. Therefore, Plzf together
with its interacting partner Bmi-1 are excellent candidates for factors which could integrate
both local and global regulatory mechanisms in order to mediate the correct expression of
posterior Hoxd genes. It is very likely that they are not the only players in this complex
system and that other regulatory proteins will be discovered soon.

Binding of transcriptional regulators to DNA might be dependent on proper chromatin
architecture (Kornberg and Lorch 1992; Nourani et al. 2004). Since it has been proposed that
the chromatin structure of any locus can be determined by the combination of Cis-acting
elements and by the wider chromosomal and nuclear environment (Kleinjan and van
Heyningen 2004), it is plausible that chromosome rearrangements could alter the chromatin
architecture. In fact, changes in chromatin structure have been proposed following insertion
of some transgenes (de Graaff et al. 2003) or in case of small deletions (Jiang et al. 2003).
Hence, it is possible that the translocation, which has occurred in the patient presented here,
changed the chromatin structure around the HOXD locus. This event might have modified the

access to the chromatin for transcription factors, disturbed the interplay between cis- and
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trans-acting regulatory elements and resulted in deregulation of HOXD gene expression and

the limb phenotype in the patient.

4.1.6 Areothersgenespossibly involved in the patient’s phenotype?

Interestingly, changes in the global chromatin structure might also influence expression of
other genes near the chromosome 2 breakpoint. The closest gene, located only 220 kb
telomeric to the breakpoint in the translocation patient, is KIAA1715. It spans over 75 kb of
the genomic sequence at 2q31 and it is transcribed from the opposite strand compared to the
HOXD cluster. Another candidate, EXV2, is lying 380 kb telomeric to the breakpoint and has
the same orientation as KIAA1715. Mouse homologues of both genes, Lnp and Evx2, show
the same expression pattern in limb buds and external genitalia as Hoxd13, which suggests
that all three transcription units are under the control of the same regulatory sequences. In
addition, Lnp is also expressed in the developing central nervous system in a highly similar
pattern to that of Evx2, and it has a specific expression domain in the eyes, the heart and the
forebrain (Spitz et al. 2003). The neural enhancer that may activate KIAA1715 and EVX2 is
located in part within the same 40 kb region as the digit enhancer mentioned earlier.
Therefore, it is possible that both the limb and the neuronal expression domains of KIAA1715
and EVX2 have been affected by the translocation via position effect. Since the translocation
patient has cognitive deficits in addition to limb abnormalities, it is tempting to link the

central nervous system phenotype with disturbed expression of KIAA1715 or EVX2.

4.2 Search for interaction partners of Hoxd13 protein

The second part of this study focused on the search for Hoxd13 interaction partners in order
to shed more light on the molecular basis of limb development. It has been suggested that
Hox proteins act in complexes (see also section 1.3.7), however little is known about Hox
cofactors playing a role in the development of distal limbs. To address this question, a yeast
two-hybrid screen was performed, and in this approach many putative Hoxd13 interaction
partners were identified. Several candidates were analysed in more detail, and the results of

these studies will be discussed in the following sections.
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4.2.1 PeglOisaputative Hoxd13 binding protein
Pegl0, the paternally expressed gene 10, has been mapped to an approximately 1 Mb long

cluster of imprinted genes on mouse chromosome 6 (Ono et al. 2003). It is highly conserved
between species, with homologous sequences in humans, cow, rat, mink, pig, rhesus and
pufferfish. The presence of two long overlapping open reading frames (called ORF1 and
OFR2) and the similarity of their predicted amino acid sequences to retroviral proteins Gag
and Pol suggested that Pegl0 is a retrotransposon fossil in the mammalian genome (Ono et
al. 2001; Shigemoto et al. 2001). Similarly as for other viral genes, a single Peg10 transcript
gives rise to two partially different proteins (Shigemoto et al. 2001; Lux et al. 2005).

4.2.1.1 Partsof the Pegl0 protein bind Hoxd13-HD in yeast

In the yeast two-hybrid screen performed with the LexA Hoxd13-HD bait, eight different
Pegl0 clones were identified. Five of them contained the 5’ part of the Peg10-ORF2, whereas
three other clones were very similar to each other and covered the 3’ end of the Peg10-ORF2.
Binding to Hoxd13 lacking the homeodomain was confirmed in the LexA and GAL4 yeast
systems for five positive clones originating from both the 5’ and the 3’ ends of the ORF2.
Therefore, it seemed plausible that the full length Pegl0 and Hoxd13 proteins could be real
binding partners. Moreover, the results suggested that the N-terminus of Hoxd13 is sufficient
for the binding. For Pegl0, the putative interacting regions are located at the N- and the C-
terminus of the Peg10-ORF2, and are separated by approximately 150 amino acids. However,
it is possible that these two regions could be brought into proximity by protein folding and in

this way they might be both responsible for binding to Hoxd13.

4.2.1.2 Interaction between Peg10 and Hoxd13 in mammalian cells

In spite of intensive attempts it was not possible to clone repetitive sequences present in the
Pegl0 gene, therefore for further experiments a partial PeglO clone containing the ORF2-
encoding sequence identical to GenBank entry AB091827 was used. Subsequent
overexpression experiments showed that Pegl 0-ORF2 perfectly co-localises with the Hoxd13
protein lacking the homeodomain in the cytosol of COS1 cells. Moreover, similar studies
have been performed for the wildtype Hoxd13. In the COS1 cells transfected with the Pegl10-
ORF2 construct, the overexpressed protein showed solely the cytosolic localisation.

Co-expression of wildtype Hoxd13 and Pegl0-ORF2 induced in some cells a clear change in
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Pegl0 localisation, from the cytosol to the nucleus. This alteration in cellular localisation
suggests that PeglO0 might interact with Hoxd13. However, it is not clear, why the co-
localisation could not be seen in every double transfected cell. One possible explanation is
that Hoxd13 and Pegl0 bind each other only in a specific phase of the cell cycle, similarly as
it is known for several proteins involved in the DNA-repair or the DNA-replication
(Taniguchi et al. 2002; Fan et al. 2004).

The results of the coimmunoprecipitation assay clearly show that Pegl0-ORF2 binds to full
length Hoxd13. Therefore, it is very likely that the long version of Pegl0 containing both
ORF1 and ORF2 could also interact with Hoxd13.

Further experiments are needed to answer the questions, whether Hoxd13 binds Pegl0 in the
direct way and whether this interaction is dependent on DNA binding. In several reported
cases, Hox proteins have been shown to interact directly with various proteins, for instance
with Pbx or Meis (Shen et al. 1996; Shen et al. 1997), whereas other cofactors like Prep or
Spl might be bound to Hox in the indirect way (Fognani et al. 2002; Suzuki et al. 2003).
Moreover, in the same reports it has been shown that formation of complexes between
Hoxd13 and Pbx or Meis is dependent on DNA binding. Interestingly, in all these cases
interactions between Hox and other proteins require only the N-terminus of the Hox protein.
The same seems to be true for Pegl0 binding, since Hoxd13 lacking the homeodomain co-
precipitated with Pegl0-ORF2. In contrast, binding to Gli3, occurs via the homeodomain of
Hoxd13 (Chen et al. 2004). This suggests that Hoxd13 could bind different factors via
various domains. Hence, it is possible that Hoxd13, similarly as anterior Hox proteins, could

participate in multimeric complexes.

