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Abstract

The sasquatch (Ssq) mouse is a member of the hemimelia-luxate group of mutations,
which display a variety of limb defects including preaxial Polydactyly (extra digits). Ssq was
generated serendipitously via a random transgenic insertion of a reporter construct approx.
1Mb downstream of the gene sonic hedgehog (Shh). Associated with the limb defects in all
members of the hemimelia-luxate group of mutations is the mis-regulation of (Shh) in the
limb bud, resulting in an anterior area of ectopic expression as well as the normal patch of
posterior expression. This process of Shh mis-regulation is poorly understood for most of the
hemimelia-luxate mutants, but recently we have determined that in the case of the Ssq
mouse, disruption of a long range Shh limb enhancer is responsible for ectopic Shh
expression.

The presence of an enhancer was initially revealed by the Ssq transgenic reporter
gene, which displayed an expression pattern virtually identical to Shh in both normal and
affected limb buds. Subsequently we isolated the transgenic insertion to an intron of the gene
Lmbrl. To ascertain a direct or indirect role for this enhancer we devised and implemented a
genetic assay the "cis-trans test". Using meiotic recombination events we generated several
mice which recombined a Shh null locus to a Ssq locus on the same chromosome (i.e. in cis).
These "recombinant mice" demonstrated complete suppression of the Ssq phenotype
whereas mice carrying Ssq and Shh loci on opposite homologous chromosomes (i.e. in trans)
showed a Ssq heterozygous phenotype. Thus the Ssq locus can only stimulate ectopic Shh
expression from the Shh locus located on the same chromosome as itself (i.e. in cis)\ leading
to the conclusion that the Ssq mutation has disrupted the activity of a long-range Shh limb
enhancer rather than a gene.

To identify the cA-acting elements implicated in the Ssq mutation a comparative
sequence analysis of the Lmbrl genomic region in human, mouse and Fugu was
implemented. Using the Vista and Pipmaker software packages, several highly conserved
non-coding genomic sequences (CNSs) were identified as candidate regulatory elements.
Two CNS regions that lie close to the Ssq insertion site were cloned into LacZ reporter
constructs designed to assay for enhancer activity. Injection of these constructs into single
cell mouse embryos to generate transgenic mice revealed that one of the CNS regions is
capable of driving LacZ in an expression pattern identical to that of Shh in the developing
limb bud. We believe that this CNS is an enhancer element responsible for driving Shh
expression in the developing limb bud, and disruption of this element by the Ssq insertion is
responsible for the phenotype observed in Ssq mice.

The human genetic disease Preaxial Polydactyly (PPD) maps to a 450kb region
syntenic to the Ssq insertion site. PPD is also a limb specific defect resulting in extra digits
and no coding or splicing mutations have been found within the PPD critical region. Ssq is
most likely the model for PPD confirming the likelihood that enhancer elements responsible
for human genetic disease or variation could be acting over 100's of kb within the human
genome. Obviously this has important consequences for the mapping of human genetic
disease and reaffirms the importance of mouse models in revealing underlying disease
mechanisms.



The sasquatch mouse: an enhanced limb

Chapter 1

Introduction

Introduction 3



The sasquatch mouse: an enhanced limb

1.1 The vertebrate limb
The development of paired limbs at appropriate levels along the primary body axis is

a hallmark of the body plan of jawed vertebrates. Cells from the lateral plate mesoderm

(LPM) that contribute to the developing limb are specified early in development, before the

manifestation of any physical limb like structures and are termed the limb field (Johnson and

Tabin, 1997) (see Figl.l). A clue as to how LPM cells are recruited into the limb fields came

from foil barrier and extirpation studies; the removal or separation of underlying

intermediate mesoderm (IM) from the LPM inhibited limb formation (Geduspan and

Solursh, 1992). The conventional interpretation of these experiments is that the IM produces

a factor that induces and maintains the limb field in the LPM. It should be noted that a more

recent study examining the role of the IM in limb bud initiation has produced conflicting

results (Fernandez-Teran et al., 1997). However, what is clear is that once specified, cells in

the limb field contain all the information necessary to generate a limb. This is neatly

demonstrated by the transplantation of limb field tissue into areas of the flank not normally

associated with limb development, which results in the generation of complete ectopic limbs

Fig 1.1 : Schematic diagrams of early stage chick embryos. A: chick embryo at
about 50 hours incubation, the three important tissues involved in limb
development are marked. * represents the limb fields, i.e. the area that will
become the limbs. B: represents a chick at about 72 hours after incubation.
Notice the limb buds beginning to appear (Pictures taken from Schwabe et al
1QQS 1

Limb Buds

B
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(Schwabe et al., 1998).

The first physical signs of the developing limb are protrusions from the lateral body

wall of the embryo known as limb buds (see Fig 1.1), which are composed of cells from the

LPM and somites (Cohn and Bright, 1999). LPM cells proliferate and eventually give rise to

the skeletal elements and connective tissue of the limb. Cells from the lateral edges of nearby

somites migrate into the limb bud shortly after its initiation, ultimately differentiating to

form the muscles and vasculature of the limb(Johnson and Tabin, 1997).

As development progresses the limb bud exhibits morphological changes across 3

axis. Outgrowth of the limb occurs across the proximal-distal axis of the limb (P-D),

shoulder to fingers, the limb becomes

flattened across the dorsal-ventral axis

(D-V), palm to back of the hand, and

asymmetric structures emerge across the

anterior to posterior axis A-P, thumb to

little finger. Limb structures become

apparent with the passage of time, the

most proximal elements, stylopod,

differentiate first, followed by the

progressive differentiation of ever

more distal structures that make up

the zeugopod and eventually the

autopod (Johnson and Tabin, 1997)

(see Fig 1.2).

The process by which cells

that make up the limb establish their

ultimate fate is termed pattern

Fig 1.2 : Chick wing showing the major P-D
skeletal structures. Stylopod consists of the
humerus, the Zeugopod the radius and ulna,
and finally the autopod contains the digits and
wrist bones. (Limb drawing taken from
Schwabe et al. 1998)

AER

Anterior

Distal

Dorsal

Ventral

^Proximal

Posterior

Dorsal
Ectoderm

ZPA

Fig 1.3 : The three major limb signalling regions,
depicted on a E10.5 mouse limb bud. The view is
looking down onto the dorsal ectoderm.

position relative to these three axis and therefore thei
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Wild Type

A I- R

AER Removed

4s3

Wild Type

B "

P-D Truncation

Mirror duplication

Limb Bud ectoderm rotated 180"

Fig 1.4 : The surgical manipulations that led to the
discovery of the major limb signalling regions. A
depicts the removal of the AER, which results in
truncations suggesting that the AER provides
signals essential for outgrowth. B mirror image
duplications generate by grafting ZPA tissue,
suggesting the ZPA has a role in A-P patterning.
C diagrammatic representation of the reversal of
the reversal in D-V polarity created upon the
rotation of the limb ectoderm by 180°, suggesting
that the ectoderm provides D-V polarity
information. (Taken from Schwabe et al. 1998)

The sasquatch mouse: an enhanced limb

formation, and is believed to rely on

three distinct signalling centres within

the limb bud(Johnson and Tabin,

1997) (see Fig 1.3). The first of which

is the apical ectodermal ridge (AER),

a morphologically distinct epithelial

structure that runs from the anterior to

the posterior of the distal-most part of

the limb bud. Surgical removal of the

AER from developing chick limb buds

results in a failure of the limb to grow

along the P-D axis (Saunders, 1948)

(see Fig 1.4). The earlier the removal

occurs during development the greater

the loss of distal structures, indicating

that signals from the AER are crucial

to maintain outgrowth in the limb bud.

However, the remaining structures in

limbs truncated by the loss of an AER

still exhibit A-P and D-V polarity, suggesting that information with regards to these axis is

derived from other sources in the limb.

A second, morphologically indistinct, signalling region of the limb bud was

identified by the grafting of small areas of posterior limb bud mesenchyme into the anterior

region of limb buds (Saunders, 1968). These grafts resulted in mirror image duplications of

the distal limb, generating posterior structures in the anterior of the limb bud (see Fig 1.4).

Because of the graft's ability to re-organise the A-P polarity of the limb, this posterior region

Introduction 6
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of the limb was termed the zone of polarising activity (ZPA) and was believed to be the

source of signals that determined cell fates along the A-P axis of the limb.

A third set of surgical experiments (Geduspan and MacCabe, 1987) rotated the limb-

bud ectoderm 180°, resulting in a reversal of the D-V polarity of distal limb structures,

indicating that signals from the limb bud ectoderm were responsible for regulating the D-V

patterning of the limb (see Fig 1.4). Thus it was believed that molecular cues from the AER

drove the P-D outgrowth of limb tissue, which was provided with positional information

relative to the A-P and D-V axis of the limb by molecular signals from the ZPA and limb

bud ectoderm. The identification of these limb signalling regions was a major leap forward

in understanding the processes of development, but the identification of the molecules

responsible for their activity has only recently been possible with the advent of modem

genetic and molecular biology techniques.

1.2 Specification of the Limb Field
The axial level at which the limb field is specified is obviously extremely important

for the embryo to get right; arms and legs must develop from appropriate places along the

flank. The HOX genes generate the major source of A-P positional information along the

main body axis of the embryo (Favier and Dolle, 1997), and several lines of evidence point

to them having a role in positioning the limb field.

Firstly their nested patterns of expression along the A-P axis (the HOX code) is

thought to control the identity of axial structures (Favier and Dolle, 1997). The HOX9

paralogues in particular have an expression pattern consistent with a role in specifying the

axial position of the forelimb (Cohn et al., 1997). Secondly in species with different axial

morphologies, such as snakes, changes in HOX expression correlate with morphological

changes in body plan. Studies in python embryos (Cohn and Tickle, 1999) have

demonstrated that the HOXC6 and HOXC8 genes, which promote thoracic identity, expand

their expression domains to encompass most of the axial skeleton. Thus the limb-less python

Introduction 7
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embryo does not display the HOX coding normally associated with limb development.

Thirdly the experimental generation of ectopic limbs, results in a repatterning of the HOX

code to mimic that of the endogenous limbs (Cohn et al., 1997). Finally a loss of function

mutation of HOXB5 can shift the axial position of the developing limb (Rancourt et al.,

1995).

Although it is likely that the HOX genes provide the initial positional information to

place the limb fields, other factors must interpret this information to actually begin the

process of limb development. Several genes have been identified as possible initiators of

limb development based on their early expression in the limb field (Isaac et al., 2000). SnR, a

zinc finger transcription factor and orthologue of the Drosophila gene Snail, is believed to

play an important role in mesoderm formation (Grau Y, 1984). Together with another

transcription factor twist, SnR is expressed in the limb fields of both chick wings and legs

early in development (Sefton et al., 1998). Both genes have been suggested to play a role in

the formation of Drosophilia wing discs (Fuse et al., 1996; Emori and Saigo, 1993), and

outgrowth of chick limbs (Kanegae et al., 1998), however a precise function has yet to be

determined.

The transcription factors Tbx4 and Tbx5 are also present in the limb field, prior to

bud formation. However unlike SnR or twist, Tbx4 and Tbx5 show complimentary expression

patterns (Gibson-Brown et al., 1996). Whereas Tbx5 transcripts are only detected in the

forelimb field, Tbx4 are found almost exclusively in the hindlimb field. These

complimentary expression patterns were originally interpreted as an indication that Tbx4 and

Tbx5 were involved in the specification of hindlimb, and forelimb fates respectively

(Ruvinsky and Gibson-Brown, 2000). Subsequent functional analysis has confirmed this

original conclusion (Isaac et al., 1998). Leg-to-wing and wing-to-leg tissue mesenchymal

tissue grafts, despite their change of position, retain not only their original morphological

identity but also their initial Tbx-4 or Tbx-5 expression as well. Additionally ectopic

expression of either Tbx4 or Tbx5 (Takeuchi et al., 1999) demonstrate that Tbx4 can induce
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leg like structures in the wing, and Tbx-5 can induce wing like structures in the leg. In

addition to specifying limb fate it is also thought that the Tbx genes are essential for limb

outgrowth, as removal of Tbx-5 activity in zebrafish results in a complete loss of the pectoral

fin (Ahn et al., 2002).

1.2.1 FGF Signalling
Although it seems likely that SnR, twist, Tbx-4 and Tbx-5 are all necessary for

establishing the limb field; they are not sufficient for outgrowth of the limb. As has already

been mentioned, for the proximal-distal axis of the limb to develop an AER must be formed

(Johnson and Tabin, 1997). Current ideas of AER induction centre on the role of a regulatory

loop between two members of the FGF superfamily; FGF-8 and FGF-10 (Martin, 1998). Due

to their expression patterns and the fact that beads soaked in FGF and placed into the flanks

of embryos are sufficient to induce the formation of ectopic AERs and complete limbs (Cohn

et al., 1995).

At the time of limb initiation in the chick embryo, FGF-8 is expressed in the IM,

adjacent to the both the forelimb and hindlimb fields (Vogel et al., 1996). FGF-10 is initially

widely expressed in the segmental plate, IM and FPM, but just before the onset of bud

formation its expression becomes restricted to the FPM of the limb fields (Ohuchi et al.,

1997), this is thought to be due to the FGF-8 expression in the IM (Martin, 1998). Following

restriction of its expression FGF-10 is then thought to activate FGF-8 expression in the

surface ectoderm of the limb field within a broad strip of cells destined to become the AER

(Ohuchi et al., 1997). FGF-8 within the ectoderm is then believed to signal back to the

mesoderm to maintain FGF-10 expression throughout development, thus completing the

FGF regulatory loop (Martin, 1998).

Recent work examining the role of the Writ genes in AER induction in the chick has

suggested that several of the Writs signalling through (3-catenin act to mediate the FGF loop

(Kawakami et al., 2001). Wnt-2b expression was detected in a pattern similar to FGF-8 in the
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anterior of the IM (close to the wing field), and ectopic expression of Wnt-2b in the flank

resulted in the activation of LPM FGF-10, and an ectopic limb. Wnt-8c was shown to have a

similar limb inducing ability as Wnt-2b and to closely mirror FGF-8 expression in the

posterior of the IM (close to the leg field). Inhibition of Wnt-2b and Wnt-8c activity by

antagonising the receptor [3-catenin, resulted in severe defects in limb outgrowth. A further

Wnt, Wnt-3a was also implicated in mediating the FGF loop, this time between FGF-10 in

the LPM and FGF-8 in the surface ectoderm. Inhibition of (3-catenin later in development

(just after the initiation of FGF-10 in the LPM) resulted in a down-regulation of FGF-8 in the

surface ectoderm and truncated limb structures.

Currently an expanded model of AER induction can be envisaged (see Fig 1.5). Prior

to limb bud initiation FGF-10 is expressed in a wide region within the LPM, without any

specificity to the presumptive limb fields. At limb bud initiation FGF-10 becomes restricted

to the limb fields, by the action Wnt-2b and Wnt-8c mediated by FGF-8 in the IM. FGF-10 is

then believed to stimulate expression of FGF-8 in the presumptive AER, via Wnt-3a. FGF-8

Intermediate

Mesoderm

Lateral Plate

Mesoderm

Ectoderm

Anterior

Posterior

FGF-8

Fig 1.5: A model of limb induction. The Hox genes are believed to provide
the information necessary to position the limb field along the A-P axis of the
embryo. This information is then relayed to genes in the IM and LPM by
unknown mechanisms (depicted by arrows with question marks). The FGFs
set up a signalling loop via the Wnts to promote limb outgrowth.
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then completes the loop by signalling back to the LPM to maintain FGF-10 expression.

Although attractive, this model still contains some unresolved issues. Firstly

conflicts remain over the role of the IM in the induction of limb development. The model

suggests FGF-8 in the IM regulates FGF-10 expression in the LPM via Writ signalling, but

this clearly conflicts with work from Fernandez-Teran et al. (Fernandez-Teran et al., 1997).

They found that by blocking the inductive interaction between the Wolffian duct and the IM

rostral to the limb field, they were able to induce apoptosis in the limb field IM. Despite a

lack of IM FGF-8 expression, limb buds still formed suggesting that FGF-8 from the IM is

not necessary for initiation of the limb field. Secondly although thought to regulate

ectodermal expression of FGF-8 expression in the chick, Wnt-3a transcripts cannot be

detected in the mouse limb ectoderm (Kawakami et al., 2001). Though Lefl~A Tcf'~

(transcription factors implicated in the transduction of Writ signals) mice do exhibit a limb

phenotype consistent with the downregulation of Wnt-3a in chick (Galceran et al., 1999),

suggesting that a Writ other than Wnt-3a may be acting to upregulate FGF-8 in the

presumptive AER. Finally it is still unclear how the FGF/Writ signalling loop interacts with

the transcription factors SnR, twist, Tbx-4 and Tbx-5. Even though FGF-10 transcripts

become localised to the presumptive limb regions just prior to SnR and twist expression,

beads laced with FGF-10 do not rapidly induce either SnR or twist when placed in the LPM

(Isaac et al., 2000). Additionally FGF-10 knockout mice, still exhibit Tbx-4 and Tbx-5

expression (Sekine et al.. 1999). Thus it seems unlikely that the FGF signalling loop directly

regulates SnR, twist, Tbx-4 or Tbx-5.

1.3 The Dorsal-Ventral Axis and the AER
The section above established that signalling from the underlying mesoderm

mediated by FGFs and Writs is essential for limb initiation. However a further question

remains, how is the AER formed at a defined location with respect to the D-V axis of the

embryo? Fate-mapping studies (Altabef et al., 1997) have revealed that while the mature
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AER is a narrow band of cells, located between the dorsal and ventral limb bud ectoderm; it

is derived from a relatively broad area of the limb field. Due to the fact that the AER ends up

being localised at the interface between dorsal and ventral cells of the limb bud ectoderm.

The suggestion has been made that the specification of the D-V axis of the limb and the

localisation of the AER are linked by a common mechanism (Meinhardt, 1983).

It is believed that the limb field initially establishes D-V polarity before the

emergence of the limb buds, as the grafting of limb field mesenchyme in an opposite D-V

orientation leads to the outgrowth of limbs with reversed D-V polarity (Saunders and Ruess

C.R., 1974). Juxtaposition of chick wing fields, with two rows of somites, induces bi-dorsal

limbs with normal AERs (Michaud et al., 1997), suggesting that not only does a dorsalising

signal originate from the somites, but also that the early determination of D-V polarity in the

mesoderm of the limb field is not essential for AER formation. However, as limb

development progresses, signals that determine D-V polarity are believed to become located

within the limb bud ectoderm, as recombination of limb bud mesenchyme within a D-V

reversed limb bud ectoderm during bud outgrowth results in the reversal of limb D-V

polarity (Geduspan and MacCabe, 1987). Suggesting that prior to limb bud outgrowth the

origin of signals determining the D-V polarity of the limb switches from the somites to the

ectoderm.

1.3.1 Molecular Cues that Specifiy Limb D-V Polarity
Several genes are expressed along the D-V border of the limb ectoderm, and have

been linked to the establishment ofD-V fate (Altabef and Tickle, 2002). Wnt-7a (Parr and

McMahon, 1995) and Lmx-1 (Vogel et al., 1995) are both restricted to the dorsal limb field

prior to and during limb bud outgrowth, Wnt-7a is expressed in the ectoderm, Lmx-1 in the

lateral plate mesoderm. Ectopic expression of Wnt-7a or Lmx-1 results in the dorsalising of

ventral mesoderm (Riddle et al., 1995), and loss of Wnt-7a results in the ventralisation of

limbs (Parr and McMahon, 1995). Another gene Engrailed-1 (En-1) is expressed solely in
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the ventral ectoderm, and loss of En-1 results in the dorsalisation of the limbs (Loomis et al.,

1996). Together these observations have been linked in the following model (Johnson and

Tabin, 1997). Wnt-7a is presumed to act as a dorsalising signal from the limb ectoderm,

resulting in expression of Lmx-1 in the underlying mesoderm. En-1 acts to repress Wnt-7a

from the ventral ectoderm, thus ensuring that Lmx-1 is restricted to the dorsal limb

mesenchyme. However, although it is reasonable to suppose that the somitic mesoderm is

involved in setting up the ectodermal expression patterns of En-1 and Wnt-7a, the molecular

signals involved in this transfer of D-V polarity from the mesoderm to the ectoderm remain

unknown.

1.3.2 Specifying the AER
Specification of the AER is believed to involve a member of the fringe family,

Radical fringe (r-Eng). r-Fng has been shown to be expressed in the dorsal ectoderm of

chick limb buds before and during limb bud outgrowth with the highest expression observed

in the AER (Laufer et al., 1997; Rodriguez-Esteban et al., 1997). Ectopic but localised

expression of r-Fng in the ventral limb bud results in the induction of small AER regions in

the ventral limb bud, which go on to develop biventral extra digits. Uniform expression of r-

Fng in the ventral limb bud partially or completely suppresses endogenous AER formation

(Laufer et al., 1997; Rodriguez-Esteban et al., 1997). These dramatic results have been

interpreted to mean that the AER forms at the interval between r-Fng expressing and non-

expressing cells (Zeller and Duboule, 1997). A remarkable parallel with invertebrate

development as Drosophila fringe is believed to play a similar role in formation of the wing

margin(Kimet al., 1995).

To specify the AER correctly in the developing limb bud r-Fng has to be restricted

to the dorsal ectoderm of the limb bud, this appears to be achieved through the activity of

En-1 (Laufer et al., 1997) which as previously mentioned is expressed in the ventral

ectoderm. Ectopic expression of En-1 in dorsal chick limb buds represses transcription of r-
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Fng resulting in the formation of
dorsal pattern

ectopic AERs and the formationDorsal Limb \
r-Fng Wnt-7a ► Lmx-1

of bi-dorsal ectopic digits

(Laufer et al., 1997) (Logan et

al., 1997). Thus specification of
Ventral Limb En-1

the AER in the chick appears to
Fig 1.6: A diagram depicting the gene interactions that
act to position the AER and pattern the limb with
respect to the D-V axis. En-1 restricts r-Fng and Wnt-
7a expression to the dorsal ectoderm. The AER forms
at the boundry of r-Fng expressing and non-expressing
cells. Wnt-7a triggers expression of Lnix-1 in the
mesoderm, which promotes a dorsal fate in the limb
bud.

rely on an antagonistic

relationship between r-Fng and

En-1, which positions the AER

at the D-V boundary of the

developing limb ectoderm due to their respective expression patterns.

The ectopic expression of r-Fng and En-1 suggest that the formation of an AER does

not necessarily have to occur at the boundary between dorsal and ventral cells. As AERs can

be induced in solely dorsal or ventral tissue, resulting in digits without the normal D-V

patterning. This is further supported by the chick mutation Eudiplopodia (Goetinck P.F.,

1964; Carrington and Fallon, 1986), which displays ectopic AERs that do not form at the

interface of dorsal (Wnt-7a expressing) and ventral {En-1) expressing cells. Instead they

form within the dorsal ectoderm resulting in dorsalised limbs. Additionally Wnt-7a

homozygous mutant mice still form correctly placed and functional AERs, but develop

ventralised limbs. So although at first glance it would seem that the mechanisms involved in

patterning the D-V axis of the limb and the positioning of the AER are tightly linked, it is

now obvious that they are in fact separable. A summary diagram depicting the interaction of

En-1 with r-Fng and Wnt-7a is shown in Fig 1.6.

Although the juxtaposition of r-Fng expressing and non-expressing cells provides an

excellent model for the localisation of the AER in the chick. The mouse r-Fng gene is not

required for limb development, as its removal by homologous recombination does not

exhibit a limb phenotype (Moran et al., 1999). The reasons for this are unclear though it has
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been suggested that a functional overlap with other members of thefringe family could exist

in mice (Moran et al., 1999). Combined knockouts of multiple fringe members may resolve

this issue.

1.4 The Proximal-Distal Axis of the limb

1.4.1 Outgrowth of the limb
As noted above the AER is essential for growth along the P-D axis of the limb, as it

is believed to provide molecular signals to the underlying mesenchyme that promote limb

outgrowth (Rowe and Fallon, 1982). Experiments have shown that upon removal of their

AER, limbs can be rescued by the application of beads soaked in FGF to their distal tips,

leading to the suggestion that FGFs are the AER derived signal that leads to outgrowth of the

limb (Fallon et al., 1994; Niswander et al., 1993). Four of the 22 known FGF genes, Fgf4,

Fgf8, Fgf9 and Fgfl7, display AER specific expression domains (Martin, 1998), and a

further two Fgf2 and FgflO are expressed in the mesenchyme underlying it (Martin, 1998).

Although it would seem that any of the above FGFs can rescue a limb devoid of an AER,

strangely, not all the above FGFs are essential for limb outgrowth. The individual loss of

Fgf2 , Fgf9 (Martin, 1998), or Fgfl7 (Xu et al., 2000)has no effect on limb development.

Genetic analysis of Fgf4 and Fgf8 function in the limb has required a tissue-specific

inactivation approach, as null homozygosity in either gene cause embryonic lethality before

limbs develop (Feldman et al., 1995; Meyers et al., 1998). Individual inactivation of Fgf4

does not elicit a limb phenotype (Moon et al., 2000), but removal of Fgf8 activity in the limb

results in hypoplasia of all three limb segments (Lewandoski et al., 2000; Moon and

Capecchi, 2000). Recent double conditional knockouts of Fgf4 and Fgf8 result in the failure

of limbs to develop(Sun et al., 2002). Thus although there is considerable functional

redundancy between the FGFs Fgf4 and Fgf8 appear crucial for limb outgrowth. The major

function of the FGFs in the AER is believed to be the stimulation of cell proliferation within

the developing limb, to ensure that there are enough cells to form all the required limb
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structures. Studies employing markers for cell proliferation have directly demonstrated that

FGFs are mitogens for limb bud mesenchyme (Dealy et al., 1997), and when Fgf4 and Fgf8

are switched off part way through bud outgrowth, the resulting limb is much smaller than

normal (Sun et al., 2002).

As mentioned previously FgflO is thought to play a vital role in promoting the initial

outgrowth of the AER by establishing a positive feedback loop with Fgf8 (Martin, 1998).

Continued expression of FgflO in the limb bud mesenchyme is thought to be due to this

same feedback loop and be required to maintain FGF expression in the AER. FGF10 has

been suggested as the "AER maintenance factor" produced by the distal limb mesenchyme,

the existence of which has been inferred from classical embryology experiments (Martin,

1998). Although essential for generating the cells necessary for the creation of the P-D axis,

other mechanisms are believed to be required to pattern the P-D skeletal elements.

1.4.2 Patterning the Proximal-Distal axis of the limb
Traditionally theories concerning the patterning of the P-D axis have been

dominated by the progress zone model (PZ model), first suggested over 30 years ago in

response to AER ablation experiments (Summerbell D.Lewis J.H.Wolpert L., 1974). It was

observed that following the removal of the AER the limb becomes truncated at a proximal-

distal level, that was dependent on the stage of the limb bud at the time of AER removal. In

other words removal of the AER early in development resulted in a limb containing only

proximal structures, whereas late removal of the AER resulted in loss of only the most distal

limb elements. Additionally it was noted that exchange of AERs between young and old

limb buds did not disrupt the normal proximal-distal patterning of skeletal elements. Thus

the information required to pattern the P-D axis was contained within the bud mesenchyme

not the AER(Summerbell D.Lewis J.FI.Wolpert L., 1974).
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According to the progress zone model these observations could be explained if, cell

fate along the P-D axis is determined by the amount of time spent in the progress zone, a

region of distal undifferentiated mesenchyme located just underneath the AER (see Fig 1.7).

Cells exiting the zone after a short

time acquire a proximal positional

address, ultimately forming proximal

limb structures such as the humerus.

Whereas cells remaining in the

progress zone for longer gain ever

more distal fates, such that the last

cells to leave gives rise to the most

terminal structures such as the

phalanges. The model predicts that distal mesenchyme cells measure the length of time they

are within the progress zone, possibly by exhibiting a quantitative response to a factor that

accumulates in response to ridge signals. Thus removal of the AER stops the progress zone

from accumulating more factor, prematurely ending P/D patterning. Replacement of the

AER even from a limb at a different stage enables the progress zone to begin accumulating

more AER response factors again, and P-D patterning continues from the same place.

Several transcription factors such as Lhx2, Msxl, Evxl, and Slug have been suggested as

possible candidates for the accumulating factor, (Rodriguez-Esteban et al., 1998; Niswander

and Martin, 1993; Davidson et al., 1991; Ros et al., 1997) as all have appropriate expression

patterns and are regulated by FGF signalling in the AER.

1.4.3 The Progress Zone Model Debunked?
Recent data has thrown doubt on the validity of the progress zone model. Dudley et

al. (Dudley et al., 2002) examined the patterns of cell death and proliferation in limb buds

after the removal of the AER. In confirmation of earlier reports (Rowe et al., 1982), they

AER

Fig 1.7 E 10.5 mouse limb bud, the location of
the progress zone is highlighted.
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found that 6 to 8 hours after ablation of the AER, the apical mesenchyme undergoes reduced

proliferation and substantial cell death stretching through a zone approximately 200

micrometers proximally from the AER. The extent of the tissue lost after AER removal

corresponds to the amount of distal deletion seen, however swift replacement of the AER

after removal prevents cell death and maintains apical proliferation.

In addition Dudley et al. used the lipophilic dyes Dil and DiO to examine the fates of

cells marked early in limb development. They found that in early stage chick wing buds

(stage 19) cells directly beneath the AER appeared only in the autopod, those marked 100

micrometers proximal to the AER were found only in the zeugopod and those labelled 200

micrometers below the AER were found in the stylopod. The distal part of a stage 19 wing •

bud, comprising the AER and the presumptive (as labelled) autopodial mesoderm was then

grafted to the stump of an amputated leg bud. The graft formed only digit-like skeletal

elements, i.e. only autopodial structures, these elements exhibited the wing-specific Tbx5

marker and the autopodial specific marker Hoxa-13. Therefore, the grafted tissue was

specified as autopod at stage 19, a much earlier stage than is predicted by the PZ model. The

loss of distal structures upon removal of the AER in stage 19 chick limbs could now be

explained by the loss of autopod and zeugopod cell progenitors in the region of cell death

stretching 200 micrometers proximally from the AER.

Further data inconsistent with the PZ model has recently been revealed in double

Fgf4 and Fgf8 conditional knockout alleles created by Sun et al.(Sun et al., 2002). These

mice fail to develop hindlimbs, but forelimbs develop skeletal elements from all three

proximal-distal segments due to transient expression of Fgf4 and Fgf8 in their AERs.

However after inactivation of Fgf4 and Fgf8 the forelimbs were substantially diminished in

size by cell death in the proximal region. The authors suggest that this cell death reduces the

number of skeletal progenitors available to form the forelimb. In these mice, proximal

regions (zeugopodial) elements were invariablly deficient when distal (autopodial) elements

were present. The PZ model predicts that specification of proximal elements should be
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complete before the specification of more distal elements is initiated. This is clearly not the

case in the Fgf4 and Fgf8 conditional mice.

The results of Dudley et al. and Sun et al., indicate that the proximal-distal axis of

the limb is specified much earlier than originally predicted by the PZ model. The presence of

distinct autopodial progenitors in stage 19 chick wings, suggests that the P-D axis is

specified as a pre-pattern, i.e. cells are designated a P-D fate early in limb bud outgrowth, or

perhaps even in the lateral plate mesoderm before the limb buds appear. The establishment

of such a pre-pattern would obviously depend on differential gene expression between the

progenitors of the stylopod, zeugopod and autopod. Excellent candidates for possible

mediators of a P-D pre-pattern are the homeobox genes Meis-1, Meis-2 and Pbx-L Meis-1

and Meis-2 are believed to activate expression of Pbx-1 (Mercader et al., 1999) and are

expressed throughout the lateral mesoderm, and the areas of the limb bud that become the

stylopod. Over-expression ofMeis-1 in the chick limb results in a reduction in size and

proximilisation of the zeugopod and autopod (Mercader et al., 1999). Meis-1 and Meis-2 are

activated by retinoic acid (RA) present in the limb bud and repressed by FGF signalling

from the AER (Mercader et al., 2000). Thus, it is feasible that Meis-1 and Meis-2 act to pre-

pattern the stylopod by being restricted to the proximal limb bud by FGF signalling from the

AER.

Whatever the precise nature of the P-D pre-pattem it is probable that it does not fix

cell fates irreversibly. In addition to their autopod progenitor grafts Dudley et al. also

dissociated apical limb mesenchyme cells from wing buds at stage 20, reassembled them in

ectodermal hulls, and allowed them to develop. The recombinants formed skeletal elements

from all three limb sections. However, recombinants formed from apical cells of later stage

wings formed progressively less proximal structures. Therefore it would appear that initially

cells are divided into P-D progenitor populations by a P-D pre-pattern, but only establish a

fixed fate later in development.
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1.5 The Anterior Posterior Axis and the ZPA
As has already been mentioned, surgical manipulation of the chick embryo resulted

in the identification of the ZPA, the area of the limb bud believed to be responsible for

patterning the A-P axis of the developing limb bud (Saunders, 1968). Soon after the

identification of the ZPA Lewis Wolpert proposed a mechanistic model for its function

(Wolpert L.Macpherson I.Todd I., 1969). Wolpert realised that to generate a complex

structure such as a limb bud, embryonic cells must know where they are in relation to the

developing structure, i.e. they must have positional information. Using the analogy of

generating the pattern of a French flag (one third blue, one third red and one third white)

Wolpert devised a positional information paradigm that relied on a concentration gradient.

Wolpert envisaged that a chemical (a morphogen) produced on one side of a field (such as in

the ZPA) would set up a concentration gradient across the field. Near to its point of origin

the morphogen would be at a high

concentration, but the other end of

the field would receive a low

concentration of the morphogen.

Cells would then differentiate

according to the concentration of

the morphogen they receive: for

example blue at high

concentrations, white at

intermediate, and red at low

concentrations (see Fig 1.8).

Several lines of evidence

support a gradient model for ZPA function. Firstly the number and morphology of ectopic

digits formed when cells from the ZPA are transplanted into the anterior of the limb is

proportional to the number of ZPA cells transplanted (Tickle, 1981). A large number of cells

Line of totipotent cells

Cells differentiate according
to morphogen concentration

Fig 1.8: Wolpert's French Flag model. A line of
totipotent cells detects the concentration of a
particular morphogen within a developmental field
and differentiates accordingly. High concentrations
result in blue cells, intermediate concentrations in
white cells and low conetrations in red cells. Thus the

pattern of a French flag is formed.
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results in a full mirror image duplication of the digits, 4-3-2-2-3-4 (chick wings have three

digits, which are designated from the posterior to the anterior as 4-3-2). However

transplantation of a smaller numbers of cells result in progressively less ectopic digits 3-2-2-

3-4, or 2-2-3-4. Secondly, attenuation of the endogenous ZPA's activity, by reducing the

number of cells within the posterior limb bud mesenchyme, reduces the number of

endogenous digits proportionally (Smith et al., 1978). Both results suggest that the ZPA

produces a factor that acts in a concentration dependent manner. Finally, transplantation of

ZPA cells to the apex, as opposed to the anterior, of a limb bud results in the formation of a

complex set of digits, consistent with the superposition of an ectopic and endogenous

concentration gradient (Tickle et ah, 1975).

1.5.1 Sonic hedgehog the morphogen ?
The molecule identified as the morphogen produced by the ZPA is Sonic hedgehog

(Shh), an orthologue of the Drosophilia gene hedgehog (hh) (Riddle et ah, 1993). Shh has

been shown to co-localise with the ZPA in mouse and chick limb buds (Riddle et ah, 1993),

and its expression can be induced by retinoic acid (RA) a known inducer of polarising

activity (Riddle et ah, 1993). Further proof came from the grafting of Shh producing cells or

beads impregnated with SHH protein (Chang et ah, 1994; Lopez-Martinez et ah, 1995) into

the anterior of limb buds, both were capable of producing mirror image digit duplications.

The removal of Shh in knockout mice also reveals that Shh has a polarising function (Chiang

et ah, 1996). Mice homozygous for the Shh knockout allele (hereafter referred to as Shhnull /

null mice) exhibit severe defects in many embryonic structures including the limb (Chiang et

ah, 2001). Mutants have four limbs with recognisable A-P patterning in the stylopod

(humerus/femur), but below the stylopod the A-P patterning is severely disrupted. Skeletal

elements of the zeugopod form but exhibit defects in A-P patterning. The forelimb autopod,

is represented by a single distal cartilage element whereas the hindlimb autopod consists of a

single digit 1 (mice hindlimbs have five digits designated 5-4-3-2-1 from the posterior to the
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anterior). Thus it would seem that Shh is vital for the activity of the ZPA, and for A-P

patterning the zeugopod and autopod of the limb.

However, to act as a morphogen as proposed by Wolpert's gradient model SHH

must be shown to diffuse from the ZPA and be able to set up a concentration gradient across

the limb bud. The currently available evidence of whether or not SHH can act as a

morphogen is conflicting. Although the grafting of Shh producing cells/beads induces digit-

duplications in a dose dependent manner, a large number of studies have failed to detect

SHH from its site of synthesis in the ZPA (Johnson and Tabin, 1997). Additionally, when

expressed in insect and mammalian cell lines both HH and SHH are tightly bound to the cell

surface (Chang et al., 1994; Lopez-Martinez et al., 1995; Lee et al., 1994; Bumcrot et al.,

1995). The reason for this adherence was believed to be due to the post-translational

modification of the SHH pro-peptide. The pro-peptide is cleaved to release an active 19kDa

N-terminal fragment (N-Shhp) which is retained at the cell surface by the attachment of

cholesterol to its C terminus (Porter et al., 1996).

However, more recent data has suggested that the addition of cholesterol to N-Shhp

may in fact be essential for long range signalling of Shh. Lewis et al. (Lewis et al., 2001)

used gene targeting in mouse embryonic stem cells to terminate translation immediately

downstream of the glycine residue at position 198 of the Shh peptide. This recombinant

allele (N-Shh) generated a truncated Shh protein differing from the autoproteolytically

cleaved wild-type protein by the absence of the cholesterol. To determine the biological

significance of the cholesterol modification of SHH peptide, the N-Shh allele was crossed

onto a ShhmU background to generate N-Shh/Shh""" mice. Thus the only SHH protein

generated by these mice did not exhibit the cholesterol modification.