4.2.1.3 DoesPegl0 bind Hoxd13 in vivo?

Although it has been shown that Hoxd13 and parts of the PeglO protein could interact in
transformed mammalian cells, the question of much higher biological relevance is whether
the binding between Pegl0 and Hoxd13 could also occur during mouse embryogenesis. In
order to address this question, the expression profile of Pegl0 was examined by whole mount
in situ hybridisation. Comparison with the known Hoxd13 expression domains (Albrecht et
al. 2002) revealed that at the early stages of mouse development (E10.5) expression of both
genes can be detected in similar domains of the distal limb bud. At a slightly later stage
(E11.5) expression domain of PeglO becomes broader and certainly covers the area

expressing Hoxd13. At stage E12.5, Pegl0 transcripts can be observed among others in digits
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and in the proximal mesoderm, wherecas Hoxd13 is present in the interdigital zones. Different
expression domains of both genes were also shown by section in situ hybridisation at the later
stages of limb development. All these data suggest that Pegl0 and Hoxd13 could interact at
early stages of development, being expressed in the same regions of limb buds. However,
further studies will be needed to confirm the presence of Hoxd13/Pegl0O complexes in these
tissues. At the later stages of embryogenesis, Hoxd13 and PeglO genes are expressed in

different cells and therefore it is rather unlikely that their products can bind each other.

4.2.1.4 A putative role of Peg10 proteins and Hoxd13/Peg10 complexesin limb devel opment

Functional analyses of Pegl0 were performed almost exclusively for the protein encoded by
ORFI1 (Okabe et al. 2003; Tsou et al. 2003). However, the longer version of Pegl0 contains
both ORF1 and ORF2, suggesting that it could share functional properties with the shorter
prtotein. The endogenous PEG10 has been shown to be upregulated in human hepatocellular
carcinoma cells and during liver regeneration in mice. This suggests that the PEG10 gene
product could exert some regulatory function in cell cycle progression. Further experiments
supported this hypothesis by showing that overexpression of human PEG10-ORF1 results in
an increased rate of Gy to S transition in 293T cells (Tsou et al. 2003). Moreover, Tsou et al.
showed that the growth of hepatoma cells is suppressed after their transfection with PEG10-
specific antisense oligonucleotides. In line with these results, PEGI0 overexpression
experiments indicated a protective role of this protein in apoptosis (Okabe et al. 2003). All
these data are in agreement with the expression pattern of the PeglO gene observed in this
study in mouse embryonic limbs containing a large number of highly proliferating cells.
Interdigital zones of the limb buds, where apoptosis occurs, showed no expression of Pegl0
mRNA.

In vitro studies on the human PEG10-ORF1 protein indicate that it can bind to the activin
receptor-like kinase 1 (ALK 1) and to other receptors for members of the transforming growth
factor beta (TGF-B) superfamily, for instance BMP receptors (Lux et al. 2005). These data
provide a link between PEG10 and BMP signalling, which plays an established role in limb
development. Binding between diffent receptors and PEG10 assumes that the latter protein
must be present in the cytosol, and indeed a few authors report cytosolic localisation of
PEG10-ORF1 (Okabe et al. 2003; Tsou et al. 2003; Lux et al. 2005). On the other hand, there
are some hints suggesting that PEGI0 might be a transcriptional regulator. Sequence

comparison revealed that the murine Pegl0-ORF1 protein is probably identical to the myelin
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expression factor 3 (GenBank acc. number of the nucleotide sequence: AF302691), a brain-
derived transcriptional activator containing a predicted nuclear localisation signal (NLS)
(Steplewski et al. 1998). Moreover, Okabe et al. showed that PEG10-ORF1 can be found
throughout the whole cell, thus also in the nucleus (Okabe et al. 2003). Up to now, there are
no reports showing cellular localisation of the longer version of PEG10. In this study it was
shown that the protein corresponding to the murine Pegl0-ORF2 is present in the cytosol,
when overexpressed in COS1 cells. However, its localisation can be changed upon co-
expression with Hoxd13, and Pegl0-ORF2 can co-localise with Hoxd13 in the nucleus. The
putative role of Pegl0 as a transcription factor can be also supported by the fact that both
ORF1 and ORF2 of PeglO can encode zinc finger domains, which are commonly known
DNA-binding motifs.

Considering all these data it is tempting to hypothesise that Peg10 might be involved in BMP
and TGF- signal transduction and it might shuttle between different cell compartments.
When present in the nucleus, Pegl0 could form complexes with Hoxd13 in order to regulate
expression of various target genes during embryogenesis. Since different Hox genes, as well
as Pegl0, were described as oncogenes (Okabe et al. 2003; Lawrence et al. 2005), their
products could act synergistically by activating other factors responsible for cell proliferation.
However, Hoxd13 can also activate genes involved in other processes. For instance, the
Hoxd13 protein present in the interdigital zones is thought to induce expression of BMPs
which mediate apoptosis, a process necessary for digit separation (Suzuki et al. 2003). Since
Peg10 expression has not been observed in the interdigital zones, it could not co-operate with
Hoxd13 in the activation of apoptotic genes. Therefore, various Hoxd13 activities might
require numerous interaction partners that would assure the specificity of the DNA binding

and would modulate Hoxd13 function.

4.2.1.5 Ala-stretch mutations within Hoxd13 do not influence the binding to Peg10

Human HOX-associated pathologies have been extensively investigated for several years.
One of these disorders, synpolydactyly (SPD), is caused by extensions of the polyalanine
stretch in the HOXDI13 protein (Akarsu et al. 1996; Muragaki et al. 1996; Goodman et al.
1997; Kjaer et al. 2002). Studies performed in mice and in transformed cell lines suggested
that a similar mutation in murine Hoxd13 results in a misfolded protein which is either
degraded or accumulates in the cytosol and therefore cannot fulfil its normal function

(Albrecht et al. 2004). In order to see whether mutations in Hoxd13 change its ability to bind
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interaction partners, immunocytochemistry and coimmunoprecipitation studies with Pegl0
and mutant Hoxd13 proteins were performed.

The results showed that the binding of Pegl0-ORF2 to Hoxd13 is not affected by different
lengths of alanine expansions in Hoxd13, since both Hoxd13+14Ala and Hoxd13 2Ala co-
precipitate with Pegl0-ORF2.

Immunocytochemistry studies showed that Peg10-ORF2 co-localises with wild type Hoxd13
or Hox13 2Ala in nuclei of COSI1 cells. However, overexpression of Pegl0-ORF2 together
with the pathogenic Hoxd13+14Ala mutant, changes the cellular localisation of both proteins.
Peg10 becomes incorporated into Hox aggregates and cannot enter the nucleus anymore. This
suggests that the normal function of Pegl0 might be abolished. Similarly, other authors
proposed that co-localisation with aggregates might alter functions of various proteins
(Boutell et al. 1999; Steffan et al. 2000; Albrecht et al. 2004). Therefore, it is possible that the
aggregate sequestration of Pegl0 and other Hoxd13 binding partners might contribute to the
severity of SPD.