N-Shh/Shh""11 mice demonstrated normal outgrowth of the limbs and three digits

formed (5-4-1), as opposed to the severely truncated limbs exhibited by Shh!"'"'""" mice. This

result has been interpreted to mean that the addition of cholesterol may actually increase the

range of Shh signalling (Lewis et al., 2001), as the N-Shh/ShhmU mice display a lack of SHH
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mediated A-P patterning whereas Shh"""'+ are known to have a wild type phenotype (Chiang

et al., 1996). Another group has suggested a mechanism by which cholesterol may facilitate

the diffusion of SHH across the limb bud. Zeng et al. (Zeng et ah, 2001) identified a

naturally occurring, freely diffusible form of Shh (s-ShhNp) that is cholesterol modified and

multimeric. Their work confirmed that s-ShhNp was biologically potent, and could be

isolated from chick limb bud tissue, large amounts from the posterior region with decreasing

amounts towards the anterior of the bud. Though it should be noted that Zeng et al. were not

able to rule out the possibility that additional factors may have produced the low levels of

SHH in the assay used to detect s-ShhNp in the anterior of limb buds. Zeng et al. suggested a

model whereby ShhNp concentrates within the cell membrane, where it multimerizes with is

lipid attachments sequestered to the interior of the multimer to form soluble s-ShhNp. s-

ShhNp then diffuses from its site of synthesis to provide long-range patterning information

(i.e. act as a morphogen). The ability of s-ShhNp to work at very low concentrations may

explain why previous attempts to detect a gradient of SHH across the limb bud using

immunohistochemistry have failed.

The most recent evidence suggests that SHH can diffuse a substantial distance from

the ZPA, however there are several mechanisms that are known to restrict the movement of

SHH. In Drosophila and presumably also in vertebrates, HH diffusion is contained by

binding to its receptor Patched iptc) (Chen and Struhl, 1996), and another more recently

discovered cell surface protein. Hip (Hedgehog interacting protein) (Chuang and McMahon,

1999). Hedgehog signalling induces high-level expression of the genes encoding these

proteins, thus the signalling molecule itself attenuates and limits its own action. The reason

for this remains unknown, though in the poiydactylous chick mutant talpid there is no high

level expression ofptc and this has been suggested to result in a wider diffusion of Shh

protein, ultimately causing the formation of extra digits (Caruccio et al., 1999). Thus the

negative regulation of Shh diffusion may also be important for the correct regulation of A-P

axis.
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1.5.2 Interpreting the A-P concentration gradient of Shh
The most recent data does seem to support a role for Shh as a morphogen, but the

method by which a concentration gradient of SHH could be interpreted is only now being

elucidated. One known target of Shh signalling is the transcription factor Gli3 the orthologue

of the Drosophila gene cubitus interuptus (Ci) (Methot and Basler, 2001). In the absence of

hh signalling Ci (Cil55) is processed to generate a 75 kDa amino-terminal fragment (Ci75)

that acts to repress transcriptional targets genes (Aza-Blanc et al., 1997). The presence of HH

prevents the generation of Ci75, and also causes Ci 155 to act as a transcriptional activator

(Methot and Basler, 1999). Shh is believed to act in a similar way on Gli3, inhibiting the

formation of Gli3 repressor (GH3R), while promoting the formation of Gli3 activator

(GH3A) (Ingham and McMahon, 2001). Interestingly in chick and mouse limb buds A-P

concentration gradients of GH3R and GH3A are observed, the posterior of the limb exhibits

high levels of GH3A but low levels of GH3R, the converse is true in the anterior of the limb

(Wang et ah, 2000).

Recent analysis of Gli3/Shh compound mutants has revealed an intriguing limb

phenotype (Litingtung et ah, 2002). As has already been mentioned Shhm'"/nu" mice exhibit

severe limb deformities, including A-P skeletal deficiencies (Chiang et ah, 1996). The

semidominant mouse mutation Extra toes (XtJ) generates a GU3 null allele, hereafter

referred to as Gli3""11. Gli3n"l,/Gli3nu" limbs are normal down to the level of the wrist/ankle,

but exhibit severe Polydactyly 6 to 11 digits (Hui and Joyner, 1993), which traditionally has

been attributed to ectopic Shh expression in the anterior of the limb bud (Masuya et ah,

1995; Masuya et ah, 1997). However Gli3null/GU3nul1 limbs exhibit complete loss of digit

identity, a result that has always puzzled researchers as anterior ectopic expression of Shh

usually results in mirror-image duplications of digits with wild type identities (Masuya et ah,

1995; Masuya et ah, 1997).
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The phenotype of Shhnu"'nu" Gli3null/nul1 limbs is virtually identical to that of Gli3 n""/

"""limbs (Litingtung et al., 2002), suggesting that Shh must act through Gli3 for normal ZPA

function. Shhnu"'nu"Gli3 null/+ limbs exhibited three or four digits, an intermediate phenotype

to the single digit of Shhnul"nu"mice or the 6-11 digits of Shhnul"nu"Gli3 nu"/nu". Additonally

all the digits generated by Shh"""1""" GU3 null/+ mice are identifiable as digit 1 regardless of

their position along the A-P axis. Therefore, although reducing Gli3 dosage in Shh"""1""" can

mimic Shh signalling in rescuing digit formation, posterior digit identities are not restored;

the regulation of digit number and identity are GIi3 dependant but seperable processes. The

most likely scenario is that Shh acts to pattern the A/P of the autopod by setting up a gradient

of Gli3A:Gli3R. Gli3A can be envisaged as promoting a posterior identity in digits, whereas

GH3R can be viewed as

inhibiting digit formation (See

Fig 1.9). In ShhnuWmdl limbs

only Gli3R is present (due to a

lack of SHH) therefore digit

formation is inhibited and the

single digit that remains takes

on an anterior identity.

However in Gli3"uU/n"" neither

GH3A or GH3R is present, therefore no A-P digit identity is established and a polydactylous

phenotype is observed as Gli3R is not available to restrict the number of digits to five.

1.6 Pre-patterning the limb field
Great strides have been made in understanding the patterning of the A-P axis of the

autopod. However the same cannot be said of the zeugopod and stylopod. Mice null for Shh

and Gli3 exhibit no zeugopod or stylopod abnormalities (Litingtung et al., 2002), suggesting

that mechanisms other than a concentration gradient of Gli3A:Gli3R across the A-P axis of

Anterior

GIi3R
concentration

ZPA

SHH concentration Posterior Gli3A
concentration

Fig 1.9 : A concentration gradient of SHH protein across
the A-P axis of the limb is predicted to set up reciprocal
conentration gradients of Gli3A and Gli3R. Such that
towards the posterior of the limb there are high levels of
Gli3A, but towards the anterior there are high levels of
Gli3R.
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the limb specifies their A-P polarity. Currently these mechanisms are unknown, though

determination of zeugopod and stylopod A-P polarity could be part of a limb field pre-

patterning event. Such an event can be defined as, "the establishment of limb field positional

information with regard to the limb's eventual three axis prior to limb bud formation".

Evidence for the formation of a limb pre-pattern has already been suggested for the D-V and

P-D axis of the limb. Wnt-7a (Parr and McMahon, 1995)and En-1 (Logan et al., 1997) are

expressed in dorsal and ventral ectodermal domains respectively prior to limb bud

outgrowth, and the Meis genes have been suggested to play a role in the establishment of

stylopod identity prior to bud initiation (Mercader et ah, 1999).

At present there are few candidate genes for establishing an A-P pre-pattem. Gli3

and Alx4 are both expressed in anteriorly restricted domains in the pre-limb bud

mesenchyme, but the removal of either gene's activity only results in A-P defects in the

autopod (Hui and Joyner, 1993; Qu et ah, 1998). Thus although possibly important in

establishing an anterior pre-pattem for the autopod it seems unlikely that Gli3 and A 1x4 are

involved in establishing an anterior pre-pattem for the zeugopod or stylopod. However, the

transcription factor dHAND is also expressed before and during the outgrowth of the limb

bud, in the posterior domain of the limb field (Charite et ah, 2000). Additionally ectopic

expression of dHAND in the anterior limb field results in the complete mirror-image

duplications of posterior elements of both the zeugopod and autopod (Charite et ah, 2000).

Therefore it is feasible that dHAND may play a role in establishing a posterior domain in the

limb pre-pattern for both the zeugopod and autopod.

A striking fact is that most limb mutations seen in mouse and chick exhibit

patterning defects in the more distal elements of the limb, proximal elements always seem to

be less severely affected or normal. Is this because the perturbation of factors essential for

the patterning of the stylopod and to a lesser extent the zeugopod affect a limb pre-pattem to

such a severe extent that the limb never develops? Although an intriguing possibility it
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awaits the identification of further genes exhibiting early limb field expression patterns, and

their conditional removal at specific stages of limb development.

1.7 What of the Bone Morphogenetic Proteins?
Another set of proteins that have been suggested to play a role in determining the A-

P axis of the developing limb bud are the bone morphogenetic proteins (BMPs) (Cohn and

Bright, 1999). Bmp2 is expressed in a pattern that broadly overlaps that of Shh in the limb

bud (Francis et al., 1994b), and has been shown to have mild polarising activity (Duprez et

al., 1996). Bmp2 has been suggested to mediate the A-P patterning effects of Shh, as Shh

was not previously believed to be able to diffuse out of the ZPA (Cohn and Bright, 1999),

where as the Bmps are known to be able to diffuse widely (Cohn and Bright, 1999).

However, with the discovery of a freely diffusible form of SHH, s-ShhNp (Zeng et al.,

2001), the role of Bmp2 in the early limb bud is unclear.

However, recent data suggests that the Bmps may be involved in specifying A-P

digital fates at a much later stage, after Shh has disappeared from the ZPA. Work by Dahn

and Fallon (Dahn and Fallon, 2000) suggests digital identities are specified by the

interdigital mesoderm (IDM), before its regression. More posterior IDM specifies more

posterior digital identities, and each digit will develop in accordance to the most posterior

cue received. Additionally inhibition of IDM BMPs can transform digital identity,

suggesting the BMPs may mediate this process.

As well as playing a role in the A-P patterning of the limb, BMP2, BMP4 and BMP7

have also been implicated in regulating the apoptosis of interdigital mesenchyme.

Misexpression of Noggin, an antagonist of BMP signalling, in the ectoderm of transgenic

mice results in extensive tissue syndactyly, due to a lack of apoptosis in the interdigital

mesoderm (Guha et al., 2002). Additionally, co-expression of BMP4 with Noggin, in double

transgenic embryos restores interdigital apoptosis (Guha et al., 2002). Thus, BMP signalling

is causally implicated in regulating the regression of interdigital mesenchyme in mammals,

Introduction 27



The sasquatch mouse: an enhanced limb
consistent with prior findings in avians (Yokouchi et al., 1996; Zou and Niswander, 1996).

However, no significant change in the expression pattern ofMsxl and Msx2 was observed in

Noggin transgenic limbs (Guha et ah, 2002), although Msx2 has been implicated in BMP

mediated interdigital apoptosis in the chick (Zou and Niswander, 1996). The reasons for this

are currently unclear.

A role for the BMPs in the patterning of the D-V axis of the limb has also been

suggested by the fact that BMP2, BMP4 and BMP7 are expressed in the early chick ventral

ectoderm, co-incident with En-1 (Francis et ah, 1994a) (Francis-West et ah, 1995). Further

evidence comes from the misexpression of Noggin in the chick limb, which results in a

partial or total absence of EN1 in the ventral ectoderm, and a dorsalised limb (Pizette et ah,

2001). Conversely, misexpression of constitutively activated BmpRIB (a BMP receptor)

results in misexpression of En-1 in the dorsal ectoderm, ventralising the limb (Pizette et ah,

2001). Combined with the fact that misexpression of En-1 does not alter BMP2, BMP4 and

BMP7 expression (Pizette et ah, 2001), this data suggests that the BMPs act as ventralising

signals upstream of En-1.

1.8 The AER and the ZPA regulate each other
For simplicities sake the patterning of the limb has been portrayed as the definement

of three separate signalling regions that then act individually to pattern the three limb axis.

However the reality of limb development is obviously far more complex, as the various

signalling regions are believed to act in concert with each other to pattern the limb as a

whole (Johnson and Tabin, 1997). A good example of this is the interaction between the

AER and ZPA. ZPA deletion experiments have revealed that not only is the A-P axis

affected but the truncations occur along the P-D axis as well (Johnson and Tabin, 1997). This

is further illustrated in Shh""nmice which exhibit P-D deletions (Chiang et al., 1996;

Chiang et al., 2001). The reason for this is that Shh is required to maintain the AER, lack of

Shh expression eventually results in the loss of the AER. In turn FGF signalling from the
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AER is believed to maintain the ZPA, as loss of Fgf8 quickly results in the down-regulation

of Shh ZPA expression (Martin, 1998).

1.9 Positioning Shh to the ZPA
The discovery of Shh as the morphogen released from the ZPA, allows the following

question to be asked: what mechanisms lead to restricted Shh expression in the posterior

limb bud? The ability of tissues to express Shh in the forelimb ZPA has been linked to

Hoxb8 expression in the lateral plate mesoderm (Lu et ah, 1997). Its endogenous expression

correlates well with the future forelimb ZPA and ectopic expression of Hoxb8 results in the

formation of ectopic ZPA tissue (Charite et ah, 1994). The realisation that Hoxb8 may have a

role in determining the position of the ZPA links the determination of the A-P polarity of the

main body axis with that of the autopod.

However grafting experiments in both the chick and the mouse have revealed that in

fact most of the flank to greater or lesser degrees has the capacity to induce a polarising

region if placed in a permissive environment (Tanaka et ah, 2000). Thus, in addition to a

positive determinant of ZPA position, cells along the flank must also be inhibited from

expressing Shh. Indeed, this is further highlighted by the examination of the hemimelia-

luxate group of mouse mutants that exhibit pre-axial Polydactyly (Masuya et ah, 1995;

Masuya et ah, 1997), (additional digits on the anterior side of the limb) Extra toes (Xt),

Recombination induced mutant 4 (Rim4), Strong's luxoid (Is), luxate (Ix), X-linked

Polydactyly (Xpl) Hemimelic extra toes (Hx) dominant hemimelia (Dh) (Lettice et al. 1999)

and sasquatch (Ssq) (Sharpe et ah 1999) all exhibit an ectopic anterior domain of Shh

expression in developing limb buds (see Fig 1.10). These mutants suggest that Shh must be

actively repressed in the anterior domain of the limb bud. The nature of the repressor

mechanism is unknown for the majority of these mutants, with the exception of Xt and Is,

which have been shown to be due mutations that result in non-functional Gli3 (Hui and

Joyner, 1993) and Alx4 (Qu et ah, 1998) respectively. Due to these observations Gli3 and
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Alx4 have been suggested as repressors of Shh expression in the anterior of the limb bud. To

gain a further insight into the mechanism by which Shh expression is directed to the ZPA of

developing limbs our group has been examining the Ssq mutation.

►
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Figl.10: Limb buds from Ssq animals depicting anterior ectopic
expression of Shh in the limb bud. All the members of the hemimelia-
luxate group ofmutations exhibit similar ectopic Shh expression, this
ectopic expression is believed to cause pre-axial Polydactyly.

1.10 The sasquatch mutation
The sasquatch mutation (Ssq) arose as the result of the random insertion of a Hoxbl

human placental alkaline phosphatase (HPAP) reporter construct, in one of eight transgenic

lines (Sharpe et al., 1999). In adults heterozygous for the Ssq mutation the forelimbs are

normal, but the hindlimbs display preaxial Polydactyly (see Fig 1.11). Homozygotes exhibit

more extensive limb abnormalities, the hindlimb Polydactyly is more severe, and the

zeugopod displays hemimelia (reduction in the length of the tibia). Homozygous forelimbs

also display preaxial Polydactyly and slight hemimelia. The semi-dominant nature of the Ssq

mutation and the observation that hindlimbs are more severely affected than forelimbs is

consistent with other members of the hemimelia-luxate group of mutants. However, unlike
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the rest of the hemimelia-luxate group,

but in common with Hx, no other defects

are seen outside of the limb in Ssq mice.

1.10.1 The Ssq transgene
insertion site

In an effort to identify the site of

the Ssq mutation metaphase nuclei from

Ssq animals were probed with the HPAP

transgene using fluorescence in situ

hybridisation (FISH), and two insertion

sites were located to the proximal half of chromosome 5. Msxl and Ix loci were shown to lie

in their normal orientation between the two integration sites indicating that the insertion

events had not created a large chromosomal inversion. Ssq mice were backcrossed to Mus

musculus castaneus to establish which integration site colocalised with the mutation.

Markers for chromosome 5 exhibited expected recombination frequencies, re-enforcing the

idea that the HPAP insertions had not in fact created a large chromosomal rearrangement.

The more proximal of the two insertion sites was found to be associate with the mutation,

henceforth called the Ssq insertion. The physical location of the Ssq insertion was established

on interphase spreads, which demonstrated that it had integrated approximately 800kb away

from Shh.

A more precise location for the Ssq insertion was established by Dr Laura Lettice

(MRC, Human Genetics Unit, Edinburgh) using a A. genomic library made from Ssq/Ssq

mice (Lettice et ah, 2002). Clones were isolated using the HPAP transgene as a probe, and a

clone incorporating a junction between the transgene and surrounding genomic DNA was

identified. The genomic section of this X clone was then used to identify mouse PAC clones.

Subsequent exon trapping of the mouse PAC clones identified a surrounding gene, Lmbrl.

Further elucidation of the insertion site using a cosmid library revealed that the Ssq insertion

Fig 1.11: Pre-axial Polydactyly as displayed
by Ssq heterozygous mice. A is a wild type
hindlimb for comparison. B, C and D are all
Ssq heterozygous hindlimbs (taken from
Sharpe et al.).
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consisted of multiple HPAP insertions and had integrated into intron 5 of the Lmbrl gene

duplicating 20kb of genomic DNA in the process (see Fig 1.12).

Lmbrl Intron 5

Lmbrl exon

DC B

1 I I 1
| | | \ 11

1
Genomic Marker

Ssq Insertion

in t imm 1 lil'
i 1 1-1 1—i 1—i-1 1—
D C B C B A

v y

Duplication

Fig 1.12: A diagrammatic representation of the Ssq insertion event. The Transgene inserted
within intron 5 of the gene Lmbrl duplicating approximately 20kb in the process.

1.10.2 The Lmbrl gene
Lmbrl (Limb region 1) is located approximately 800 kb downstream from Shh and

encodes a 490 amino acid protein (LMBR1L) and possibly a 32 amino acid peptide by

alternative splicing (LMBR1S) (Clark et al., 2000). LMBR1L is hydrophobic and predicted

to contain nine transmembrane domains, and exhibits over 95% identity to the human gene

C7orf2, henceforth referred to as LMBR1.

Dr. Laura Lettice examined the consequence of the Ssq insertion on Lmbrl

transcription; full-length Lmbrl transcripts were found in Ssq homozygous embryos (Lettice

et al., 2002). However, the majority of Lmbrl transcripts in Ssq embryos show some

premature termination. The 5' end of the transcript is produced at wild type levels, but

transcription of exons 3' of the Ssq insertion occurs at 10-30% of wild type levels. The Ssq

transgene is believed to be the cause of the pre-mature truncation between exons 5 and 6 of

Lmbrl Ssq animals.
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Due to the perturbation of the Lmbrl transcript in Ssq animals Lmbrl was originally

thought to play a role in generating the Ssq phenotype. A scenario was envisaged whereby

the premature truncation of the Lmbrl gene acted to create a dominant negative form of

LMBR1, that either "switched on", or failed to repress, Shh expression in the anterior limb

bud. Work from other groups on human and mouse limb mutations that mapped close to

Lmbrl (outlined below) seemed to support the notion that Lmbrl had a role in limb

development, probably by acting to regulate Shh expression in the limb. However despite the

efforts of several groups including our own, significant expression of Lmbrl cannot be

detected in a developmental^ relevant pattern in the mouse limb bud by in situ hybridisation

(unpublished observations). RT-PCR analysis does detect low levels of Lmbrl transcript in

all embryo/adult tissues examined, and Lmbrl ESTs have been found in silico in many

embryonic and adult EST libraries. Suggesting that Lmbrl is expressed at low levels

ubiquitously in the mouse.

1.10.3 The Hx mutation
Lmbrl has also been implicated in the mouse limb mutation Hx, another member of

the hemimelia-luxate group of mutations, mentioned above. Genetic mapping by Clark el

al.(Clark et al., 2000) has identified a critical region for Hx that includes Lmbrl and another

gene Lmbr2 (RNF32 in humans). Due to the similarity in phenotype of Hx and Ssq, and the

fact they map to similar genomic locations we suspect that Hx is allelic to Ssq. The open

reading frame of both Lmbrl and Lmbr2 were shown to be intact in Hx mice. However, the

expression of both long and short Lmbrl transcripts was demonstrated, by Northern blot

analysis, to be absent from Hx homozygous hind limb buds at El 1.5, and by E12.0 absent

from both fore and hind limb buds. The levels of Lmbrl transcription returned to normal

levels by E12.5. The levels of Lmbrl transcription were only mildly down-regulated in Hx

heterozygotes at E12.0. Hx homozygotes and Hx heterozygotes have an indistinguishable

phenotype at both pre-natal and post-natal stages. Lmbr2 transcripts were not detected by
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Clark et al. in either wild type or Hx limb buds. Due to the down-regulation of Lmbrl

transcripts in Hx limbs at El 1.5 (the same embryonic stage at which morphological defects

occur in Hx limb buds) Clark et al. postulated that the Hx mutation disrupted a regulatory

element of Lmbrl. Leading to the down regulation of Lmbrl in the limb bud, which in turn

resulted in the Hx limb phenotype.

1.10.4 Lmbrl knockout
In an effort to establish if Lmbrl had a role in limb development Clark et al.

generated a loss of function mutation in Lmbrl using stem cell targeting (Clark et al., 2001).

Homologous recombination in ES cells was used to replace a 1.1 kb genomic fragment with a

PGKneo selection cassette. This 1.1 kb fragment included the 5'-most coding exon of the

Lmbrl gene (exon 1) which was known to encode the first 22 amino acids of both the

LMBR1L and LMBR1S proteins. The deleted fragment contains 365bp 5' of exon 1 and

696bp 3', the allele generated by ES cell recombination was termed LmbrlATG. LmbrlATG

homozygotes were generated at normal Mendelian ratios by crossing LmbrlATG

heterozygotes.

To assess if the LmbrlATG allele was a true null allele of the Lmbrl gene, Northern

blots were carried out using adult brain poly(A) RNA from wild type and LmbrlATG/ATG mice

and a Lmbrl cDNA probe. Normal Lmbrl, 3 and 5 kb messages containing the first Lmbrl

exon were greatly reduced in LmbrlATG/ATGmice. Long exposures of LmbrlArG/A"'Northern

blots showed novel multiple Lmbrl transcripts in brain RNA. Lmbrl transcripts were

produced at approximately 7% of wild type levels. Clark et al. suggest that the Lmbrl

transcripts seen may initiate from an alternative promoter within the region or from within

the PGKneo selection cassette, used to create the LmbrlATG allele. They conclude that that

the LmbrlATG mutation is hypomorphic rather than a null mutation of the Lmbrl gene.

However we find it difficult to envisage a way in which a functional LMBR1 protein could

be produced from the transcripts observed in LmbrlATG/ATG mice.
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LmbrlATG heterozygous mice did not exhibit any digit abnormalities, however

homozygotes did display a low incidence of limb abnormalities. Out of 36 mice examined,

two displayed loss of a digit on a single limb and syndactyly (joining of the digits), a further

mouse displayed syndactyly only. Mice trans-heterozygous for the LmbrlATG allele and the

Hdhdf4J deletion (Schimenti et al., 2000) (a deletion that removes a large section of mouse

chromosome 5 including Shh and Lmbrl) were also generated and their phenotypes

examined. LmbrlA"'/Hdh'"4J mice showed consistently more severe limb phenotypes, for

example 55% of all LmbrlATG/Hdhdf4J limbs had fewer than five digits, compared to <1% of

LmbrlATG/ATG limbs. In the light of LmbrlATG/ATG and LmbrlATG/Hdhdf4J phenotypes Clark et

al. have suggested that Lmbrl is essential for the normal development of autopodial limb

structures.

1.11 Human Limb mutations mapped to 7q36

1.11.1 Limb Specific Preaxiai Polydactyly
Preaxial Polydactyly (PPD) is a congenital hand

malformation that includes duplicated thumbs, various

forms of triphalangeal thumbs and duplications of the

index finger (see Fig 1.13). Linkage analysis has located

a PPD locus near to the polymorphic marker D7S559 on

human chromosome 7q36 (Heutink et al., 1994), and a

critical region identified between D7S559 and D7S2423,

a distance of approximately 1.9cM (Zguricas et al.,

1999). Interestingly, this region is syntenic to the Lmbrl

region of mouse chromosome 5. This particular form of

PPD is limb specific; i.e. it is not associated with any

other congenital abnormality, only patient's limbs are

nn
nn
Fig 1.13: An example of
human Pre-axial

Polydactyly. (Taken from
Lettice et al.)
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affected. The similarity in phenotype and genomic location between Ssq/Hx and limb

specific PPD have led us to suggest that Ssq and Hx are the mouse models for PPD.

A high-resolution genomic map of the 7q36 PPD locus has been created (Heus et ah,

1999), and using a combination of exon trapping, cDNA selection and EST mapping 11

transcripts were identified between D7S559 and D7S2423. Further refinement of the PPD

critical region with novel polymorphic markers, enabled the location of the PPD mutation to

be narrowed down to a 450kb region (Heus et ah, 1999). Four transcripts were mapped to

this PPD candidate region, HLXB9, (a homeobox-containing transcription factor) C7orf3,

RNF32 (both of unknown function) and LMBR1. No coding mutations could be found in any

of the four genes. Additionally, LMBR1 transcripts have been amplified by RT-PCR from

lymphoblastoid cell lines derived from several PPD families (Lettice et ah, 2002). The

LMBR1 transcripts did not exhibit pre-mature truncation, and were identical to wild type

controls. This data argues that mutations disrupting LMBR1 transcription or function are not

commonly associated with a PPD phenotype.

1.11.2 A Translocation breakpoint associated with a Japanese PPD
patient

Recently a 3-year-old Japanese PPD patient has been identified, and found to carry a

de novo reciprocal translocation t(5,7)(q 11 ,q36) (Lettice et ah, 2002). Fine mapping of the

translocation breakpoint, has identified it as lying within intron 5 of LMBR1. The presence of

the translocation was predicted to form a truncated Lmbrl transcript similar to those formed

in Ssq mice.

1.11.3 Acheiorpodia
Acheiropodia is an autosomal recessive developmental disorder that results in

bilateral congenital amputations of the upper and lower limbs, plus aplasia of the hands and

feet (see Fig 1.14) (Ianakiev et ah, 2001). No other systemic manifestations have been

reported, thus acheiropodia is a limb specific disorder. Analysis of five families with

acheiropodia by Ianakiev et al.(Ianakiev et ah, 2001) identified a critical region for the
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Fig 1.14: A +B An
Acheiropodia affected
individual, C + D leg x-rays
from the same individual

(taken frome Ianakiev et al
2001).

The sasquatch mouse: an enhanced limb
mutation on 7q36 between polymorphic markers

D7S3037 and D7S3036, a distance of <0.5Mb. Three

genes were contained within this critical region C7orf3,

RNF32 and LMBR1. Analysis of the LMBR1 gene in

acheiropodia individuals revealed that they contained a

deletion, the boundaries being 1.2-2.5 kb 5' and 2.7-3.5

kb 3' of LMBR1 exon 4. Thus, the acheiropodia deletion

leads to the production of an LMBR1 transcript lacking

exon 4, and introduces a frameshift that leads to a

premature stop codon in exon 6. Due to these results

Ianakiev et al. postulated that Lmbrl plays a vital role in

limb development, and is required for limb outgrowth.

1.12 Lmbrl a gene vital for limb development?
All the limb mutations outlined above contain Lmbrl/LMBR1 within their critical

regions, and many have been shown to directly disrupt the Lmbrl/LMBR] transcript (see Fig

1.15). Thus initially it was suspected that Lmbrl might play a role in limb development,

7q36/chr5
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Fig 1.15s A diagrammatic representation of 7q36 and the syntenic region of mouse
chromosome 5. Distances in kb are for the human region. The various human and mouse
limb mutations are marked, along with critical regions where appropriate.
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probably as a regulator of Shh expression in the limb. It was suggested that the truncated

transcripts in the Ssq mouse, and Japanese translocation could result in a dominant positive

form of LMBR1, resulting in the up-regulation of Shh in the anterior limb bud, and therefore

extra digits. The formation of null or partially null alleles in acheiropodia and LmbrlATG mice

respectively, were envisaged to down-regulate Lmbrl and therefore inhibit or reduce Shh

expression in the limb bud, leading to digit loss and truncations. Although the "Lmbrl

regulates Shh " model was initially attractive, several inconsistencies remained.

Firstly, with the exception of the Japanese translocation most patients that exhibit

limb specific PPD do not show any Lmbrl structural mutations or alterations in Lmbrl

transcription. Obviously this is difficult to resolve, as these patients would be expected to

exhibit similar dominant positive Lmbrl transcripts as the Ssq mouse and Japanese PPD

patient. Secondly, the Hx mouse despite having a PPD-like phenotype, exhibits a complete

loss of Lmbrl transcription at a critical developmental stage, this is inconsistent with the

formation of a dominantly positive form of LMBR1. Thus, it would be expected to have a

phenotype more akin to acheiropodia or LmbrlATG/Hdhd,4J mice, i.e. digit loss. Finally,

Lmbrl is expressed ubiquitously in all tissues so far examined, but developmental genes tend

to show specific expression patterns in the tissues they help to form. Thus, if Lmbrl were

acting to regulate Shh expression in the limb, we would expect Lmbrl to exhibit a limb

specific expression pattern. Could these inconsistencies with the "Lmbrl regulates Shh"

model be pointing to an alternative mechanism that could explain the limb phenotypes

mapped to human 7q36 and mouse chromosome 5? A further aspect of the Ssq mutation

seemed to suggest that this could be the case.

1.13 The sasquatch Mouse Provides an Alternative Paradigm
As has already been mentioned the Ssq line was generated by the random insertion

of a transgene that included a HPAP reporter (Sharpe et al., 1999). Intriguingly, unlike the

other seven lines generated with the same construct, when Ssq embryos were assayed for
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HPAP activity, they exhibited HPAP expression in the limb in addition to the typical

rhombomere-4 pattern mediated by Hoxbl elements within the transgene (Sharpe et al.,

1999). The limb pattern was first detected in the ZPA at E10.5 and it closely parallels that of

endogenous Shh in the limb. Ssq heterozygous animals were also shown to exhibit HPAP

activity in the anterior region of hindlimb buds, in a spatial and temporal location that

mirrors the anterior ectopic Shh expression observed in Ssq heterozygotes. Homozygous

embryos demonstrate anterior HPAP staining in fore-limbs as well, consistent with the

appearance of ectopic Shh. Thus, the HPAP reporter at the Ssq insertion site mirrors both

normal and ectopic expression of Shh in the limb buds of Ssq heterozygotes and

homozygotes (see Fig 1.16).

forelimb ■a
HPAP Staining

hindimb

E11.5 E12.0 E12.5

Fig 1.16: HPAP staining of Ssq heterozygote limb buds. HPAP expression
closely mirrors that of Shh in both the posterior and anterior of the limb bud.

These observations strongly suggest that the HPAP transgene at the Ssq insertion has

come under the influence of c/s-acting gene regulatory elements that drive expression in the

limb bud. A possible scenario is that these elements are required for driving Shh expression

in the limb, and that the Ssq insertion event has not only revealed their presence, but also

disrupted their activity, such that Shh becomes anteriorly expressed in Ssq limb buds. This

"regulatory hypothesis" is attractive as it does not require the limb mutations mentioned
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above to affect the expression of Lmbrl. Instead, the various genetic lesions mapped to

human 7q36/mouse chr5 could act to disrupt cA-acting regulatory elements of Shh.

1.14 Thesis Aim
The major aim of this thesis is to further our understanding of limb development,

particularly the process by which Shh is localised to the ZPA of the limb bud. One strategy

with which to approach this aim is to study mutants in which the normal localisation of Shh

to the ZPA has been disrupted. The Ssq mouse is such a mutant, and has already suggested

two possible factors that act to position Shh to the ZPA, the gene Lmbrl, and limb specific

regulatory elements of Shh. The first section of the thesis resolves which of these factors

underlies the Ssq mutation and can be summarised as the following question, "Is the Ssq

phenotype the result of a disruption of Lmbrl or c/.s-acting regulatory elements of Shh"? The

second part of the thesis concerns the identification of candidate sequences responsible for

the limb expression of HPAP observed in Ssq embryos.
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2.1 General Methods

2.1.1 Manipulation of nucleic acids
Reagents:
All chemicals were analytical grade and were supplied by Sigma, Promega, Gibco BRL, BDH, Fisher
Scientific, Flowgen, and Roche. Nucleic acid manipulations were done in 1.5ml centrifuge tubes
unless otherwise stated. General solutions were prepared by HGU technical staff and autoclaved and
stored at room temperature.

Tris.HCl
Tris base (tris[hydroxymethyl]aminomethane) was dissolved in sterile water. HC1 was used to adjust
the pH to the required value.

EDTA
EDTA (ethyldiaminetetra-acetic acid di-sodium salt) was dissolved in sterile distilled water. The
solution was adjusted to pH 8.0 by adding solid NaOH.

TE buffer
lOmM Tris.HCl (pH 7.5); ImM EDTA.

TBE buffer, 20X stock
Tris base 216g
Boric acid llOg
0.5M EDTA 80mM
Distilled water was added to a final volume of 1 litre. Stock was diluted to IX with distilled water.

TAE 5OX stock
Tris base 242g
Glacial acetic acid 57.1ml
0.5M EDTA 100ml
Distilled water was added to a final volume of 1 litre. Stock was diluted to IX with distilled water.

Electrophoresis:

Agarose gel loading buffer
Loading buffer was prepared as a 10X stock and stored at room temperature.

Final concentration
Ficoll 20%

Orange G (Sigma) 1%
EDTA lOOmM
Made to required volume with distilled water.

For preparing gels, the required amount of agarose (High pure, BioGene) was dissolved in either IX
TBE or TAE by heating. Molten agarose was cooled and ethidium bromide added to a final
concentration of 10pg/100ml agarose. DNA size markers were run alongside experimental samples to
estimate the size and amount ofDNA in the samples. The size marker used routinely was 1 Kb DNA
ladder (Gibco BRL Cat. No. 15615-016). Samples were run in IX loading buffer. Electrophoresis
was used when DNA fragments of a particular size needed to be purified. To do this, samples were
electrophoresed using low melting point agarose and the DNA was recovered using a gel extraction
kit (Qiagen), according to the manufacturer's instructions.

Determining the concentration of DNA samples:
DNA concentrations were determined in one of two ways: by agarose gel electrophoresis or by
measuring the absorbency in a spectrophotometer at 260nm (A26o)- To determine the concentration by
electrophoresis, several different volumes of the DNA (e.g., 1,3 and 5pi) were run alongside standard
amounts ofDNA (usually DNA size markers). An estimate of the concentration was made by visual
comparison of the samples with the known amounts ofDNA under UV illumination.
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To determine the concentration with a spectrophotometer, the DNA sample was diluted 1:100 with
dH20. The spectrophotometer was calibrated using a water only blank sample. The samples were
placed in clean cuvettes and the absorbance at 260nm (A26o) was measured. The concentration of the
original sample in mg/ml was calculated as follows.

Concentration (mg/ml) = A260 x 100(dilution factor) x 50.

Restriction enzyme digestion:
All restriction enzymes were purchased from Roche unless otherwise stated. Digests were ideally
carried out in a large volume (usually 50-100pl) to minimise effects of evaporation. Enzyme was
added at a concentration of 5-10u/pg DNA, depending on the duration of the digests. For overnight
digests, 5u/pl were used. The manufacturer's guidelines were followed to determine the correct
buffer and incubation temperature for each enzyme.

Klenow enzyme was used at a concentration of lu/jug DNA to end fill digested ends ofDNA
following digestion with certain restriction enzymes. The reaction was done at room temperature for
15 minutes and it was stopped by heat inactivation at 75°C for 10 minutes, as recommended by the
manufacturer.

Removal of buffer salts:
In cases where multiple restriction digestion steps were done and the enzymes required different
buffers, digests were done separately. Buffer salts were removed between digests by drop dialysis and
new buffers were added. A nitro-cellulose filter (Millipore) was placed in a petri dish containing filter
sterilised dH20. The digestion reaction was carefully placed on the filter (a maximum of 50pl per
filter) and salts were left to diffuse through the filter for at least 1 hour at room temperature.
Following dialysis, the liquid was removed to a fresh 1.5ml centrifuge tube and the appropriate
enzyme and buffer were added for the subsequent reaction.

As an alternative to using a filter, salts were removed using either a PCR cleanup kit or a nucleotide
removal kit (Qiagen).

Ligations:
In order to maximise the ligation efficiency, ligations were set up with the following vector: insert
molar ratios: 1:3, 1:5, and vector only (to control for re-ligation of the vector). The amount of vector
in each case was 25ng, and the total reaction volume was lOjul. Ligations were done at 16°C
overnight using DNA Ligase and ligation buffer (Boehringer Mannheim).

2.1.2 Microbiology
Aseptic technique was observed for all steps involving the growth of bacterial cells (setting up
cultures, pouring agar plates, selecting single colonies, and storing bacterial stocks). Liquid cultures
were grown at 37°C with vigorous shaking and dry cultures were grown on inverted agar plates at
37°C. HGU technical staff prepared all bacterial growth media stocks as follows:

L Broth
Amounts per litre:
Tryptone 10.Og
Yeast extract 5.0g
NaCl lO.Og
Glucose l.Og

Production of electrocompetent cells:
A single colony of XL1 Blue E.coli cells from an agar plate was used to inoculate approximately 10ml
L broth for overnight growth. The culture was used to inoculate 2 X 400ml fresh L broth the
following morning. Cells were grown to an absorbance at 600nm (A60o) of 0.15-1.0. Flasks were
chilled on ice for 15-30 minutes and cells were centrifuged at 4°C, 4000g for 15 minutes. Pellets were
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re-suspended in 800ml ice cold sterile 10% glycerol. The centrifugation step was repeated and cells
were re-suspended in 400ml 10% cold glycerol. Following a further centrifugation step, cells were re-
suspended in 20ml 10% glycerol. Cells were centrifuged once again and re-suspended in 2-3ml 10%
glycerol. The final concentration of cells was approximately 3xl010 cells/ml. Aliquots of cells were
frozen in liquid nitrogen and stored at -70°C.

Transformations:

Competent cells were transformed with DNA by electroporation. For each ligation, lpl DNA was
placed in an ice cold centrifuge tube. Electrocompetent cells were thawed on ice and 50pl were added
to each DNA sample. The mixture was transferred to ice cold electroporation cuvettes and allowed to
sit for 1 minute on ice. Cells were electroporated using a BioRad electroporator set at 25pF, 2.5kV,
and 200Q. 1ml L broth/ Mg2+ was added to the cells immediately following electroporation and cells
allowed to recover for lhour by shaking at 37°C prior to plating on selective medium.