4.2.2 Other potential Hoxd13 interaction partners

Five other putative Hoxd13 interaction partners identified in the yeast two-hybrid screen were
examined in this study. Two of them, Dlxin-1 and Wtip, do not co-localise with wildtype
Hoxd13 in COSI1 cells. Similarly, Limk1 does not show any clear colocalisation with Hoxd13
lacking the homeodomain. These data suggest that there is no binding between Hoxd13 and
these candidates in COS1 cells.

Two other genes, Limdl and Cnot3, seem to be much more interesting. Both are expressed in
limb buds during mouse embryonic development. Furthermore, the partial Limd1 and Cnot3
proteins co-localise with both Hoxd13-HD and wildtype Hoxd13 in mammalian cells. Cnot3,
which is a member of a transcription regulatory complex, might modify Hoxd13 function and
influence expression of different target genes. Limd1 is a novel gene, therefore more studies
would be necessary to uncover its function. In general, for both candidates further
experiments are needed, involving cloning of full length ORFs and subsequent co-localisation

and binding studies in mammalian cells.

4.2.3 Outlook

HOXD-associated human disorders are being currently investigated in detail. Findings from

the recent few years allowed researchers to identify several mechanisms on the cellular and
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the DNA level that contribute to the ethiology of these disorders. However, an important step
in better understanding of these processes is the identification of Hoxd13 binding proteins.
Several potential Hoxd13 interaction partners were presented in this thesis, however only one
of them, Pegl0, was analysed in more detail. Future studies should be performed in order to
confirm Hoxd13/Pegl0 interaction in vivo. For this purpose, Pegl0-specific antibodies were
generated. Furthermore, functional analysis of PeglO protein could be performed, including
generation of PeglO ” and Pegl10/Hoxd13 double knockout mice in order to observe the
genetic interaction between both partners. Moreover, Limdl and Cnot3 should be further
analysed to confirm or to exclude their ability to bind Hoxd13. Preliminary experiments
might be performed in vitro, similarly as it was done for PeglQ. In case the results are
positive, further studies would be needed to confirm the potential interactions in vivo and to

elucidate cellular pathways in which Limd1 and Cnot3 proteins take part.
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5 SUMMARY

The HOX genes encode an evolutionary conserved family of transcription factors playing an
important role in embryonic development. In particular, the posterior HOXD genes are
involved in limb patterning in higher vertebrates. Different HOXD mutations are associated
with limb anomalies in humans and in mice. One of them, synpolydactyly (SPD), a severe
dominant disorder characterised by digit duplications and webbing, has been connected to
various mutations within the HOXD13 gene.

In this study the chromosome translocation t(2;10)(q31.1;q26.3) present in a male patient
with mental retardation and SPD was investigated. The breakpoints were mapped and cloned
using cytogenetic and molecular approaches. The results indicated that on chromosome 10,
MGMT, a gene coding for a DNA-repair enzyme has been disrupted. However, up to now
there is no link between this gene and limb development, suggesting that MGMT 1is not
responsible for the skeletal abnormalities present in the patient. On chromosome 2, the
breakpoint occurred approximately 390 kb centromeric to the HOXD complex and did not
truncate any known gene. However, it has been recently shown that changes in the global
chromosomal environment might lead to misregulation of gene expression by so-called
position effects. Therefore, it is likely that the translocation affected the precise regulation of
HOXD expression resulting in their loss of function and leading to limb abnormalities in the
patient.

Studies on molecular bases of limb development and pathogenesis performed during the last
years led to identification of many pathways and mechanisms responsible for these processes.
However, many questions still need to be answered. To find new players involved in distal
limb patterning, I have searched for Hoxd13 interaction partners using the yeast two-hybrid
technique. Several candidates were identified and further tested in yeast and mammalian
systems. One of them, PeglO has been shown to co-localise with wildtype and mutant
Hoxd13 proteins in COS1 cells. Moreover, binding between these proteins was confirmed in
the coimmunoprecipitation assays. Whole mount in situ hybridisation experiments indicated
that Pegl10 is expressed in distal limb buds during mouse embryogenesis. At the early stages
of limb development (E10.5 and E11.5) the Pegl0 expression domain overlaps with that of
Hoxd13, suggesting that both proteins might interact in vivo. The results presented in this

study together with literature data suggest that Pegl0 could modulate Hoxd13 function and
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that both interacting proteins might co-operate in order to regulate transcription of various
target genes. However, additional experiments will be necessary to confirm this hypothesis
and to explain in detail the role of Hoxd13/Pegl0 complexes in vivo. Moreover, it would be
interesting to further analyse two other potential Hoxd13 binding partners, Limd1 and Cnot3.
Binding assays and functional studies could give us new data valuable for better

understanding limb patterning processes.
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6 ZUSAMMENFASSUNG

Die HOX Gene kodieren fiir eine evolutiondr konservierte Familie von
Transkriptionsfaktoren, die eine wichtige Rolle wéhrend der Embryogenese spielen.
Insbesondere sind die posterioren HOXD-Gene an der Ausbildung der Extremitéten beteiligt.
Verschiedene HOXD-Mutationen wurden mit Extremititenfehlbildung bei Mensch und Maus
assoziiert. Eine dieser Krankheiten, die Synpolydaktylie (SPD), wird durch verschiedene
Mutationen im HOXD13 Gen verursacht.

In dieser Studie wurde die Translokation t(2;10)(q31.1;q26.3) in einem ménnlichen Patienten
untersucht. Der Junge ist geistig behindert und zeigt verschiedene Knochenanomalien,
inklusive SPD. Die chromosomalen Bruchpunkte wurden mit Hilfe von unterschiedlichen
zytogenetischen und molekulargenetischen Methoden kartiert und kloniert. Die Ergebnisse
zeigten, dass der Bruchpunkt auf dem Chromosom 10 das MGMT Gen unterbricht. Da dieses
Gen fiir ein DNA-Reparaturenzym kodiert und da es keine Hinweise zu dessen Rolle in der
Extremitdtenentwicklung gibt, ist es unwahrscheinlich, dass MGMT fiir die
Knochenfehlbildung bei diesem Patienten verantwortlich ist. Der Bruchpunkt auf dem
Chromosom 2 wurde ungefihr 390 kb centromerisch vom HOXD-Cluster kartiert. Er
unterbricht kein bekanntes Gen. In der letzten Zeit wurde bekannt, dass die Fehlregulation
der Genexpression mit einer verdnderten chromosomalen Umgebung zusammenhéingen kann.
Dieses Phanomen wird als Positionseffekt bezeichnet. Daher ist es sehr wahrscheinlich, dass
die Translokation die pridzise Regulation der HOXD Gene beeinflusst hat. Dies konnte zum
Verlust der HOXD Funktion und zum SPD-Phénotyp im Patienten fiihren.