Isolation of plasmid DNA:
Plasmid DNA was prepared using commercially available kits (Qiagen or ABI). For the extraction of
small amounts of plasmid DNA (minipreps), a single colony was used to inoculate approximately
10ml L broth with antibiotic selection (ampicillin) for overnight growth. The following morning,
plasmid DNA was extracted using the kit according to the manufacturer's instructions. Plasmid DNA
was eluted in 30 or 50pl elution buffer. The DNA concentration was determined either by agarose gel
electrophoresis or by spectrophotometer.

2.1.3 Polymerase Chain Reaction (PCR)
dNTPs

dNTPs were purchased as stocks of lOOmM. Working stocks of lOmM were made by mixing lOpl of
each of the dNTPs (dATP, dCTP, dGTP, dTTP) with 60pl dH20 to a final volume of lOOpl. Stocks
were stored at -20°C. dNTPs were used in PCRs at a final concentration of 0.2mM.

Primers
Primers were purchased from MWG Biotech as lyophilised desalted compounds. Stocks were made
up to 100pM using sterile dFEO. Primers were used in PCRs at a final concentration of lpM (1:100
dilution).

Tag polymerase, PCR buffer, and Mg2+
These reagents were purchased (Applied Biosystems). AmpliTag (5u/pl) was used at 0.2pl per 25pl
reaction. PCR buffer was a 10X stock and therefore diluted 1:10 for reactions. Mg2+ was used at a
final concentration of 1.5mM unless otherwise stated. Routine PCRs were done in a MJ Research
DNA Engine Tetrad.

PCR amplification programme:
Generally all PCR amplification programmes were identical except for the annealing temperature
which was varied according to the primers used:

General PCR amplification programme:
1. 95°C for 3 mins
2. 95°C for 30 sees

3. n°C for 30 sees (annealing temperature)
4. 72°C for 1 min 30 sees

5. Goto step 2 x 30
6. 72°C for 5 mins

2.1.4 Sequencing
Plasmid DNA used for sequencing was prepared using a Qiagen miniprep kit, according to the
manufacturer's instructions, and salts were removed using either a PCR cleanup kit or a nucleotide
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removal kit column (both supplied by Qiagen). DNA was sequenced using dye-labelled terminators
for cycle sequencing. The dye used was either dRhodamine or Big Dye Terminator RR mix.
Reagents were thawed on ice and dyes were protected from light as much as possible. Reactions were
set up in 0.2ml centrifuge tubes as follows.

Cycle sequencing was performed using an MJ Research DNA Engine Tetrad. The sequencing
program was as follows: [96°C, 30 seconds; 50°C, 15 seconds; 60°C, 4 minutes] for 24 cycles per
reaction.
Reactions were ethanol precipitated following transfer to a fresh 1.5ml centrifuge tube containing
50pl ethanol and 2pi sodium acetate, pH 5.2. Reactions were left at room temperature to precipitate
for one to eight hours, then centrifuged at 13,000g at 4°C for 30 minutes. Pellets were washed with
200pl 70% ethanol. The supernatant was removed following a second centrifugation step and pellets
were allowed to dry at room temperature with the caps off for approximately 20 minutes. Samples
were submitted to the sequencing service to be run on an ABI machine.

2.1.5 Animal husbandry
Animals used during transgenic procedures were maintained in a specific pathogen free (SPF)
environment, all other animals were maintained in semi-barrier unit. All experiments were carried out
under Home Office licence. Wild type animals (CBA, CD1 and C57BL/6) were either bred in-house
or obtained from Charles River Laboratories. Breeding animals were maintained on a CBA
background. Embryos for all experiments were generated from timed matings, with the morning of
vaginal plug detection being counted as embryonic day 0.5 (E0.5).

Genotvping of breeding mice:
Breeding animals were genotyped by PCR amplification of allelic sequences from genomic DNA
extracted from tail biopsies. Approximately 1cm tail tissue was removed from the ends of the tails of
anaesthetised animals. Tail tips were digested in 1.5ml microfuge tubes at 55°C overnight in 500pl
tail tip buffer/ proteinase K. The following day, tubes were vortexed and centrifuged at full speed for
10 minutes. 500pl isopropanol was added to the supernatant and tubes were shaken to mix the
solutions. Genomic DNA was spooled out to a fresh centrifuge tube containing 500pl dH20 using a
sterile pipette tip. The solution was pipetted gently to resuspend the DNA. PCR was done using lpl
ofDNA (approximately 50ng) and either of the following pairs of primers:

Harvesting of Postimplantation embryos:

Postimplantation embryos were harvested for wholemount HPAP and LacZ staining. The mothers
were sacrificed by cervical dislocation. The abdominal cavity was opened and uteri were removed to
petri dishes containing phosphate buffered saline (PBS) (Oxoid, Unipath). Embryos were removed
from the uteri and freed of extraembryonic membranes using scissors and forceps. Extraembryonic
membranes were retained to genotype embryos by PCR. Embryos were rinsed in fresh PBS prior to
subsequent processing.

Genotvping of embryos:

Embryos processed for HPAP or LacZ staining were genotyped using DNA derived from extra¬
embryonic membranes. In both cases, DNA was extracted and amplified using the same procedure as
described for tail biopsies.

Tail tip/Embryo sac lysis buffer:
Final concentration

200-500ng plasmid DNA in dHzO
dRhodamine or Big Dye Terminator RR mix
primer (3.2 pmoles)

llpl
8pi
lpl

20pl

Tris.HCl pH8.0
EDTA

NaCl

lOOmM
50mM
lOOmM
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SDS 1%
Proteinase K (stock lOmg/ml) (Sigma) was added to a final concentration of 0.2mg/ml.

2.2 Chapter 3 Methods

2.2.1 PCR Genotyping assays
Shh alleles:
The general PCR amplification programme was used with an annealing temperature of 59°C. The
primer sequences were:
PI: 5' GAC CAT GTC TGC ACA CTT AGG TTC C 3'
P2: 5' GAA GGC CAG GAG GAG AAG GCT CAC 3'
P3: 5' CTG TGC TCG ACG TTG TCA CTG 3'
P4: 5' GAT CCC CTC AGA AGA ACT CGT 3'

Ssci allele:
The general PCR amplification programme was used with an annealing temperature of 53°C. The
primer sequences were:
P5: 5' CTC TGT TTC CTT TTC CTC TAT C 3'

p6: 5' GTA TGG GAT TAA TTA AAT CTT GTG TC 3'

2.2.2 Animal Husbandry
The strain of the original Shh'1"" heterozygous female was 129/Sv. All further matings were carried out
on a CBA background.

2.3 Chapter 4 Methods

2.3.1 HPAP staining
Protocol:

Embryos were harvested and genotyped as mentioned above, and then fixed in 4% paraformaldehyde
(PFA) for 10-20mins and then washed twice in PBS (salt solution) to remove excess PFA. Embryos
were then heated in PBS at 65°C for 40mins, and left to cool for 20 mins. HPAP staining solution was
then added, and the embryos were left at room temperature in the dark until the stain developed. The
staining reaction was stopped with 50mM EDTA pH 5.0, and the embryos were re-fixed with 4% PFA
overnight.

Solutions:

4% PFA: 20g of paraformaldehyde (Sigma) dissolved in 500mls PBS at 65°C overnight. Aliquots
were stored at -20°C

HPAP staining solution:
lOOmM Tris pH 8.5
lOOmM NaCl
50mM MgCl2
lmg/ml NBT (Nitroblue tetrazoluim chloride) (Boehringer Mannheim)
O.lmg/ml BCIP (5Bromo-4-chloro indoylphosphate) (Boehringer Mannheim)

2.3.2 Microscopy
Dissections of postimplantation embryos were done with the aid of a Zeiss Stemi SV11 dissecting
microscope. Photographs of wholemount embryos were taken using a Photometries ICX205 digital
colour CCD camera and a Leica M2F2III stereoscopic microscope with brightfield illumination.
Images were captured using IP Lab software.
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2.4 Chapter 5 Methods

2.4.1 Cosmid sequencing
Generation of plasmid DNA for sequencing was carried out using a Beckman Coulter Biomek 2000
Laboratory Automation Workstation. Sequencing reactions were then implemented as described
above, using the Biomek 2000 Laboratory Automation Workstation and run on an ABI 3700

2.4.2 Bioinfomatics Programmes
The programmes used to generate the bioinformatic data in chapter 5 are listed below along with, their
versions and functions:

BLAST version 2.1.3 Altschul et al. 1997 (sequence alignment)
ClustalW version 1.74 Thompson et al. 1994 (phylogentic alignment)
Consed version 11.0 Gordon et al 1998 (sequence contig building)
EMBOSS version (sequence manipulation)
Mega2 version 2.1 Kumar et al. 2000 (phylogentic alignment)
RepeatMasker version 07/07/2001 Smit, unpublished (comparative sequence analysis)
Wise2 version 2-1-22c Birney, unpublished (sequence annotation)
VISTA version (comparative sequence analysis)
PIPMaker version (comparative sequence analysis)

All programmes were used with their default settings, except when using PIPMaker to compare
human to fish sequences, where the chaining and high-sensitivity options were used.

2.4.3 Comparative Sequence Analysis
Sequences to be compared were annotated using BLAST and Wise2. They were then edited using
EMBOSS, and compared using VISTA and PIPMaker.

2.4.3 Phylogenetic Analysis
Alignments were created using Clustalw. The output of the alignment was then converted to Mega2
format using the ForCon program. Mega2 was then used to construct and bootstrap the phylogeny.
Minimum evolution with complete deletion was used to construct the phylogeny. Bootstrapping was
carried out with 1000 repetitions with a random seed.

2.5 Chapter 6 Methods

2.5.1 Production of transgenic animals
Preparation of recombinant DNA for microinjection:
Plasmid DNA was digested (10pg DNA in a 100)il reaction) with enzymes to release the transgene.
For each digest, a sample of DNA was run on a 1% agarose gel in TBE alongside an equivalent
amount of undigested DNA to ensure the DNA was completely digested and products were the
predicted size. Once the transgene had been released, the remainder of the reaction was run on a 1%
agarose gel in TAE buffer. The transgene was then extracted from the gel using a DNA gel extraction
kit (Qiagen).
The DNA was purified and concentrated using microcon 30 columns (Amicon) according to the
manufacturer's instructions. Briefly, the DNA was passed through a microcon column and washed
three times using O.lmM EDTA/lmM TRIS pH7.4. DNA was eluted in lOpl O.lmM EDTA/lmM
TRIS pH7.4. The eluant was diluted 1:10 in transgenic buffer (O.lmM EDTA/lOmM TRIS pH7.4).
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The DNA concentration was determined by electrophoresis. DNA was stored at -20°C until the day
of microinjection. For microinjection, DNA was diluted in transgenic buffer to a final concentration
on 2ng/p.l and spun through a Spinex 0.22pm column (Costar).

Microinjection of recombinant DNA into fertilised eggs:

Embryos used for microinjection were derived from [CBA x C57BL/6] F1 matings. Females were
superovulated by intraperitoneal injection of 10 units of PMS (Intervet) at noon on the first day,
followed by 10 units of human chorionic gonadotrophin (hCG) (Intervet) at 2pm two days later. They
were then mated to F1 males. Plugged females were sacrificed the following morning (E0.5) and
oviducts were removed and rinsed in warm saline. Oviducts were placed in H6 media and fertilised
eggs were removed by tearing the swollen ampullae with fine forceps. Several drops of hyaluronidase
(lmg/ml PBS) (Sigma) were added to the media for approximately three minutes to remove the
cumulus cells from the outside of the eggs. Fertilised eggs were identified by the presence of two
large pronuclei and often polar bodies. Eggs awaiting microinjection were kept at 37°C, 5% C02 in
drops of T6 media under paraffin oil in sterile petri dishes. Eggs were microinjected in batches of SO-
SO in a large drop of H6 media under oil in a glass dimple slide (the injection dish). During
microinjection, embryos were picked up and held on the holding pipette using mouth pipette tubing.
The microinjection needle on the automatic injector was set such that a constant stream ofDNA left
the pipette. Once the (usually male) pronucleus was in focus, the injection needle was brought into
the same plane of focus and used to pierce the zona pellucida and egg cell membrane, before entering
the pronucleus. The needle was held until the pronucleus swelled slightly, and then removed quickly
and cleanly. Following microinjection, eggs were returned to drops of T6 media under paraffin oil
and kept at 37°C, 5% C02 overnight. For each experiment, five to ten uninjected embryos were
retained and cultured overnight to control for problems with media, oil, and incubation conditions.

Oviducal transfers:

Microinjected embryos were screened the following morning. Only embryos that had developed to
the two-cell stage were transferred into recipient females. Recipients were anaesthetised with an
intraperitoneal injection of 0.4-0.6 ml anaesthetic [0.75ml of Hypnorm (Fentanyl 0.315mg/ml /
fluanisonelOmg/ml): 4.5ml water: 0.2ml Flypnovel (Midazolom 10mg/2ml)], and the ovarian fat pad
isolated and held outside of the body cavity. The bursa surrounding the oviduct was broken carefully
to expose the infundibulum of the oviduct. The end of the pulled pipette containing the embryos was
inserted into the infundibulum and embryos were delivered by mouth pipette. The successful delivery
of the embryos was confirmed when bubbles that had been placed at either end of the embryos in the
pipette were seen in the swollen ampulla. Ten to 20 embryos were transferred to each side of the
recipient. The skin was closed using Dieffenbachs bulldog clips (Holborn surgical and medical
instruments, ltd.) and the animal was allowed to recover in a warmed post-operative cage with solid
drink pouches (BS&S). Embryos were harvested at appropriate developmental stages.

LacZ PCR Genotvping Assay:
The general PCR amplification programme was used with an annealing temperature of 60°C. The
primer sequences were:
P7: 5' GCG ACT TCC AGT TCA ACA TC 3'
P8: 5' GAT GAG TTT GGA CAA ACC AC 3'
P9: 5' TTA CGT CCA TCG TGG ACA GC 3'
P10: 5' TGG GCT GGG TGT TAG TCT TA 3'

Equipment:
Embryos were transferred between dishes using pulled pasteur pipettes and mouth pipette tubing. A
Zeiss Stemi SV11 dissecting microscope was used to aid in manipulating embryos in sterile glass
staining blocks and petri dishes.

Microinjection apparatus:
The microinjection apparatus consisted of a Zeiss Axiovert 100 microscope with a variable
temperature stage set to 37°C, and mounted holders for the microinjection and holding pipettes
(Narashige, Eppendorf). The equipment rested on an anti-vibration table (Carl Zeiss). Embryo
holding pipettes were either made in-house using a microforge (MF90) (Narashige) and capillaries
(size GC100 T15, Harvard Apparatus) or purchased (Eppendorf). Microinjection pippetes were either
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made in-house using an automated pipette puller (Sutter model p87, Harvard Apparatus) and
capillaries (size GC100 TF 10, Harvard Apparatus) or purchased (Eppendorf). Microinjection needles
were filled with DNA at a concentration of 2ng/pl using pipette filler tips (Eppendorf). DNA was
microinjected with the aid of an automated microinjector (Narashige IM 300) to allow a constant flow
ofDNA at variable pressure.

Solutions:
H6 media was used for handling embryos outside of the incubator. T6 media was used for growing
embryos in the incubator (5% C02, 37°C). Media was either purchased (Sigma) or prepared in-house
by Transgenic Unit staff using embryo culture grade reagents.

Compound T6 (g/100ml) H6 (g/100ml)
NaCl 0.472 0.472
KC1 0.011 0.011

NaH2P04 0.0047 0.0047
Sodium pyruvate 0.003 0.003
Glucose 0.1 0.1

MgCl26H20 0.01 0.01

CaCl22H20 0.026 0.026

Penicillin 0.006 0.006

Streptomycin 0.005 0.005

NaHC03 0.2106 0.2106
Sodium lactate 0.34ml 0.34ml

Hepes 0.50
Phenol red 0.001 0.001
BSA 0.4 0.4

Acid Tyrode's solution was used to remove the zonae pellucidae from eight-cell embryos prior to
aggregation. The working aliquot was kept at 4°C. The solution was warmed to 37°C for use.

Compound g/litre
NaCl 8.0
KC1 0.2

CaCl2 0.2

MgCl2 6H20 0.1

NaH2 P04H20 0.05
Glucose 1.0

NaHC03 1.0

2.5.2 LacZ Staining
Staining Protocol:

Embryos were dissected in PBS and fixed in 4% PFA at 4°C for at least 1 hour. Following fixation,
embryos were first rinsed in PBS and then washed in detergent wash three times for at least 20
minutes each time. Tissues were stained overnight in Xgal staining solution at 37°C in the dark. The
following morning, the staining solution was removed and tissues were rinsed in detergent wash then
re-fixed in 4% PFA at 4°C overnight. The fix was removed and tissues were washed in PBS.

Solutions:

Detergent Wash:

Compound
1M phosphate buffer, pH 7.3
1M MgCl2 in phosphate buffer
5% sodium deoxycholate in phosphate buffer
10% Nonidet P-40 in phosphate buffer
1% BSA in phosphate buffer

Per 500ml
48.5ml
1.0ml
10ml
lml

2.5ml

Final concentration
0.1M
2mM
0.1%
0.02%
0.05%
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Xgal stain solution:

Compound
Detergent wash
NaCl, 5.3% stock in phosphate buffer
K3Fe(CN)6, 250mM in dH20
K4Fe(CN)6, 250mM in dH20
Xgal substrate, lOOmg/ml in DMF

Per 250ml Final concentration
236ml
4ml 0.085%
5ml 5mM
5ml 5mM

750p,l 0.3mg/ml
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Chapter 3

Cis-trans test
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3.1 Introduction
The sasquatch (Ssq) mouse mutation is known to stimulate ectopic anterior

expression of Shh in the developing limb bud, which results in a pre-axial Polydactyly

phenotype (PPD) (Sharpe et al., 1999). However the molecular mechanism disrupted by the

Ssq mutation is unknown. This chapter of work uses mouse genetics to reveal the mechanism

and consequently provide some insights into how normal Shh expression is regulated during

limb development.

Clues as to how the Ssq mutational event disrupted normal limb development were

present from the initial characterisation of the mutant (Sharpe et al., 1999). The Ssq HPAP

transgene had previously been shown to express in a pattern identical to that of Shh and both

loci were also known to be linked (Sharpe et al., 1999). Together these two observations

suggested that cA-acting regulatory elements of Shh could be involved. It was conceived that

the insertion of the Ssq transgene near, or within a limb regulatory element of Shh, could

disrupt the element's activity resulting in erroneous Shh expression in the anterior of the

limb. This disrupted element could then also be responsible for driving the HPAP activity

observed within the limbs of Ssq mice (i.e. the Ssq transgene was acting as an enhancer trap).

Although linked the distance between the Ssq insertion and Shh was approx. 1 Mb, a

considerable distance for a cA-acting regulatory element to act over. Thus if this "regulatory

hypothesis" were correct it would require a re-evaluation of the process of gene regulation,

and raise many interesting possibilities and questions.

An alternative mechanism involved the Ssq insertion acting in a more conventional

manner by disrupting the activity of Lmbrl. It was proposed that Lmbrl could be involved in

regulating Shh expression in the limb, perhaps by normally stimulating expression in the

posterior domain. Insertion of the Ssq transgene could result in creating a dominantly active

form of Lmbrl switching on Shh expression in the anterior of the limb bud. The HPAP

activity could be subsequently explained by elements controlling Lmbrl or an unrelated gene
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in the Ssq genomic region rather than Shh. This hypothesis was supported by the fact that the

Ssq insertion site was known to reside within a Lmbrl intron and cause premature truncation

in the majority of Lmbrl transcripts (Lettice et al., 2002). Premature truncation could

conceivably create a constitutive active form of the LMBR1, switching on Shh in the anterior

limb.

Further evidence in support of a role for Lmbrl in limb development came from

various human and mouse mutations, which mapped closely to genomic regions that

corresponded with the Ssq insertion site. Some of these mutations were known to disrupt the

Lmbrl transcript. Human Acheiropodia (loss of limbs) deleted Lmbrl exon 4 (Ianakiev et al.,

2001). A human Japanese translocation mapped to Lmbrl intron 5 resulted in a truncated

Lmbrl transcript, and a PPD phenotype (Lettice et al., 2002). The mouse Hx limb mutation

(exhibits ectopic pre-axial digits) showed down-regulation of the Lmbrl transcript at El 1.5-

E12.0 (Clark et al., 2000), and replacement of the first exon of Lmbrl with PGKneo resulted

in a mild loss of digits (Clark et al., 2001).

However, there were inconsistencies that threw doubt on the speculation that Lmbrl

had a role in limb development. Lmbrl did not have a mouse expression pattern consistent

with a role in limb development or the HPAP activity observed in Ssq animals. Additionally,

no structural mutations within the gene could be found in many familial cases of human PPD

(Heus et al., 1999). Thus a paradox existed whereby disruption of Lmbrl could explain some

but not all of the mutations, and the reason for the Ssq limb HPAP activity could not be

easily attributed to regulatory elements of Lmbrl. To ascertain which of the "regulatory" or

"Lmbrl regulates Shh" hypotheses were correct a mouse genetic assay was developed. The

test relied on exploiting the assumption that mouse regulatory elements act in cis on their

target gene, i.e. only on an allele they are physically linked to, whereas genes act via proteins

and can therefore act in trans (see Fig. 3.1). Thus, if a method can establish how the Ssq

insertion acts to promote ectopic Shh gene expression (in cis or trans) it can determine if the

Ssq mutation has disrupted the activity of a long-range regulatory element or a gene.
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Fig 3.1 The blue boxes represent alleles of a gene. The red oval denotes an enhancer that
can only act on the linked allele (i.e. in cis). The yellow box represents a gene that acts via a
protein product and can therefore act on both linked and unlinked alleles, (i.e. in trans).

A "cis-trans test" was devised for the Ssq mutation using the Shh"1'" allele. It was

concluded that if the Shh""1' allele could be physically linked to the Ssq allele within a mouse

there could be two possible phenotypes. Acting in trans the Ssq allele would stimulate

ectopic expression of both wild type and null forms of Shh in the anterior of the limb bud,

resulting in a heterozygous Ssq phenotype. Acting in cis the Ssq allele could only stimulate

ectopic anterior expression of non-functional SHH protein from the linked Shh""" allele. Non¬

functional SHH protein would be incapable of patterning the extra digits in the anterior limb

bud, resulting in a wild type limb (see fig 3.2). This chapter concerns the

creation and analysis of the mice necessary to resolve the cis-trans test.
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Fig. 3.2 : Section 1 describes the outcome if the Ssq mutation acts through a gene in trans. The yellow box
represents a gene, stimulated by the Ssq insertion (green triangle) to produce its protein product in the
anterior of the limb bud. Thus switching on expression of both normal and null forms of the Shh gene in
the anterior domain, resulting in a PPD (extra digits) Phenotype. Section 2 shows the outcome if the Ssq
mutation acts through a regulatory element of Shh. The enhancer (red oval) is stimulated by the Ssq
insertion to promote Shh expression in the anterior of the limb bud. Because it only acts in cis only the
null-allele is expressed, resulting in non-functional SHH in the anterior of the limb which cannot pattern
ectopic digits resulting in a wild type phenotype.

3.2 Results

3.2.1 PCR Genotyping assays
Crucial to performing the cis-trans test was the ability to track the relevant alleles

A.
shh wild tvDe allele 230bp

< ►
B 1 2

PI ^ ^ P2

1kb - ■exonl exon2 exon3

shh null allele 550bp

P3 ^ P4

500bp - jjfl
exonl PGK-neo exon3

Fig 3.3 Shh allele PCRs: Section A shows a cartoon of the wild type and Shhnu" alleles. The
black triangles represent PCR primer binding sites. Primers PI and P2 amplify a 230 bp
region from exon 2 of the Shh gene. Primers P3 and P4 amplify a 550 bp section of the PGK-
neo gene used to create the Shh""" allele. Section B shows PCR results from Shh""11
heterozygous mice (lane 1) and wild type mice (lane 2).
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(.Shh""" and Ssq) through several generations of mouse crosses. This could not be done by

simple phenotype analysis as wild type, Shh""" heterozyotes and possibly the mice at the end

of the test all had a wild type phenotype.Fortunately, a PCR based assay already existed for

detection of the Shh""" and Shh alleles (Chiang et al., 1996). The assay consisted of two sets

of primers; one amplified a 550bp band from the neor gene contained within the Shh""" allele.

The other a 230bp fragment from exon 2 of the Shh wildtype allele (removed in the knockout

) (see Fig 3.3).

A PCR assay for the Ssq allele had to be developed. Dr. Laura Lettice kindly

provided sequences from the Ssq transgene and the genomic region adjacent to the Ssq

insertion. Using this sequence several sets of primers were designed and tested for specificity

to the Ssq allele. A pair of primers, one internal the other external to the Transgene were

chosen to track the Ssq allele throughout the cis-trans test (see fig 3.4).

A.
Ssq allele

Lmbrl exon 5
•4

B

PS ► *

Lmbrl exon 6
►

P6

Ssq Transgene
500bp•
298bp

PacI site

Fig 3.4 The Ssq allele PCR: Section A shows a cartoon depicting the binding sites for the
two primers (P5 and P6) used to track the Ssq allele through the cis-trans test. The primers
are shown as black triangles and amplify a 206 bp product. Primer P6 binds within the
transgene therefore in wild type mice no product is produced using P5 and P6. Section B
shows PCR results from wild type mice (lane 1) and Ssq heterozygous (lane 2) using primers
P5 and P6.

3.2.2 The cis-trans test

The cis-trans test relied on physically linking the alleles Ssq and Shh""" on mouse

chromosome 5. Due to the distance between these two alleles approx. 1Mb it was conceived
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that the simplest way of doing this was via a chromosomal recombination event. With this

aim a mouse breeding regime was devised (see Fig. 3.5).

Initially a female mouse heterozygous for the Shti'"" allele was crossed to a

homozygous Ssq male to produce the F1 generation. The F1 generation (n = 14) carrying the

two alleles on opposite homologous chromosomes (in trans) showed complete penetrance of

the Ssq phenotype. Five F1 males and four F1 females were then mated to wild type mice to

generate 446 offspring; the G2 generation. Each G2 mouse was phenotyped and assayed by

PCR as described in section 3.2 for the presence of the Shhnu" and Ssq alleles. Examples of

the genotyping PCR's are shown in Fig 3.5.

The G2 generation consisted of 220

Ssq heterozygotes and 218 Shh""11

heterozygotes, an approximately 1:1 ratio as

would be expected from Mendalian genetics.

The remaining 8 G2 mice were

recombinants of the two alleles representing

a recombination frequency of 1.8%.

Three were uninformative as they

contained only wild-type alleles. The

remaining five recombinants (3 males and 2

females) carried both Ssq and Shhnu" alleles in cis (i.e. linked on the same chromosome).

Phenotype analysis of these 5 recombinants showed no pre-axial Polydactyly or other

detectable limb phenotypes (see Fig. 3.6).

3.2.3 Issues of Penetrance

The Ssq heterozygous phenotype is not fully penetrant, the degree depending on the

genetic background. During the cis-trans test (section 3.3) the Ssq heterozygous phenotype

was 93% penetrant. 7% of the Ssq/+ mice generated showed no detectable limb phenotype.

Fig 3.6 : The first mouse generated carrying
the Shh""" and Ssq alleles in cis. The mouse
displayed complete suppression of the Ssq
phenotype.
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Statistically it was highly unlikely that suppression of the Ssq phenotype observed in the 5

mice carrying the recombinant chromosome was not due the fact they were carrying the

Ssq/Shh""'1 recombinant chromosome, but due to non-penetrance. The probability of any 5

mice selected at random from the cis-trans cross carrying one copy of the Ssq allele and all

being suppressed due to non-penetrance is, 1.68 x 10"6.

To alleviate any further concerns regarding penetrance, 2 further crosses were set up

(see Fig.3.7). Firstly 2 non-penetrant G2 Ssq heterozygous males were crossed to wild type

females, and were shown to transmit the phenotype; 16 with pre-axial Polydactyly out of 36

offspring. Secondly two males carrying the recombinant chromosome 5 (Ssq/Shh""11) were

bred with wild-type females. All 49 mice generated displayed a wild type phenotype,

including the 25 carrying the recombinant chromosome.
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F1 I 'X

Shhnu"
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kl.8% progeny recombine at meiosis

Shhm"

B.

or I I Recombinants

Genotype: shh""ll/+ Ssq/+ +/+ shh"u"Ssq/+

Number: 218 220

wild type PPD wild type wild type
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Ssq PCRs

Fig 3.5 : Section A shows a diagrammatic representation of the cis-trans test. The horizontal black
lines represent mouse chromosome 5, the Ssq and Shh""" alleles are marked. Non-marked alleles are
wild type. Section B records the results of the cis-trans test, showing the number of each mouse
genotype produced and its phenotype. The genotype carrying the Ssq and Shh""" alleles in cis is
highlighted in red. Section C is a photograph of a sample of the genotyping PCR's carried out
during the cis-trans test. The white asterix highlights the PCR results from a recombinant mouse
generated during the cis-trans test which carried the Ssq and Shh""" alleles in cis.
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A.
FO

F1

-II X II B "dl X
Phenotype : wild type wild type wild type

sA I 11 I
i wild type

Number of mice: 16 20 25 24

Phenotype : PPD wild type wild type wild type

Fig 3.7: A diagrammatic representation of the two mouse crosses used to establish if the
phenotypic suppression seen in the cis-trans test is due to linkage of the Shh""" and Ssq alleles
or non-penetrance. The black vertical lines represent mouse chromosome 5, the Shh""1 and Ssq
alleles are marked appropriately. Section A shows the cross used to establish that suppressed
Ssq heterozygotes can transmit the PPD phenotype. Section B, reveals the cross used to
demonstrate that mice carrying the Slili""1' and Ssq alleles in cis, transmit a suppression of the
PPD phenotype to their offspring.

3.2.4 Reversion Cross

The informative recombinants generated during the cis-trans test showed

suppression of the Ssq heterozygous phenotype, a result that could also be explained by the

Ssq allele having lost its ability to promote anterior Shh expression (i.e. become non¬

functional). Although the fact that five separate informative recombinants were generated

would tend to argue against this, (it seemed highly unlikely Ssq function could be lost in all

five). It was deemed prudent to check that the Ssq allele on the recombinant chromosome 5

retained the capacity to produce a PPD phenotype.

With this aim in mind a further mouse cross (the "Reversion Cross") was devised

and implemented (see Fig 3.8) to generate a recombination event between the Shh""" and Ssq

alleles on the recombinant chromosome 5. This event would separate the alleles and reverse

the original cis-trans cross. The Ssq heterozygote offspring generated from this reversion

Cis-trans test 60



The sasquatch mouse: an enhanced limb
cross could then be phenotyped and assessed for PPD. The presence of PPD would confirm

the fact that the Ssq allele had maintained its capacity to form ectopic digits and was

suppressed due to the presence of the Shh'"'" allele in cis, not due to loss of function from the

Ssq allele. From the previous cis-trans cross in section 3.3 the expected frequency of

recombination was 1.8%.

Five males carrying the recombinant chromosome were crossed to wild-type females

producing 438 F1 offspring, all of which were wild type. 246 of these mice were genotyped

as described in section 3.2, and no recombination events were observed; all the mice had a

wild type or Shh""" Ssq/+ genotype. The chance of not observing a recombination event in

the 246 mice genotyped in the reversion cross is 0.012 (see below), assuming a

recombination frequency of 1.8%. Due to the fact that no recombination events were

observed it was impossible to confirm that the Ssq allele had retained its activity at this stage.

Poisson Distribution:

Pr(n) = e_ti x p7n! Where Pr(n) = probability of n events
p = expected frequency
n = number of events

Thus: Pr(0) = 2.718"44 x 4.4°/0! = 0.012 x 1/1 = 0.012

Shh"u» I I
sxr\ |

w | I I I ~Shhnu"

Fig 3.8 : is a diagrammatic representation of the reversion cross, an
attempt to separate the Shh""11 and Ssq alleles linked by the cis-trans
cross (section 3.3). Based on the cis-trans cross, 1.8% of the
progeny from the reversion cross were predicted to recombine at
meiosis between the Shh""" and Ssq alleles thus unlinking them.
Unfortunately no such recombination event was observed either
phenotypically or genotypically.
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3.3 Discussion

3.3.1 Cis-Trans Test
All five of the informative recombinant mice generated completely suppressed the

Ssq phenotype. The data in section 3.4 confirmed that non-penetrance of Ssq was not the

cause of this suppression as mice bred from non-penetrant males exhibited PPD but those

from the recombinants did not. Therefore the Ssq mutation can only act in cis, i.e. it can only

promote ectopic expression from the Shh allele it is physically linked to. Thus the regulatory

hypothesis is correct, and Ssq is actually a regulatory allele of Shh, henceforth refered to as

ShhSsq.

This conclusion raises some interesting problems. Firstly, ShhSsq is a gain of function

mutation and this is hard to reconcile with a simple regulatory model such as a single limb

enhancer element. Disruption of a tissue specific enhancer would be envisaged to remove

expression of a gene from a particular tissue, but in the ShhSsq limb Shh gains an expression

field in the anterior of the limb bud. Thus it is reasonable to assume that a regulatory model

explaining the ShhSsq mutation must include a repressor element (see Fig. 3.9). This repressor

would normally inhibit the activity of a limb enhancer in the anterior limb bud, but the

repressor rather than the enhancer is disrupted by the Ssq insertion. Thus the un-repressed

limb enhancer in ShhSsq embryos is free to promote expression of both Shh and HPAP in the

normal posterior and ectopic anterior domains of the limb bud. At this stage the location of

these Shh limb regulatory elements is unknown. Though it is probably safe to assume that at

least the repressor part of the regulator is some where close to the Ssq insertion site as it is

thought to be disrupted by the mutation. However, the enhancer which may be a separate

element, could be some distance away; if it can act over a large distance on Shh it could be

acting long-range on HPAP. Results of a hunt for the limb regulatory elements of Shh are

recorded in chapters 5 and 6.
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Fig 3.9 The limb enhancer/repressor model. A shows how the model is proposed to work in wild type
limbs. The Shh limb enhancer drives expression in both anterior and posterior domains in the limb
bud, but the repressor inhibits the anterior expression. Thus Shh is only expressed in the posterior
domain. B demonstrates the model working in a sasquatch mouse hindlimb. The insertion removes the
activity of the repressor, allowing the enhancer to drive expression of Shh in both anterior and
posterior domains, resulting in a PPD phenotype.

3.3.2 Lmbrl

The cis-trans test suggests that the disruption to the Lmbrl transcript observed in

ShhSsq mice is co-incidental to the mutation and that Lmbrl does not have a role during limb

development. This is consistent with work on familial human PPD patients that exhibited no

structural mutations within the Lmbrl gene (Heus et al., 1999). However other mouse and

human limb mutations which map to the Lmbrl region need a more detailed explanation

with regards to the cis-trans test, and the involvement ofShh limb regulators. The mouse Hx

mutation which is probably allelic to ShhSsq does show down-regulation of the Lmbrl

transcript but no structural mutations can be found (Clark et al., 2000), so as for ShhSsq

perhaps disruption of Lmbrl is co-incidental to the mutation. The Japanese human

translocation, which displays a PPD phenotype (Lettice et al., 2002), does truncate the
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Lmbrl transcript but it also "disconnects" a large part of the Lmbrl genomic region from

Shh, perhaps separating a repressor element from an enhancer sequence; thus stimulating Shh

expression in the anterior of the limb bud and creating a PPD phenotype. This theory

suggests a possible location for an enhancer sequence, between the site of translocation and

Shh, as the enhancer would have to remain linked to Shh in the absence of the repressor.

Two final recessive mutations to consider are human Acheiropodia (Ianakiev et ah,

2001) and the mouse Lmbrl knockout generated by Clark et al.(Clark et ah, 2001). Initially

both these limb mutations seemed to strongly suggest a role for Lmbrl in limb development,

as truncated or non-functional protein products were predicted from the mutational events.

However with regards to the cis-trans data, both mutations remove genomic DNA

surrounding exons of Lmbrl, which may contain enhancer sequences involved in limb

regulation of Shh. Removal of such sequences would down-regulate Shh specifically in the

limb (more severely in Acheiropodia), but only for individuals homozygous for the mutation.

Fitting the characteristics of both mutations perfectly and suggesting second and third

possible locations for enhancer sequences near to Lmbrl exons 1 and 4.

When combined with these human and mouse mutations the cis-trans data seems to

suggest a complex regulatory model for Shh in the limb, consisting of at least four elements

scattered throughout the Lmbrl gene (see Fig 3.10). Three or more enhancer sequences could

be acting in concert to drive Shh expression in the anterior and posterior limb bud. The

repressor element then acts to "fine tune" the enhancer by repressing it in the anterior limb

bud, resulting in a wild type expression pattern.
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Fig 3.10 Combining the cis-trans data with human and mouse mutations in the Lmbrl region
suggests a complex limb regulatory model. Mutations that result in the loss of digits suggest the
removal of enhancer sequences that drive Shh expression in the limb. Mutations that result in PPD
suggest disruption of a repressor that down-regulates anterior Shh limb expression. Thus the
mutations suggest possible locations for enhancer and repressor sequences. However the mutations
are scattered throughout Lmbrl requiring there to be multiple enhancer sequences that act in concert
to drive expression of Shh in the limb.

3.3.3 Reversion Cross
The cis-trans test has provided a clear insight into the mechanism of Shh regulation

in the developing limb bud. However further genetic attempts to confirm the cis-trans results

by reversing the recombination failed. 250 mice were genotyped, 4-5 were expected to

recombine between the Shh""" and ShhSsq alleles but none of the 250 exhibited a

recombination event. The reason for this inhibition of recombination remains unclear and is

particularly puzzling due to the fact that the two loci recombined at a consistent rate in the

cis-trans test. Currently there seems to be no satisfactory explanation for this data other than

chance. It is possible that not enough mice were looked at during the cross and we were

simply "unlucky" in not seeing a recombination event. However due to financial and time

constraints it was decided not to pursue the reversion cross further. Further data in results

chapter 4 confirms the presence of an active Ssq transgene in the recombinant mice, and the

remainder of this thesis adds further evidence supporting the validity of the cis-trans result.
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Chapter 4

HPAP activity in recombinant mice
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4.1 Introduction
The sasquatch (Ssq) mutation was generated via a random insertion of a

Hoxbl/human placental alkaline phosphatase (HPAP) transgene into intron 5 of the gene

Lmbrl (Sharpe et al., 1999). Hoxbl elements within this transgene were known to drive

expression of HPAP in rhombomere-4, but in Ssq embryos HPAP activity was also seen in

the limb bud from E10.5 (Sharpe et al., 1999). The HPAP limb pattern was unique to this

insertion site and closely paralleled the expression pattern of Shh. HPAP staining was

detected in the ZPA, the normal site of Shh expression, but from E12.5 HPAP was also

present in the anterior region of limb buds showing anterior ectopic expression of Shh. Ssq

heterozygous embryos showed ectopic anterior HPAP expression in hind limbs only,

whereas Ssq homozygotes exhibited anterior ectopic HPAP activity in fore and hind limbs.