Studien der letzten Jahre haben zur Identifizierung einer Reihe von Mechanismen gefiihrt, die
an Extremitdtenentwicklung und —pathogenese beteiligt sind. Trotzdem gibt es dabei noch
viele Fragen, die beantwortet werden miissen. Um neue Molekiile zu identifizieren, die in
diesen Prozessen eine wichtige Rolle spielen, habe ich nach Hoxd13-Interaktionspartnern mit
Hilfe der Hefe-2-Hybrid-Methode gesucht. Mehrere Kandidaten wurden als potenzielle
Hoxd13-Bindungsproteine identifiziert und im Hefe- und Affennierenzellsystem weiter
analysiert. Einer der Kandidaten, Pegl0, kolokalisiert mit den Wildtyp- und den mutanten
Hoxd13-Proteinen in COS1-Zellen. Zusitzlich wurde die Bindung zwischen PeglO und
Hoxd13 Proteinen durch Koimmunoprizipitationsstudien nachgewiesen. Die Ergebnisse der

Whole mount in situ Hybridisierung zeigten, dass Pegl0 wihrend der Mausembryogenese in
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den distalen Teilen der Extremitdtenknospen exprimiert wird. Die Expressionsdoménen von
Pegl0 und Hoxd13 iiberlappen sich in den frithen Stadien der Extremitidtenentwicklung
(E10.5 und E11.5). Das deutet darauf hin, dass die beiden Proteine in vivo interagieren
konnten. Die Ergebnisse dieser Studie, zusammen mit bereits publizierten Daten, lassen
vermuten, dass Pegl0 die Funktion von Hoxd13 moduliert und dass die beiden Proteine die
Transkription von verschiedenen Zielgenen regulieren. Weitere Experimente sind notig, um
diese Hypothese zu bestitigen und die genaue Rolle der Hoxd13/Pegl0 Komplexe in vivo zu
klaren. Zwei andere Kandidaten fiir Hoxd13-Bindungspartner, Limd1l und Cnot 3, sollten
weiter untersucht werden, um ihre moglichen Interaktionen mit Hoxd13 zu bestdtigen. Die
funktionellen Analysen der Kandidatengene konnten zum besseren Verstdndnis der

molekularen Grundlagen der Extremititenentwicklung beitragen.
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7 ELECTRONIC DATABASE INFORMATION

GenBank, http://www.ncbi.nlm.nih.gov/Genbank/

BLAST, http://www.ncbi.nlm.nih.gov/BLAST/

ClustalW, http://searchlauncher.bcm.tmc.edu/multi-align/multi-align.html

Mouse Genome Informatics (MGI), http://www.informatics.jax.org/

NIX, http://www.hgmp.mrc.ac.uk/Registered/ Webapp/nix/

OMIM, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM

UCSC Genome Browser Gateway, http://genome.ucsc.edu/cgi-bin/hgGateway/

Whitehead Institute YAC and RH map, http://www.broad.mit.edu/cgi-bin/contig/phys map
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11.1 Vector pVP16

ADH promoter /SP6 promoter

VP16 activation domain

\ MCS

ADH terminator

pVP16

7500 bp 2
fl
o Amp
A: Schematic map of the pVP16 vector
VP16 activation domain (AD) MCS

GAG CAG ATG TTT ACC GAT GCC CTT GGA ATT GAC GAG TAC GGT GGG ATC
E Q M F T D A L G I D E Y G G I

BamHI1 Notl stop stop stop

GAT TGG ATC CCC GGG TAC CGA GCT CAA TTG CGG CCG CTA GAT AGA TAG
D W I P G T R A Q L R E L D R &

B: Multiple cloning site (MCS) of the pVP16 vector. Only unique restriction sites are marked. Nucleotide
triplets are shown in frame together with the corresponding amino acids (blue letters). Stop codons are in all

three frames.
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11.2 Vector pBTM 116

ADHI promoter

_LexA DNA binding domain
21

MCS

~ ADHI terminator

pBTM116

5693 bp

- Trpl

Amp

A: Schematic map of the pBTM 116 vector

LexA DNA binding domain (DNA-BD)

ATT GAA GGG CTG GCG GTT GGG GTT ATT CGC AAC GGC GAC TGG CTG

I E G L A Vv G \Y L R N G D W L
MCS
= EcoRl Smal  BamHl Sall Pstl stop

GAA TTC CCG GGG ATC CGT CGA CCT GCA GCC AAG CTA ATT CCG GGC
E F 2 G I R R P A A K L I B G

stop stop

GAA TTT CTT ATG ATT TAT GAT TTT TAT TAT TAA
E F L M I 4 D F Y Y *

B: Multiple cloning site (MCS) of the pPBTM116 vector. Nucleotide triplets are shown in frame together with the

corresponding amino acids (blue letters). Stop codons are in all three frames.
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11.3 Vector pcDNA-Flag

ribosome binding site

'CMV promoter

Flag tag
MCS

BGH polyadenylation sequence

pcDNA-Flag
5400 bp )
pUC ori f1 ori
~ SV40 ori
SV40 early polyadenylation signal
‘Neo
A: Schematic map of the pcDNA-Flag vector
Flag ta
oo MCS
ey
Nortl Clal  stop
ATG GAC TAC AAG GAC GAC GAC GAC AAG GGG CGG CCG CAG ATC GAT TAG
M D Y K D D D D K G R P o) I D *
Xbal Apal Pmel Bell

TTC TAG AGG GCC CGT TTA AAC CCG CTG ATC AGC GG
stop

B: Multiple cloning site (MCS) of the pcDNA-Flag vector. Nucleotide triplets are shown in frame together with

the corresponding amino acids (blue letters).
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11.4 Vector pTL1-HAZ2

HA tag MCS

i

ATG GCT TAC CCA TAT GAC GTC CCA GAC TAC GCT AGC TTG AGA TCC GGA

M A ¥ P b'é D V P D oY, A S L R S G
EcoRI1 BamHI  EcoRV HindIIl Xhol Notl Smal

TCG GAA TTC GGA TCC GAT ATC AAG CTT CTC GAG GCG GCC GCC CCG GG(‘:‘

S E B! G S D I K L L E A A A P G

Pstl Sacl Kpnl Bgill stop
"TGC AGG AGC TCG GTA CCA GAT CTT ATT AAA GCA GAA CTT GTT TAT TGC
& R S S \Y% B D L i K A E L Vv h 4 G
stop
AGC TTA TAA
S L il

A: Multiple cloning site (MCS) of the pTL1-HA2 vector. Only unique restriction sites are marked. Nucleotide

triplets are shown in frame together with the corresponding amino acids (blue letters).
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11.5 List of putative ESTsfound on BAC RP11-538A12

EST ID
(GeneBank)

Location on the BAC EST source RT-PCR

RP11-538A12

after 70 cycles

results

AlI075926
AW850653
BG980989
BG980131

BG979719
BG979037

BF815673

AW858552
AW858470

AW167235

BE064736
BE064727
BE065063
BE064976

10898 — 11448 bp
58673 — 59165 bp
66265 — 66618 bp
74910 — 75348 bp

75540 — 75926 bp
75530 — 75914 bp

105008 — 105211 bp
and
111435 —-111638 bp

114764 — 115127 bp
114891 — 115327 bp

128523 — 127998 bp

131134 — 131587 bp
131107 — 131587 bp
131100 — 131723 bp
131167 — 131664 bp

testis
colon
colon
colon

colon
colon

colon

colon
colon

uterus

breast
breast
breast
breast

no product
no product
product obtained
product obtained

product obtained

no product

product obtained

no product

product obtained
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11.6 List of putative non-coding high homology regions (HHR) found after

human-mouse sequence comparison

HHR  HHR location in human  Length  of Percent of Expression in mouse E16.5
no. the HHR identity