As mentioned in Chapters 1 and 3 the HPAP limb activity observed in Ssq embryos was

presumed to be the result of the action of cA-acting Shh limb regulatory elements driving

expression of the HPAP reporter. The cis-trans test in chapter 3 linked the Ssq and Shh"""

alleles, and confirmed that the Ssq mutation acted by disrupting these Shh limb regulatory

elements to promote ectopic anterior Shh expression in the developing limb bud.

The HPAP expression data in recombinant embryos could provide several important

pieces of information regarding the regulation of Shh in the limb. Firstly such data would

contribute to the validity of the cis-trans test, by demonstrating that recombinant embryos

still contained Ssq alleles capable of driving appropriate HPAP activity within the limb.

Confirming that the Ssq allele had not itself been lost or rendered incapable of promoting

gene expression in the anterior hind limbs of Shhnull s>'q embryos.

Secondly homozygous recombinant embryos (embryos with two copies of the

recombinant chromosome, Shhn"llSsq/Shh.nullSsq) could be used to study the activity of the Ssq

regulatory elements in the absence of functional SHH. When combined with data from other

groups regarding the expression of genes thought to be important in controlling Shh limb
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expression such as dHand and Gli3, it was thought that some important insights into Shh

regulation in the limb would be revealed. The collection and analysis ofHPAP reporter

activity in recombinant embryos is recorded in this chapter.

4.2 Results

4.2.1 HPAP activity within recombinant embryos
Recombinant mice generated during the cis-trans test carried the Ssq and Shh"""

alleles in cis and exhibited complete suppression of the Ssq phenotype. Despite being

phenotypically normal recombinant mice were presumed to still carry an active HPAP

transgene under the influence of the Shh limb regulatory elements discussed in chapter 3.

Therefore the HPAP transgene was predicted to have retained a Ssq heterozygote limb

expression pattern in recombinant embryos for both posterior and anterior domains (see Fig

4.1).

To ascertain the presence ofHPAP activity in the recombinant mice, males

posterior expression

anterior expression

Ml
Ssq insertion
IIPAP gene£ Shh limb enhancer elements

Shh""" gene

Shh""" expression 1
repressor

HPAP expression

D Hindlimbs

Fig. 4.1 Predicted HPAP activity in recombinant embryos. The Ssq HPAP gene in
recombinant embryos is believed to be under the influence of the same regulatory elements
that are driving expression of the Shh""11 allele. Thus it was predicted that HPAP would be
expressed in the same limb pattern as the Shh""11 allele.
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heterozygous for the recombinant chromosome were crossed to CBA wild type females. Ssq

heterozygous males were also crossed to CBA wild type females to act as a positive control

for the HPAP staining. Embryos were harvested from these crosses at E10.5, El 1.5 and

E12.5, and then stained for HPAP activity as described in Chapter 2.

Figure 4.2 shows heterozygous Ssq (Ssq/+) and recombinant (Shh"",l Ssq/+) embryos

from all 3 stages stained with HPAP. As expected all 3 stages of the Ssq/+ embryos

exhibited HPAP activity in the ZPA of the fore and hind limbs. At E12.5 HPAP activity was

also observed in the anterior of the limb bud, at the tip of the ectopic tissue that forms the

ectopic digits seen in Ssq animals. A band of HPAP staining was also seen in rhombomere-4

at E10.5, fading at El 1.5 and absent by E12.5. ShhnullSsq/+ embryos showed similar HPAP

expression patterns in the ZPA and rhomobmere-4, but the anterior HPAP staining at E12.5

was absent along with the ectopic anterior tissue in which it is normally situated. This is

more clearly seen in Figs. 4.2 panel B and C.

Figure 4.2 panel B shows whole wild type, Ssq/+ and Shh""'ISsq/+ El2.5 embryos in

more detail. The HPAP staining in the Ssq/+ and Shh"",lSsq/+ embryos is pronounced but the

anterior ectopic tissue and HPAP staining is absent from Shh""USsq/+ hind limbs. This is

shown more clearly in Figure 4.2 panel C, which shows the dissected limbs from E12.5 wild

type, Ssq/+ and Shhnull,Ssq/+ embryos.

From the above results it is clear that the recombinant embryos do carry a copy of

the Ssq transgene, as HPAP activity is evident in the ZPA of both fore and hind limbs.

However none of the E12.5 recombinant embryos (n=23) exhibited HPAP staining or ectopic

tissue in the anterior limb bud. A further investigation into this result is contained in the next

section.

4.2.2 Recombinant cross to luxate

Recombinant embryos carrying the Ssq and Shti'"" alleles in cis failed to express

HPAP in the anterior of the limb at E12.5. The reason for this was unclear; one possible
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theory was that the Ssq transgene had somehow lost the ability to promote gene expression in

the anterior limb bud of recombinant embryos. This was considered unlikely due to the fact

that the recombinant embryos assayed for HPAP came from three of the five original

recombinants generated during the cis-trans test. It was difficult to envisage a process in

which the Ssq transgene had lost its ability to promote anterior HPAP expression in all three

parent mice.

A more feasible alternative theory was based on the fact that recombinant embryos

fail to express functional Shh in the anterior of the limb bud, which is believed to be essential

for the creation of the anterior ectopic limb tissue seen in ShhSsq/+ mice. Without functional

Shh to promote cell proliferation, a large region of the anterior limb bud undergoes

apoptosis, probably killing the cells that would normally express HPAP in the anterior limb

bud. Consistent with this hypothesis is the fact that anterior HPAP expression pattern in

El2.5 ShhSsq/+ limbs was always observed to lie at the very tip of the ectopic tissue (see Fig

4.2 panel C). Recombinant embryos do not posses this tissue probably due to a lack of

anterior functional Shh, therefore they do not have the conventional site for anterior HPAP

expression in the limb.

To test this "tissue-less" theory, recombinant males were crossed to females

heterozygous for the semi-dominant limb mutation luxate (Ix), which displays pre-axial

Polydactyly. It was hoped that mice heterozygous for the Ix mutation and carrying a

recombinant chromosome would be produced. These Ix recombinant embryos were predicted

to generate ectopic anterior limb tissue in the same manner as Ssq heterozygotes, due to the

presence of the Ix loci. Thus it would be possible to ascertain the limb HPAP expression

pattern of the recombinant chromosome in the presence of the anterior ectopic limb tissue.

According to the "tissue-less" theory when the anterior ectopic limb tissue is restored to the

recombinant embryo's limb HPAP would then be able to be expressed in the anterior of the

limb bud.
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An E12.5 Ix recombinant embryo is shown in figure 4.3 along with E12.5 Ix

heterozygous and Shh""" Ssq/+ embryos. HPAP staining is present as expected in the ZPA of

the Shh""llSsq/+ and the Ix recombinant embryos, but only the embryo with ectopic anterior

limb tissue (Ix recombinant embryo) exhibits the anterior hind limb HPAP expression. Thus

the presence of the anterior ectopic limb tissue is required for the expression of the anterior

ectopic HPAP expression in the limb bud. The Ix recombinant embryo demonstrates that the

Ssq transgene on the recombinant chromosome has retained its ability to promote anterior

gene expression in the developing limb.

4.2.3 HPAP activity within homozygous recombinant embryos
The regulatory elements highlighted by the Ssq mutation have been suggested to

directly promote Shh expression within the developing limb. For this statement to be true the

Ssq regulatory elements must be acting epistatically upstream of Shh. Therefore in the

absence of active SHH the Ssq regulatory elements should still drive expression of HPAP in

a Shh pattern within the limb bud.

To test the ability of the Ssq regulatory elements ability to drive HPAP in the

absence of SHH, male and female recombinant (Shh"ullSsq/+) mice were crossed to each other

and embryos harvested at El 1.0. In addition to wild type and Shh""llSsq/+ embryos the cross

also produced homozygous recombinants (Shh""ll Ssq/Shhn"" Ssq) that contained two copies of

the recombinant chromosome which linked the Ssq and Shh""" alleles. Thus in these

homozygous recombinants it was possible to assay for HPAP activity (i.e. action of the Ssq

regulatory elements) in the absence of functional SHH. Figure 4.4 shows a homozygous

recombinant embryo and one of its wild type and Shh""l,Ssq/+ littermates. The homozygous

recombinant embryo shows severe deformities in the forebrain and midbrain structures and a

general reduction in size as expected due to the absence of functional SHH (Chiang et al.,

1996). Limb morphology at this stage is delayed relative to its wild type and Shh""nSsq/+
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Fig 4.4: El 1.0 embryos stained for HPAP. A: A ShhrmlllS'q/Shh"ull'Ssq embryo, exhibiting staining in
the ZPA of both fore and hind limbs. However some staining is also observed in the anterior of the
limb bud, and in the spinal cord. B: A Shhm",Ssq/+ embryo exhibiting a similar staining pattern to
the Shhnu",Ssq/Shh"ullSsq embryo in panel A. C: A wild type embryo for comparison.
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littermates, but fore and hind limb structures can be seen. Limb HPAP staining is present in

the ZPA of fore and hind limbs of the homozygous recombinant. Thus even in the absence of

functional SHH the Sscj HPAP transgene is still stimulated by the Ssq limb regulatory

elements highlighted in chapter 3.

HPAP staining of ShhnullSsVShhnulLSsq and ShhnullSs7+ embryos at El 1.0 (n= 11) also

revealed previously unreported HPAP activity in the spinal cord and anterior forelimbs (see

Fig.4.4). Although this staining was weaker than the activity previously observed in the

ZPA, it was not thought to be due to endogenous alkaline phosphatase activity, as similar

HPAP activity was not apparent in wild type embryos. Thus these two new domains of

HPAP expression appeared to be genuine. The reason why they have escaped the attention of

previous studies (Sharpe et ah, 1999) is possibly due to their specificity of expression, which

seems to occur precisely at El 1.0, a stage not previously examined.

4.3 Discussion

4.3.1 HPAP in recombinant embryos (Shhnu"'Ssq/+)
The data in section 4.2 clearly demonstrates that mice carrying the Ssq and Shti'""

alleles in cis still produce HPAP in the ZPA of the limb, confirming the presence of the Ssq

allele in recombinant mice. However the full Ssq heterozygous HPAP limb expression

pattern was only seen when the recombinant chromosome was crossed onto the Ix mutation

(section 4.3). Thus the anterior HPAP limb expression was always co-incident with the

presence of anterior ectopic limb tissue.

The generation of anterior ectopic limb tissue is seen in all polydactylous limb

mutants, in most cases due to the expression of Shh in the anterior limb bud. Anterior SHH is

thought to create an ectopic anterior ZPA that is believed to interfere in two aspects of

normal limb development. Firstly, stimulating ectopic cell proliferation to generate the

anterior limb tissue that eventually develops into ectopic digits. Secondly the anterior ZPA is
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believed to inhibit the apoptosis that normally occurs in the anterior of the limb bud (Sanz-

Ezquerro and Tickle, 2000).

Shhn",LSsq/+ mice only express from a null Shh in the anterior of the limb bud

therefore no anterior ZPA is formed, no anterior cell proliferation takes place and anterior

apoptosis occurs as normal. We suspect that initially HPAP is expressed along with the

Shh""" allele in the anterior of the limb bud, but the lack of an anterior ZPA probably results

in non-proliferation and apoptosis of the anterior HPAP expressing cells. Thus anterior limb

bud HPAP activity is never seen in Shhn""Ssq/+ embryos unless a functional anterior ZPA is

present, such as the one provided by the luxate mutation.

4.3.2 HPAP in homozygous recombinant embryos
Homozygous recombinant embryos generated in section 4.2.3 carried two copies of

both the Shh""" and Ssq alleles, and exhibited HPAP expression in the ZPA of limb buds.

Thus the regulatory elements disrupted by the Ssq insertion were able to act independently of

functional SHH. In other words the Ssq regulatory elements act epistatically upstream of Shh

in patterning the limb field, a result consistent with their suspected role in directly

controlling Shh expression in the ZPA.

4.3.3 Novel HPAP domains

Two novel domains of HPAP expression were also seen in embryos carrying the Ssq

transgene at El 1.0. The factors responsible for these novel expression patterns of HPAP

remain unknown, though it is possible that gene regulatory elements close to the Ssq

insertion site could be responsible for driving this expression. The best two gene candidates

to contain such regulatory elements are Shh and HLXB9.

Shh is expressed in the ventral neural tube and developing notochord (Echelard et

ah, 1993b) but this area does not overlap with the expression seen in Fig 4.4 and occurs at

E9.5-E10.5. HLXB9 is a more promising candidate as it has been reported to be expressed in

the spinal cord of mice and human embryos (Harrison et ah, 1999; Hagan et ah, 2000).
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However in both organisms the expression occurs earlier than El 1.0. Thus the temporal

aspect of the novel HPAP spinal expression remains unresolved.

A possible explanation for the anterior limb staining is that it is being driven by the

same Shh limb regulatory elements highlighted in the cis-trans test. It has already been

suggested that these elements must be actively repressed in the anterior of the limb and that

the Ssq insertion acts to disrupt this repression (section 3.6). The embryos in Fig. 4.4 could

be exhibiting a small amount of HPAP expression as the repressor begins to shut down the

Shh limb enhancers in the anterior of the limb. This "leaky repression" model could explain

the relative weakness of the expression and its specificity to such a precise time frame.

4.3.4 dHAND and Gli3

The HPAP activity seen in the double recombinant embryos also reveals some

insights into the regulation of Shh by the transcription factors dHAND and Gli3. As

mentioned in chapter 1 dHAND acts antagonistically with Gli3 in the lateral mesoderm to set

up the anterior/posterior axis prior to limb outgrowth (te et al., 2002). Expressed in the

posterior area of the prospective limb field, dHAND acts to restrict Gli3 to the anterior of the

limb and also stimulates Shh expression in the ZPA (Charite et ah, 2000). As the limb bud

develops dHAND continues to be expressed in the posterior domain, and was thought to be

involved in a positive feedback loop with Shh whereby each maintained the expression of the

other as development progressed (Charite et ah, 2000). The importance of Shh expression to

dHAND was emphasised when dHAND's expression was examined in Shh"""/Shh""" embryos

(te et ah, 2002). Instead of a broad expression across the entire posterior of the limb, only a

small patch of dHAND expression within the posterior of the limb was observed.

Additionally due to the reduction in dHAND expression, GU3 extends its area of expression

into the posterior of the limb bud to encompass much of the ZPA (see Fig 4.5).
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The double recombinant embryos generated in section 4.5 offered a unique

possibility to study the control of Shh expressed in the absence of functional SHH, as the Ssq

HPAP transgene is under the control of the Shh limb regulatory elements. As previously

noted the HPAP maintained its expression pattern in the ZPA without the presence of

functional SHH, and therefore despite dHAND having been replaced by Gli3 in most of the

posterior of the limb bud, including the ZPA. Thus it can be inferred from this data that

although dHAND is essential for the creation of the A/P axis and the ZPA in the limb, it is

not required for the maintenance of Shh expression in the ZPA. Additionally this data

suggests that Gli3 is unable to downregulate Shh expression once the ZPA has developed.

Thus although dHAND and Gli3 are undoubtedly important in setting up the initial limb pre-

pattern in the lateral mesoderm (te et al., 2002; Charite et al., 2000), it would seem from this

Wild Type

GliS

dHAND
HPAP

Shh"uU/Shh""11

, Gli3

dHAND
HPAP

Figure 4.5: A diagrammatic representation of the expression of dHAND,
GH3 and the Ssq HPAP transgene in wild type and Shh""llISIih"""embryos. In
Shhnu"/Shhn"" embryos Gli3 expression expands to cover the ZPA due to
down-regulation of dHAND. However the Ssq HPAP transgene under the
control of Shh limb regulatory elements maintains its expression in the ZPA.
Thus dHAND and Gli3 are not responsible for maintaining Shh expression in
the ZPA.
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data that once Shh is established in the ZPA it is probably unaffected by dHAND and Gli3

expression. Confirmation of the independence of HPAP expression from dHAND and GU3

could come from in-situs using dHAND and Gli3 probes on recombinant embryos.

HPAP activity in recombinant mice 79



The sasquatch mouse: an enhanced limb

Chapter 5

Comparative sequence analysis
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5.1 Introduction

5.1.1 Finding Shh limb regulatory elements
Chapters 3 and 4 concluded that the Ssq mutation disrupts the activity of long-range

regulatory elements that control expression of Shh in the developing limb. However the

precise location of these regulatory elements remained unknown. This next chapter records

the identification of candidate genomic regions likely to contain Shh limb regulatory

elements.

Historically the identification of long-range gene regulatory elements such as

enhancers or repressors has been a major challenge for researchers. Unlike coding

sequences, regulatory elements do not possess well-defined sequence motifs to aid in their

discovery. Using cDNA sequences, splice acceptor/donor motifs and genomic features such

as CpG islands and RNA polymerase binding sites, computers running gene-prediction

programs have made the identification of coding regions relatively trivial. Large-scale

sequencing projects such as the human and mouse genome projects have made available vast

amounts of genomic sequence, to which gene-prediction software has been applied.

Candidate coding regions can then be identified from this "annotated" genomic sequence and

confirmed experimentally by any researcher.

Currently, due to their lack of defined sequence motifs, there are no equivalent

prediction programs for the identification of gene regulatory elements. Therefore, the

identification of candidate regulatory regions has relied on educated guess work, followed by

rigorous and time-consuming experimental assays. Genomic sequences upstream,

downstream or within introns of coding sequences are traditionally assayed for regulatory

activity using reporter constructs. These constructs contain a reporter gene whose protein

product can be easily assayed, such as lacZ, coupled to a minimal promoter normally unable

to drive expression on its own. Genomic sequences of interest (usually selected on the basis

of their proximity to a gene of interest) are then cloned into these constructs, linking
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enhancer sequences from these genomic regions to the reporter gene. The modified construct

is then used to make transgenic animals or cell lines, and putative enhancer sequences reveal

their presence by driving reporter gene expression in an appropriate manner via the minimal

promoter (see Fig.5.1). Once a particular genomic region had been demonstrated to exhibit

enhancer activity, deletions in the genomic region of the construct help to define the minimal

sequence necessary to drive expression. Further refinement of the enhancer sequence then

relies on using biochemical assays such as DNAase hypersensitivity studies to define

protein-binding sites.

Genomic

Sequence

Enhancer
Minimal
Promoter

U I -C~f LacZ

J
Enhancer drives LacZ via minimal

promoter.

Fig 5.1 Construct to detect Enhancer activity: Enhancer sequences in the
genomic region of interest stimulate LacZ expression via a minimal promoter,
when incorporated into a transgenic animal or cell line.