1. 28927 — 29114 bp 188 bp 83% after 70 cycles
2. 29891 — 30288 bp 398 bp 90% after 70 cycles
3. 30372 - 30603 bp 232 bp 81% after 70 cycles
4. 30643— 30748 bp 106 bp 73% no expression
5. 31141 - 31647 bp 507 bp 85% after 70 cycles
6. 34556 — 34660 bp 105 bp 81% no expression
7. 34741 — 34847 bp 107 bp 73% no expression
8. 34954 — 35053 bp 100 bp 71% no expression
9. 35681 — 36142 bp 462 bp 92% after 35 cycles
10. 39320 - 39623 bp 304 bp 82% after 70 cycles
11. 49103 — 49596 bp 494 bp 91% after 70 cycles
12. 49684 — 49817 bp 134 bp 93% after 70 cycles
13. 54194 — 54325 bp 132 bp 70% after 70 cycles
14. 54693 — 54802 bp 110 bp 75% after 70 cycles
15. 57843 — 58040 bp 198 bp 70% after 70 cycles
16. 59793 — 60252 bp 460 bp 82% after 70 cycles
17. 65075 — 65176 bp 102 bp 90% after 70 cycles
18. 65190 — 65342 bp 153 bp 82% after 70 cycles
19. 65918 — 66452 bp 535bp 86% after 70 cycles
20. 67322 — 67436 bp 115 bp 74% after 70 cycles
21. 68498 — 68724 bp 227 bp 93% after 70 cycles
22. 69476 — 69655 bp 190 bp 82% after 70 cycles
23. 148938 — 149097 bp 160 bp 84% after 70 cycles
24. 144670 — 144778 bp 109 bp 80% after 70 cycles
25. 144541 — 144649 bp 109 bp 77% no expression
26. 134716 — 143833 bp 118 bp 84% after 70 cycles
217. 130849 — 130978 bp 130 bp 79% after 70 cycles
28. 130226 — 130348 bp 123 bp 70% after 70 cycles
29. 127646 — 127774 bp 129 bp 91% after 70 cycles
30. 127366 — 127593 bp 228 bp 89% after 70 cycles
31. 123720 — 123861 bp 142 bp 79% no expression
32. 123186 — 123719 bp 534 bp 94% no expression
33. 122697 — 122892 bp 196 bp 78% after 70 cycles
34. 122291 — 122647 bp 357 bp 84% after 70 cycles
35. 121787 — 122181 bp 395 bp 94% after 70 cycles
36. 121468 — 121625 bp 158 bp 73% no expression
37. 119922 — 120089 bp 168 bp T7% no expression
38. 114460 — 114591 bp 132 bp 79% no expression
39. 111467 — 115568 bp 102 bp 88% no expression

Red letters indicate positions on the human BAC RP11-614N24 (GenBank accesion number AC103916),
whereas blue letters correspond to the positions on the breakpoint spanning BAC RP11-538A12 (GenBank acc.
no. AC016761).
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11.7 Alignment of Peg10 and Edr nucleotide sequences

Comparison of Pegl0 (AB091827) and Edr (AJ006464) nucleotide sequences suggests that

both of them correspond to the same gene. Identical residues are shown as white letters on the

black background. Various translation start codons (according to GenBank data) as well as

different length of repetitive sequences found in both entries are marked in red. Stop codons

for ORF1 and ORF2 are marked in green.

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

1
1

75
81

150
161

230
241

308
321

385
401

465
481

545
561

625
641

705
721

785
801

865
881

945
958

e CAATT(ele TCleAlelelele clele /el ©CTGACCAACTACGACCTGGGGAGAGCAGCCAACCGAGAAGGTCCACCGAGCCT

‘CTTGAGTTGGEETETGTC VAGIVATCCTGACCAACTACGACCTGGGGAGAGCAGCCAACCGAGAAGGTCCACCGAGCCT]

(@]

l

GCCTAGGTCTGCTGCGCGGGCTGCGGTCCGGAGCCTTCTCCGE CGGTCACCCAGTGGACCGGGCCGTCGCGGGA
GCCTAGGTCTGCTGCGCGGGCTGCGGTCCGGAGCCTTCTCCGGACCGCGGTCACCCAGTGGACCGGGCCGTCGCGGGA

CCTCATCCTTCGTGGCATCGCAGAGGAATCCTCGTGTGGAACAGGCGGGTTTTAAGAACCAAAAGACGCCAACCACGA!
CCTCATCCTTCGTGGCATCGCAGAGGAATCCTCGTGTGGAACAGGCGGGTTTTAAGAACCAAAAGACGCCAACCACGA!

@]

‘
I

GTCCCAGGATCCAGGGCTCCCTCCCCAGGGGAGTGAAGCCCCTCTCACCGCAGCCATGGCTGHTGCGGHTGGTTCCTC

[9)
)

GTCCCAGGATCCAGGGCTCCCTCCCCAGGGGAGTGAAGCCCCTCTCACCGCAGCCATGGCTGCTGCGGGTGGTTCCTC

AACTGCCCGCCCCCTCCCCCTCCCCCTCCTCCCAACAACAACAACAACAACAACEERRICCAAAGAGCCCAGGCGTGCCTGA

AACTGCCCGCCCCCTCCCCCTCCCCCTCCTCCCAACAACAACAACAACAACAACACCCCAAAGAGCCCAGGCGTGCCTGA

GCCGAAGATGATGATGAACGCAGACACGATGAGCTCCCTGAAGACATCAACAACTTTGACGAAGACATGAACAGGCAGT]
GCCGAAGATGATGATGAACGCAGACACGATGAGCTCCCTGAAGACATCAACAACTTTGACGAAGACATGAACAGGCAGT]

TTGAGAATATGAACCTGCTGGATCAGGTGGAGTTGCTTGCACAGAGCTACAGTCTGCTGGATCATTTAGATGACTTTGAT]
TTGAGAATATGAACCTGCTGGATCAGGTGGAGTTGCTTGCACAGAGCTACAGTCTGCTGGATCATTTAGATGACTTTGAT]

ATGATGATGAAGACGATGACTTTGATCCAGAACCTGACCAGGATGAGCTCCCTGAGTACAGTGACGATGATGACCTGGA
ATGATGATGAAGACGATGACTTTGATCCAGAACCTGACCAGGATGAGCTCCCTGAGTACAGTGACGATGATGACCTGGA

CTTCAGGGTGCTGCAGCAGCCCCTATCCCAAACTTTTTCTCCGATGATGACTGCCTTGAAGACCTTCCTGAGAAGTTC
CTTCAGGGTGCTGCAGCAGCCCCTATCCCAAACTTTTTCTCCGATGATGACTGCCTTGAAGACCTTCCTGAGAAGTTC

ATGGCAACCCTGACATGCTGGGTCCTTTCATGTATCAGTGCCAGCTCTTCATGGAAAAGAGCACCAGAGATTTCTCAGTT]
ATGGCAACCCTGACATGCTGGGTCCTTTCATGTATCAGTGCCAGCTCTTCATGGAAAAGAGCACCAGAGATTTCTCAGTT]

ACCGCATCCGTGTGTGCTTCGTGACAAGCATGCTGATCGGCCGTGCCGCCCGCTGGGCTACTGCCAAGCTGCAAAGAT
ACCGCATCCGTGTGTGCTTCGTGACAAGCATGCTGATCGGCCGTGCCGCCCGCTGGGCTACTGCCAAGCTGCAAAGAT

TACTTACCTGATGCAACIMAACTAACACTGCCTTTATGATGGAGCTGAAGCATGTCTTTGAAGACCCTCAGAGACGTGAA!
TACTTACCTGATGCARIOAACTARCACTGCCTTTATGATGGAGCTGAAGCATGTCTTTGAAGACCCTCAGAGACGTGAA!

| I
) |

TGCCAAACGCAAGATCAGACGTCTGCGCCAGGGCCCTGGGCCTGTTGTGGACTACTCCAATGCATTCCAGATGATTGC

Q
(0}

TGCCAAACGCAAGATCAGACGTCTGCGCCAGGGCCCTGGGCCTGTTGTGGACTACTCCAATGCATTCCAGATGATTGC

13
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AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

AJ006464
AB091827

1025
1038

1105
1118

1185
1198

1265
1278

1345
1358

1425
1438

1505
1518

1585
1598

1665
1678

1745
1758

1825
1838

1905
1918

1985
1998

2065
2078

2145
2158

2225
2238

2305
2318

CAGGACCTGGATTGGACTGAGCCTGCCCTGATGGATCAGTTCCAGGAAGGTCTCAACCCAGACATTCGCGCAGAGCTGT
CAGGACCTGGATTGGACTGAGCCTGCCCTGATGGATCAGTTCCAGGAAGGTCTCAACCCAGACATTCGCGCAGAGCTGT

TCGCCAGGAGGCCCCCAAGACCCTGGCTGCTCTGATTACTGCCTGTATTCACATCGAGAGAAGGCTGGCTCGTGACGCT
TCGCCAGGAGGCCCCCAAGACCCTGGCTGCTCTGATTACTGCCTGTATTCACATCGAGAGAAGGCTGGCTCGTGACGCT

TGCAAAGCCCGATCCTTCACCCAGAGCCTTGGTGATGCCTCCAAACAGCCAGACCGATCCCACCGAGCCTGTGGGAGGT]
TGCAAAGCCCGATCCTTCACCCAGAGCCTTGGTGATGCCTCCAAACAGCCAGACCGATCCCACCGAGCCTGTGGGAGGT]

CCCGCATGCGCCTGTCCAAGGAAGAAAAGGAGAGACGCCGCAAAATGAATTTGTGTCTCTACTGTGGCAATGGAGGCCA
CCCGCATGCGCCTGTCCAAGGAAGAAAAGGAGAGACGCCGCAAAATGAATTTGTGTCTCTACTGTGGCAATGGAGGCCA

(01 o)

TTTCGCCGACACGTGTCCAGCGAAAGCCTCCAAGAATTCGCCGCCGGGAAACTCCCCGGCCCCGCTGENNEGGGGACCTT
TTTCGCCGACACGTGTCCAGCGAAAGCCTCCAAGAATTCGCCGCCGGGAAACTCCCCGGCCCCGCTGENNEGGGGACCTT

(01 Ko

AGCGACAGGGCCAGAACGAATAAGGTCCCCACCCTCCGAGGCTTCGACTCAGCACCTGCAAGTGATGCTCCAGATTCATA
AGCGACAGGGCCAGAACGAATAAGGTCCCCACCCTCCGAGGCTTCGACTCAGCACCTGCAAGTGATGCTCCAGATTCATA

TGCCGGGCAGACCCACCCTGTTTGTCCGAGCTATGATTGATTCTGGTGCATCTGGCAACTTCATTGATCAAGACTTTGT
TGCCGGGCAGACCCACCCTGTTTGTCCGAGCTATGATTGATTCTGGTGCATCTGGCAACTTCATTGATCAAGACTTTGT

ATACAAAATGCAATTCCTCTCAGAATCAAAGACTGGCCAGTGATGGTGGAAGCTATTGATGGGCATCCAATTGCCTCGG
ATACAAAATGCAATTCCTCTCAGAATCAAAGACTGGCCAGTGATGGTGGAAGCTATTGATGGGCATCCAATTGCCTCGG

CCAATCATTTTGGAAACCCACCACCTGATAGTTGATCTGGGAGACCACCGTGAGATACTGTCATTTGATGTGACTCAGT]
CCAATCATTTTGGAAACCCACCACCTGATAGTTGATCTGGGAGACCACCGTGAGATACTGTCATTTGATGTGACTCAGT]

TCCATTCTTTCCTATTGTCCTAGGAATTCGTTGGCTGAGCACGCATGACCCTCACATTACCTGGAGTACCCGCTCCATT]
TCCATTCTTTCCTATTGTCCTAGGAATTCGTTGGCTGAGCACGCATGACCCTCACATTACCTGGAGTACCCGCTCCATT]

(01 [e)

GTCTTCAACTCTGATTACTGCCGACT@MGCTGCCGGATGTTTGCACAGATACCTTCTAACTTACTGTTTACAG®GCCACA
GTCTTCAACTCTGATTACTGCCGACTIN@GCTGCCGGATGTTTGCACAGATACCTTCTAACTTACTGTTTACAGINGCCACA

ACCGAGTT@®GCATCCGTATCTACTTCATCATGTGCATCCGCATGTCCATCCGIATATGCATCAGCATCTGCATCAGCAT
ACCGAATTIGCATCCGTATCTACTTCATCATGTGCATCCGCATGTCCATCCGOATATGCATCAGCATCTGCATCAGCAT

(01 [o]

TGCATCAGTTTCTGCATCCAGATCCGCATCAGTATCCGCATCCGGATCCGCATTATCATCATCATCAGCAGGCGGATAT
TGCATCAGTTTCTGCATCCAGATCCGCATCAGTATCCGCATCCGGATCCGCATTATCATCATCATCAGCAGGCGGATAT

CAGCACCAACTGCAGCAGTATCTATATCAGTATTTGTATTACCAMCTGTATCCGGTTATGCACCACCATCTGCCTCCAGA
CAGCACCAACTGCAGCAGTATCTATATCAGTATTTGTATTACCAWCTGTATCCGGTTATGCACCACCATCTGCCTCCAGA

TCAGCATGAGCATCTGCATGAGTATCTGCATCAGTATCTGCATCAGTATCTGCATCAGTTTCTGCATCACCAGCTGCAT
TCAGCATGAGCATCTGCATGAGTATCTGCATCAGTATCTGCATCAGTATCTGCATCAGTTTCTGCATCACCAISCTGCAT

(01 [o]

CGGATCTGCATCAGEATCTGTATCAGTATCTGCATAACCATATGAATCCGGATCCACATCACCAGINCTCATCCAGATCC
CGGATCTGCATCAGIATCTGTATCAGTATCTGCATAACCATATGAATCCGGATCCACATCACCAINGCTCATCCAGATCC

(01 [o]

CCTCAGGATCCACATCACCCTCCACATCAGGATCCACATCAGCATCCGGATCCCCATCAGGATGCACATCAGGATCCCCA
CCTCAGGATCCACATCACCCTCCACATCAGGATCCACA T e
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2385
2357

2465
2400

2545
2480

2625
2560

2705
2640

2785
2720

2865
2800

2945
2880

3025
2960

3105
3040

3185
3120

3265
3200

3345
3280

3425
3360

3505
3440

3585
3519

3665
3599

[ TCAGGATCCCCATCAGGATGCACATCAGGATCCACATCAGCATCCGGATCCCCATCAGGATCCTCCACATCAGGATCCAC

ATCAGGATGCACATCAGGATCCCCATATGGATCCACACCTGCATCAGCACCAGCATCCGCAGCCGCAGCCGCATCCACAA

ATCAGGATGCACATCAGGATCCCCATATGGATCCACACCTGCATCAGCACCAGCATCCGCAGCCGCAGCCGCATCCACAA

CAGISATCCTAACCATCCTCAGCAGCCACCATTCTTCTACCACATGGCTGGATTCAGAATTTACCACCCTGTAAGGTATTA

HE

AG@ATCCTAACCATCCTCAGCAGCCACCATTCTTCTACCACATGGCTGGATTCAGAATTTACCACCCTGTAAGGTATTA

TATATTCAGAATGTGTATACACCTGTTGATGAGCATGTCTATCCGGGTCACCGGGTGGTTGACCCTAACATTGAGATGA
TATATTCAGAATGTGTATACACCTGTTGATGAGCATGTCTATCCGGGTCACCGGGTGGTTGACCCTAACATTGAGATGA

TTCCTGGAGCGCACAGCCTGCCCAGTGGACATTTGTACTCAATGTCTGAGTCTGAAATGAATGCTCTGCGAAATTTCGT
TTCCTGGAGCGCACAGCCTGCCCAGTGGACATTTGTACTCAATGTCTGAGTCTGAAATGAATGCTCTGCGAAATTTCGT

ACAGGAATGTTAAAGATGGGCTCATGACTCCCACTGTGGCGCCCAATGGAGCCCAAGTCCTGCAAGTGAAAAGAGGGT

ACAGGAATGTTAAAGATGGGCTCATGACTCCCACTGTGGCGCCCAATGGAGCCCAAGTCCTGCAAGTGAAAAGAGGGT

@]

AAACTCCAAGTCACTTACAATTGCCGAGCTCCACAGAGTGGCACCATCCAAAATCAGTACCTACGCATGTCTCTTC

Q

AAACTCCAAGTCACTTACAATTGCCGAGCTCCACAGAGTGGCACCATCCAAAATCAGTACCTACGCATGTCTCTTCCAA

ATATGGGAGACCCTGCACACCTGGCAAGCTATGGTGAATTTGTCCAAGTTCCTGGCTACCCATATCCAGCCTATGTTTA
ATATGGGAGACCCTGCACACCTGGCAAGCTATGGTGAATTTGTCCAAGTTCCTGGCTACCCATATCCAGCCTATGTTTA

TATACAAGCCCGCATATGATGACTGCGTGGTACCCAGTAGGACGAGATGTACATGGACGAATAATCGTTGTGCCTGTTGT]
TATACAAGCCCGCATATGATGACTGCGTGGTACCCAGTAGGACGAGATGTACATGGACGAATAATCGTTGTGCCTGTTGT]

AATCACCTGGTCTCAAAATACGAACCGCCAGCCTCCGGTGCCCCAGTATCCTCCTCCGCAGCCACCTCCACCACCACCA
AATCACCTGGTCTCAAAATACGAACCGCCAGCCTCCGGTGCCCCAGTATCCTCCTCCGCAGCCACCTCCACCACCACCA

(01 Ho! (01 Fe}

CACCTCCACCGCCACCACCACCTCCACCAGCATCATCCTGCAGTGCTGCGIFN€AACCTGTCATGTCCTTTGTAGTCTCT
CACCTCCACCGCCACCACCACCTCCACCAGCATCATCCTGCAGTGCTGCGIN\€AACCTGTCATGTCCTTTGTAGTCTCT

CCTCAACTTGATCCTGTGCAGCTTCTCAATCTATGACTGTGTGGTACTGGACCTTCAGAGGCGCACAGAGCTCAAGTCA
CCTCAACTTGATCCTGTGCAGCTTCTCAATCTATGACTGTGTGGTACTGGACCTTCAGAGGCGCACAGAGCTCAAGTCA

TTTTCGTCTTGACTGCCACTTTATAAGTTGACAGGCCTGGGTTTTACTTGTTAAAACCTCTCACCATCTCAATCACAG!
TTTTCGTCTTGACTGCCACTTTATAAGTTGACAGGCCTGGGTTTTACTTGTTAAAACCTCTCACCATCTCAATCACAGH

TGCCAAGTGTCTTTACAAAGAAGCTGATACAAACACAGGCCATGCTGATTTCTTACAGAGGGAGAGAAGAGGAAGAGARA
TGCCAAGTGTCTTTACAAAGAAGCTGATACAAACACAGGCCATGCTGATTTCTTACAGAGGGAGAGAAGAGGAAGAGARA

AAGAAAGAGGAGGAAGAGGACATGACTTGCCCATATGCTGGGCACCTTATAAAGGAAGCCAGACTTTTCGGTGCAGTAT]
AAGAAAGAGGAGGAAGAGGACATGACTTGCCCATATGCTGGGCACCTTATAAAGGARGCCAGACTTTTCGGTGCAGTAT]

l

[

GAAAGGCTTCCGTEATTCTCTTGCTGCACCCCACGAAACTTCACCACCTTCAAACTCCATTTTCACGGTTCCGTTAATT]

I
|

GAAAGGCTTCCGTHATTCTCTTGCTGCACCCCACGAAACTTCACCACCTTCAAACTCCATTTTCACGGTTCCGTTAAT

TTCAAGGAGCAGCAACTCGACTGGTHCTCTGCTACATGAAACACCTCAGCTTGAAAAGGAAGTGCTCTCTCAGACTGACT]

TTCAAGGAGCAGCAACTCGACTGGTIMCTCTGCTACATGAAACACCTCAGCTTGAAAAGGAAGTGCTCTCTCAGACTGACT]
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3759

3905
3839

3985
3919

4065
3999

4145
4079

4225
4159

4305
4239

4385
4319

4465
4399

4545
4479

4625
4558

4705
4637

4785
4717

4865
4797

4945
4877

5025
4957

TGTGAGTGTGCCTTCACATTCTGGTGCAAATCATGTGTACCCAAGAACTCTGACATAGCATCTTACCATCATCATGCCA!
TGTGAGTGTGCCTTCACATTCTGGTGCAAATCATGTGTACCCAAGAACTCTGACATAGCATCTTACCATCATCATGCCA!

AATTGGTTTCCTTAAAGTGTGACACTTGGCAACCAGAAGCGTCTGGTGGCTTCAGGTGTGTTAGGGTTTTGTAGAAAGT]
AATTGGTTTCCTTAAAGTGTGACACTTGGCAACCAGAAGCGTCTGGTGGCTTCAGGTGTGTTAGGGTTTTGTAGAAAGT]

TGTAACCACCTCTCAGTCATGCAAGAGGGTACATCAAAAAGACTTCTAAATTTGGTACCCAGACTTTGACAAGAGCCTGT]

TGTAACCACCTCTCAGTCATGCAAGAGGGTACATCAAAAAGACTTCTAAATTTGGTACCCAGACTTTGACAAGAGCCTGT]

[}
)

AGTTAGTTCATTGTAACCAACTTGTCAGGAACTTCAGCAAGAATTTTCATGAATGTTGTTAATTGGCTGGAGAAATAC

[

AGTTAGTTCATTGTAACCAACTTGTCAGGAACTTCAGCAAGAATTTTCATGAATGTTGTTAATTGGCTGGAGAAATAC

)

AGCAAAGTTTTGCAATCATCCACCCATTTGTCTGCCATTGTGCATCTGGACATCCATCAACCGCCCACTCAGTGGCATCT]
AGCAAAGTTTTGCAATCATCCACCCATTTGTCTGCCATTGTGCATCTGGACATCCATCAACCGCCCACTCAGTGGCATCT]

ACCATGAAGATGTTTAGAGACGGGAAATGATTTTGCACCCAGATCCACACTCCTCTCATGTCAGATATTTGGAATTAGA

ACCATGAAGATGTTTAGAGACGGGAAATGATTTTGCACCCAGATCCACACTCCTCTCATGTCAGATATTTGGAATTAGA

)

CACCGGGAATCG@CTTGAAGATATGAACTTCTAAGAATGGAGTCTCTTGCTACTACCTTGAAACATTTGTTTATCCTCT

II

ACCGGGAATCGICTTGAAGATATGAACTTCTAAGAATGGAGTCTCTTGCTACTACCTTGAAACATTTGTTTATCCTCT

)

TTTCTGTTTGATTCTACTACTACCATTAACCCTGCTGCAGGATTTGTCACCATTCTGCCTGACTGCTGAGACTCCATTTT]
TTTCTGTTTGATTCTACTACTACCATTAACCCTGCTGCAGGATTTGTCACCATTCTGCCTGACTGCTGAGACTCCATTTT]

CTGCTATGCAAGGAGATGAAAGAGGCAGGCCTAAAGGAGCAGTAGGACATAACATGGTTTTTATTTCTATCTGTCATGA
CTGCTATGCAAGGAGATGAAAGAGGCAGGCCTAAAGGAGCAGTAGGACATAACATGGTTTTTATTTCTATCTGTCATGA

TCTTAATGGTGAAGTTTCCTTTTTCGTCAGCATTTATCTCTTTGTTATCCTGACATGTTTTAATTAGTTTAGTGGGTTT
TCTTAATGGTGAAGTTTCCTTTTTCGTCAGCATTTATCTCTTTGTTATCCTGACATGTTTTAATTAGTTTAGTGGGTTT

=] 1=

TTTTTTCTATTGGTGGTGGTGTTCTTTTGTTGTTGTTTTTTGTGGTCGTCATTTTGATTTTGGATCACTTCGTGTTTTA

i

TTTTTRCTATTGGTGGCGTGGTGTTCTTTTGTTGTTGTTTTTTGTGGTCGTCATTTTGATTTTGGATCACTTCGTGTTTTA

Q

AGTAATTACTTTTAAATGGTGCATTTGCTTCTGATTTTTTTTTTTTTATGAAGCATCACATCAGTTTACCTCATATCT

)

]

CAGTAATTACTTTTAAATGGTGCATTTGCTTCTGATTTTTTTTTTTTRATGAAGCATCACATCAGTTTACCTCATATCT

AATTCCATCCTTCATGCATTTTTTTTTTAACTCATTTGATCTTCAAGCTGCAGAGGGCCTAGCAATGGGTCATCACCTG
AATTCCATCCTTCATGCATTTTTTTTTTAACTCATTTGATCTTCAAGCTGCAGAGGGCCTAGCAATGGGTCATCACCTG

AGCCCTGGCATGTACACACGGACATTTGCCACCACTGAAAGCAAACAGTTGGAGAAGTTGGCCACCTGAGTCAAGGAGGE
AGCCCTGGCATGTACACACGGACATTTGCCACCACTGAAAGCAAACAGTTGGAGAAGTTGGCCACCTGAGTCAAGGAGGE

) =1 L= (01 [o]

GTGCTGGTGTGAGTTCACAGCTCACAGGGGACGGTGAACGTTGACATTGACTTTGGCAGTGTGTACTATGCTCTACTC

[®)
(0}

GTGCTGGTGTGAGTTCACAGCTCACAGGGGACGGTGAACGTTGACATTGACTTTGGCAGTGTGTACTATGCTCTACTC

ATATATACTCTATAGATGTTAGGCATTAAGGATAAGTGATCTTAAATTTACTGAAATTTTGTTAAGTTGATTAGATTTA
ATATATACTCTATAGATGTTAGGCATTAAGGATAAGTGATCTTAAATTTACTGAAATTTTGTTAAGTTGATTAGATTTA

ATTAATTGTTTATATTGTGTTTTTTCTTTTATTTTAGCACTTCCAACAAAAATGCCTTTATTCATTTATTAGGAA

] Ie] =1 =
b=
=
2
=
H
Q
3
H
H
S
H
S
H
H
@
H
@
H
H
H
H
H
H
a
H
H
H
H
S
H
H
H
H
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b
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H
H
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5105
5037

5117

5197

5277

5357

5437

5517

5597

5677

5757

5837

5917

5997

6077

6157

6237

6317

TTGGAGTGGCGAACACAAACTAGCAAAAT TAAT TAAT TGGCTGTGGGCCCAAA T T TGAA T T C
TTGGAGTGGCGAACACAAACTAGCAAAATTAATTAATTGGCTGTGGGCCCAAATTTGAATTCCTTATTAATTCAAAGTGA

AGGAAGTGTGAGAGTTTCTATTGCTGGTCATGAAGTTCACCACGAAGAGTCAGTTTAGTTTGTACCGAGAGGCATTTAGC

TGAGAGTGATTTGAGTTGGGCATCTCTATGATGCAGTCCAGACTTGTGTTTAAGTTTACAGGTACCTCTTGGACTCCTGA

ATTGATCTCGATGTCACACATCATCGACATCCCGCATCCCACACAGTTCCAAGATTGGCGACAGAGAGCATCCTGTTGGA

GAGACCTGACCAGTCACGAAGGACCGCCTGCAGACTCTTCTGCAGGACCATGCTACATATTCAGCTGGAGAGGGAACAC

CATCTGATGGGAATGGATTGTTTTTGCTTGTTTCAGAATTTTGCTGTTGAGATGTTGTTAAACTTTGCATTGTTTTTCTT]

TTTTCTTTTTTTTTCCCTATAGTCAATTAAGAATAAGGGGTAGATAATCATAAGTATTTTGGGCTGGGAGGGATTGTTAA

GTAATCTTAGGTGGGTGGGTAATTTAGGAAATTAAGTTAGGATAAGATAGGATAAGATAAGATAAGCTAGGATAAGT TA

ATAAATTAGGATAAGTTAGATAAGTTAGGATAAATTCCATAAGATAGGATAAGTTCCATAAGATAGGATAAGTTAGTTCA

CATAGGATAAGCATAGGATAAGTTAGATCACATAGGATAAGTTAGATCACATAGGATAAGTTAGATCAAATACCTCAACA

AGTGGACGAGTGTACTTATTGGTCCCTTACCCCTACCAACTTTACCTTTAAGGCCGAGCTCAGAGGGAACTACAGGGAAA

TCCTTTCCCCCTCCAACCCCACCCTTCAAACTATATTACTGTATTCTCTTTATTATATTTCTTTGTATTAATAAAACTGT]
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