This general strategy has been used very successfully to find and define enhancer

sequences for many genes (MacKenzie et al., 1997) including those responsible for driving

Shh expression in the brain and floorplate of developing mouse and zebrafish embryos

(Epstein et al., 2000; Muller et al., 1999). However there are several important drawbacks to

this strategy that made it unsuitable as an initial step in finding the regulatory elements

highlighted by the Ssq mutation.
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Firstly the reporter assay is incapable of detecting repressor elements, as they will

not drive expression of the reporter gene; therefore this strategy was unsuitable for detecting

the repressor believed to have been disrupted by the Ssq insertion (see Chapter 3). Secondly

only relatively small areas of genomic DNA can be assayed at a time, up to lOkb in plasmid

constructs or 30-40kb in cosmids. The precise location of the Ssq regulatory elements is

unknown and they may be scattered over a substantial genomic region, too large to assay

with conventional reporter constructs. Although Chapter 3 did highlight several possible

enhancer locations based on human and mouse mutations; these were numerous and in the

case of the Japanese translocation did not define a definitive genomic area. YAC and BAC

constructs could have been used to look at much larger regions but the technical difficulties

in handling and assaying such large constructs remained a formidable hurdle. Due to these

difficulties it was envisaged that an alternative strategy was needed to find the Ssq repressor

element and to provide small well-defined candidate regions of genomic DNA that could be

assayed for enhancer activity using conventional transgenic reporter constructs. Comparative

sequence analysis provided a powerful paradigm that could fulfil these criteria.

5.1.2 Comparative Sequence Analysis of the Ssq locus
Comparative sequence analysis is the process of comparing regions of syntenic

genomic DNA between species, and has a long and distinguished history dating back at least

to the discovery of bacteriophage promoter and operator sequences (Pribnow, 1975).

Comparisons of this sort reveal small regions of conserved non-coding sequences (CNSs)

(Hardison, 2000) which, due to their conservation, are believed to perform important

functions in the genome such as gene regulation. As species diverge it is presumed that

evolution selects against sequence changes in genomic regions essential for survival, thus

preserving CNSs between species, unlike non-essential sequences which diverge due to

random mutation. Comparative sequence studies of the HBB (beta-globin), Pax6 and BTK
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(Bruton's tyrosine kinase) (Hardison et al., 1997) loci have revealed multiple CNSs, many of

which have been shown to regulate gene expression.

It was hoped that a comparative sequence analysis of the genomic DNA around the

Ssq genomic region would reveal CNSs as possible candidates for the enhancer and repressor

elements discussed in Chapter 3. Such regions could act as a starting point for transgenic

reporter studies to find enhancer regions, and would also be good candidates for the Ssq

repressor. Repressor candidate sequences could then be assayed for mutations in human PPD

patients and Hx mice.

To carry out any comparative sequence analysis a genomic region of interest must be

defined and high-quality DNA sequence from this region obtained from two or more species.

During the comparative analysis of the Ssq mutation, three regions of interest were defined

based on available sequence and the mapped locations of human and mouse limb mutations.

The first region of interest spanned genomic DNA from LMBR1 to SHH. The second

comprised the entire LMBR1 gene, from exon one through to seventeen and the third

consisted of genomic sequence from LMBR1 to KIAA0010. These three regions contained

the mapped locations for all human and mouse limb mutations assigned to 7q36, and

together they spanned almost 1.6Mb of human genomic DNA (see Fig 5.2). Thus it was

PPD Critical Region

212kb

Figure 5.2:_Diagram depicting the three genomic regions used during the comparative
sequence analysis. Each coloured arrow represents one region.
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hoped that all the regulatory elements necessary to drive Shh expression in the limb and

other tissues were contained within these three genomic regions.

Human to Mouse comparative sequence analysis has been very successful in

identifying CNS regions (Hardison et al., 1997), however when examining long stretches of

genomic DNA the sheer number identified often precludes the possibility of a systematic

transgenic or mutational analysis of them all. For example a study by Loots et al.(Loots et

al., 2000) compared the sequence of about 1Mb of syntenic mouse and human DNA from

chromosomal region 5q31. Comparative sequence analysis revealed 90 CNS regions using

the relatively rigorous criteria of at least 75% identity over 100 bp. Extrapolating from this

data it, was conceived that in the 1.6 Mb around the Ssq locus there could be 150 mouse to

human CNS sequences, although some CNSs would be better conserved or in loci disrupted

by the various limb mutations, and therefore make better candidate Shh limb regulatory

elements. It was envisaged that the sheer number of CNS regions between human and mouse

would provide too many candidates to be tested.

A way to reduce the number of CNS candidate regions is to carry out further

sequence comparisons, with species separated by wider phylogenetic distances (Hardison,

2000); as it is reasonable to assume that non-coding sequences that remained conserved for a

longer period of time might play a more fundamental roles in the genome. An excellent

species to facilitate this sort of sequence comparison is the teleost fish Fugu rubripes

(Aparicio et al., 1995). Fugu has a compact genome (400Mb): 7.5 times smaller than the

human and >90% of it is unique, making genomic sequencing relatively easy (Brenner et al.,

1993). Additionally, being a vertebrate Fugu has a similar gene repertoire to humans, and

there are many parallels between human and fish development, including the expression of

SHH in the ZPA of limb/fin buds (Akimenko and Ekker, 1995). Finally, of particular

importance for comparative sequence analysis is the large phylogenetic distance between

Fugu and humans: approximately 450myr as opposed to approximately 40myr between mice

and humans (Kumar and Hedges, 1998). Therefore in order to get the best possible results
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from a comparative sequence approach to identify potential Sscj regulatory elements, it was

concluded that a 3-way sequence comparison of the relevant genomic regions between

Human, Mouse and Fugu would be required.

5.2 Results

5.2.1 Obtaining Human and Mouse Genomic Sequence
Human and mouse genomic sequence from exon 3 of SHH to exon 23 of KIAA0010

was obtained from the Ensembl Genome browser (http://www.ensembl.org/), human version

7.29a.3 and mouse version 7.3b.3. This server provides a graphical interface for the data

generated from the Human and Mouse genome projects. Using the sequence alignment

programme BLAST together with SHH, LMBRI and K1AA0010 human cDNAs, the required

human and mouse genomic regions were obtained from Ensembl (see Figs 5.3 and 5.4).

Large sequence files spanning the genomic region from SHH to KIAA0010 for both mouse

and human were downloaded from Ensembl and split into the three regions of interest (see

Fig 5.2) using the DNA sequence editing package EMBOSS. These six sequence files (three

mouse and three human) were then annotated for gene locations using the sequence

alignment programs BLAST and GENEWISE.

5.2.2 Fugu Sequence
Despite the relatively compact genome size of Fugu compared to either the mouse or

human genomes, there had not until recently been the same emphasis placed into the

sequencing of the Fugu genome as had occurred for the mouse/human genome sequencing

efforts. Therefore as there was no Fugu genomic sequence available around LMBRI and the

Ssq insertion site, it was decided to shotgun sequence a 50kb cosmid (called 16E), that had

been isolated from an HGMP Fugu genomic library (a kind gift from Dr. Laura Lettice). The

cosmid was known to contain part of the Fugu Lmbrl including intron 5 the site the Ssq

insertion in mouse.
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Cosmid 16E DNA was broken up by sonication into fragments between 0.5 and 5kb

in size. These fragments were then blunt-ended using T4 polymerase and sub-cloned into the

plasmid vector pBluescript that carried an ampicillan resistance gene. These subclones were

then electroporated into XL-1 blue E.coli cells and spread onto L-Agar plates contaning

lOmg/ml ampicillan. Ampicillan-resistant bacterial colonies were then picked into 96-well

culture plates and grown overnight. After bacterial growth the culture plates were placed into

a robot sample handler and plasmid DNA was generated from each bacterial culture. Using

T7 and T3 sequencing primers, the inserts of each plasmid were sequenced and the results

collated in the sequence assembly programme CONSED to create contiguous cosmid 16E

sequence (see Fig 5.5).
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Figure 5.3: The regions of human genomic DNA used in the comparative sequence analysis as
viewed in Ensembl. Please note that C7orf2, Q96I08 and Q15386 are Ensembl's names for
LMBR1, C7orf3 and KIAA0010 respectively. A shows the region from SHH to the 3 prime end
of LMBR1 including the gap in sequence between markers D75448 and D751954. B shows the
human genomic region from C7orfl3 to KIAA0010.
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Figure 5.4:_The regions ofmouse genomic DNA used in the comparative sequence analysis
as viewed in Ensembl. Please note that Hligl,4930542N22RIK and AA536857 are Ensembl's
names for Shh, Rnf32 and KIAA0010 respectively. A shows the region from SHH to LMBR1
including the locations of small gaps in the sequence. B shows the human genomic region
from Rnf32 to KIAA0010. The novel gene prediction between Lmbrl and Hlxb9 is mouse
C7orf3. AA536857 is only a partial mouse EST transcript matched to the mouse genome
therefore it appears to be much smaller than KIAA0010 in the human sequence.
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Fig 5.5: Diagram of the strategy used to sequence cosmid 16E. Samples of
sonicated 16E DNA and linerised bluescript vector used to generate clones
for sequencing are shown in the gel picture above. A map of the contig
generated by the sequencing of 16E is also shown.
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Three hundred and eight-eight individual sequences were generated ranging in size

from 200-700bp, resulting in a total of approx. 160kb of sequence and 3x coverage of

cosmid 16E. When assembled, the fragments generated four large contigs that lay within the

Fugu genomic insert of cosmid 16E and provided sequence information from LMBR1 exon

11 through to KIAA0010 exon 10, though three gaps were present: two within C7orf3 and

one in intron 5 of Lmbrl {see Fig 5.6). This data strongly suggested that synteny had been

preserved between human and Fugu, around the Lmbrl gene.

Further Fugu genomic sequence was made available to us as a result of a

collaboration with Dr. Greg Elgar and Debbie Goode (MRC, HGMP, Hinxton, Cambridge).

When these sequences were pooled and assembled together with those obtained through our

own shot-gun sequencing effort, two large contigs were obtained, which consisted of

sequence from KIAA0010 to just short of SHH, though still with a gap in LMBR1 intron 5.

As further data emerged from the public effort to sequence the Fugu genome, it was

combined with our sequence data, and these gaps were closed resulting in contiguous

genomic sequence from SHH to KIAA0010.

5.2.3 Zebrafish and Tetraodon Sequence
Recently there have been public efforts to sequence the zebrafish and Tetraodon

(another species of pufferfish) genomes. Although currently at an early stage, large numbers

of short genomic sequence reads have been made available and, in the case of zebrafish, a

crude genomic assembly has been created. Using BLAST and GENEWISE it was possible to

obtain three zebrafish genomic contigs from the HGMP that covered the Lmbrl gene, except

for gaps in intron 5 and between exons 10 and 16.

At the point of writing this thesis there was no official genome assembly of the

Tetraodon genome. However, Dr. Martin Taylor (MRC, HGU, Edinburgh) was able to

generate a crude Tetraodon assembly from LMBR1 to SHH using the equivalent Fugu

genomic sequence, a novel computer programme called Zeb and the individual genomic
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shotgun sequence reads from the public database. Thus, in limited areas of the three genomic

regions of interest it was possible to implement a comparative sequence analysis between

four or five species.

5.2.4 Sequence Alignments
Finding CNS regions not only requires genomic sequences to compare, but also

good computer software to carry out sequence comparisons. Fortunately, two such

programmes have been created specifically to carry out this task PIPMaker (Percent Identity

Plot Maker) (Schwartz et al., 2000) and VISTA (Visualising global DNA Sequence

alignments of arbitrary length) (Mayor et al., 2000).

PipMaker is accessed via a Web server (http://bio.cse.psu.edu/pipmaker/), sequences

to be compared are submitted to the web site where they are aligned using a sequence

alignment algorithm called BLASTZ. The results of this alignment are then returned to the

user, and take the form of a PIP (Percent Identity Plot). PIPs record the position (relative to

the base sequence) of regions of identity between the sequences as black lines in the main

body of the plot. The higher the recorded position of the line the greater the identity, and the

longer the line the greater the size of the conserved region, only regions displaying 50% or

more identity are shown. The top axis records pre-determined positions of repeats, CpG

islands, and exons in the base sequence. The co-ordinates (lower horizontal axis) represent

the nucleotide positions of the base sequence. An example PIP is shown in Fig. 5.6.

Several different parameters can be varied to improve the performance of the

BLASTZ alignment programme, particularly when aligning syntenic sequences between

species separated by a large phylogenetic distance, such as Human and Fugu. These include

using a high-sensitivity scoring matrix for BLASTZ, which takes much longer than default

settings but is better at finding matches, and the Chaining option, which facilitates the

alignment of sequences which differ significantly in size such as equivalent human and Fugu

genomic regions. PipMaker plots were implemented for all three genomic regions LMBR1
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exons 1 to 17, SHH exon 3 to LMBR1 exon 1 and LMBR1 exon 17 to KIAA0010 exon 1. The

human sequence from each region was used as the base sequence; high sensitivity and

chaining options were used when comparing Fugu, Tetraodon and zebrafish sequences.

Regions of particular interest from these three plots are highlighted in Figures 5.8, 5.9 and

5.10. Due to their size the full PipMaker plots are contained in the appendix 1.
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Figure 5.6: An example of a PIP plot. The base sequence (the sequence to which all the other
sequences are compared to) is represented by the black line running along the top of the plot.
The main body of the plot reveals areas of sequence homology as black lines (pips) for each
species examined. The length of the pip represents the length of the homology and the height
of the pip represents the extent of the homology. The green stripes represent exons, notice that
most exons have a pip on conserved sequence in all the species examined. The red stripe
represents a non-coding area of sequence conservation between, human, mouse, zebrafish and
Tetraodon. The blacked out areas in the zebrafish comparison depict areas where no zebrafish
genomic sequence was available.

The VISTA programme uses a sequence alignment algorithm called GLASS, and

displays the alignment data as a graph. The x-axis represents the base sequence (human) and

the y-axis represents the percent identity, only regions displaying 50% or more identity are

shown. Genes and exons are marked above the plot, an example VISTA plot is shown in Fig

5.7. Like PIPMaker, VISTA is accessed via a web server (http://www-gsd.lbl.gov/vista/),

where sequences of interest are submitted, and the results returned via e-mail. VISTA was

used with all three genomic regions of interest, but was found to be less sensitive than

PipMaker in detecting CNSs between human and more phylogentically diverse species such

as Fugu. This is probably due to the fact that VISTA was not originally designed to compare
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sequences over large phylogenetic distances, and therefore does not possess the high-

sensitivity and chaining options available in PIPMaker. Due to these shortcomings in VISTA

only comparative sequence analysis data produced by PipMaker is displayed in this chapter.

An example of a VISTA sequence comparison of the LMBR1 region is shown in appendix 2.

VISTA discovered most of the CNS regions found by PIPMaker, but discrepancies between

the two programs are detailed in table 5.1.

Base Sequence Exon Conserved non-coding
region

Mouse

Fugu

Tetraodon

nun A K i Pi ,i a

t t I i t T-

23k 130k 132k 134k 136k 13«k 14Ck 142k 14.1

I

146k

j£_L

100%
75%

so%
100%
75%

50%
100%
75%
50%

148k 150k

Figure 5.7: An example of a Vista plot. A black line at the top of the line represents the
base sequence, and the positions of exons within this sequence are marked as blue boxes.
Three graphs below the base sequence depict the level of sequence conservation between
the base sequence and mouse, Fugu and Tetraodon genomic sequences. The y axis of
each graph, represents the % identiy, and the x-axis marks the position along the base
sequence. A highly conserved non-coding region is marked in red.

5.2.5 Discovery of CNSs
As expected between mouse and human sequences a large number of CNSs were

discovered even when using the stringent criteria of 75% homology or more over at least

lOObp. Between exon 3 of Shh and exon 1 of KIAA0010 217 CNSs were found between

mouse and human, 16 of which fell within the Lmbrl gene. However, when CNSs were

defined as non-coding genomic regions conserved between human and mouse (lOObp 75%

or more) and between human and Fugu (lOObp 60% or more) the number of CNS regions

was reduced to 14. These 14 regions conserved between all three species are hereafter
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refered to as 3-sp CNSs (3-species CNSs). Where available the Tetraodon and zebrafish

genomic showed the same sequence conservation pattern as the Fugu genomic sequence.

CNS Location: Conservation Conservation Detected Est
resion: human to mouse: human to Fusu: bv Vista? Match?
Consl SHH int. 1 218bp @ 82% 164bp @ 75% Yes No
Cons2 SHH to LMBR1 359bp @ 87% 102bp @ 68% No No
Cons3 SHH to LMBR1 601bp @ 81% 106bp @ 60% No No
Cons4 SHH to LMBRl 500bp @81% 105bp @ 70% No No

Cons5 SHH to LMBRl 457bp @ 82% 106bp @ 77% Yes No

Cons6 SHH to LMBRl 958bp @ 83% 1 lObp @ 70% Yes No

Cons7 Lmbrl int. 15 550bp @ 83% 100 bp @ 60% Yes No
Cons8 Lmbrl int. 9 621 bp @ 87% 120bp @ 80% Yes No
Cons9 Lmbrl int. 5 1062bp @ 83% 159bp @75% Yes No
ConslO Lmbrl to C7orf3 229bp @ 82% lOObp @60% No Yes
Consl1 upstream HLXB9 1099bp @ 88% 282bp @ 76% Yes No

Cons12 KIAA0010 int. 13 678bp @ 88% 410bp @ 80% Yes Yes
Cons13 KIAA0010 int. 18 633bp @ 82% 109bp @ 70% Yes Yes
Consl4 KIAA0010 int. 18 1053bp @ 88% 238bp @ 76% Yes Yes
Exons LMBRl 50-200bp @ 80- 50-200bp @ <50- Yes Yes

92% 92%

Table 5.1: A summary of the characteristics of the 14 highly-conserved CNSs sequences
identified by comparative sequence analysis using PIPMaker. Characteristics of the Lmbrl
exons are shown in red by way of a comparison.

The 14 3-sp CNSs were named Cons 1-14, and their locations and PIPplot profiles

are shown in figures 5.8 5.9 and 5.10. A summary of Cons 1-14 features is shown in table

5.1. Consl-14 sequences were then compared to public sequence databases using BLAST to

ascertain if they demonstrated homology to any ESTs or previously characterised regulatory

sequences.

Of the 14 3-sp CNS regions four, ConslO, 12, 13 and 14 showed strong homology to

mouse or human EST's. These four were discarded from the search for the SHH limb

regulatory elements as their homology to EST sequences indicated they were probably exons

of a transcribed gene, and therefore unlikely to be regulatory elements.

Consl, a highly conserved region within intron 2 of SHH, was revealed by BLAST

search to contain two closely linked enhancers of Shh which are capable of driving Shh

expression in the hindbrain/midbrain and floorplate (Epstein et al., 2000). Consl was also

removed from the search for Ssq regulatory elements, as these enhancers did not show any

expression within the limb and were therefore unlikely to play a role in the Ssq mutation. It
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should be noted that a further two previously characterised notochord and floorplate

enhancers of Shh known to reside approximately 20kb upstream of SHH (Epstein et al.,

2000) were not defined as highly-conserved CNSs as they did not exhibit significant

genomic sequence conservation between human and Fugu. The locations of previously

characterised enhancers of Shh are highlighted in blue in Fig. 5.8.
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5.2.6 Discovery of an LMBR1 paralogue, LIMR
To find the human genomic sequence necessary to implement the comparative

sequence analysis, a BLAST sequence comparison between the human genome and a

LMBR1 cDNA was done to establish the correct area of the human genome to use. The

results from this BLAST established the genomic location of the LMBR1 gene at 7q36, but

also revealed a further strong match to a gene, lipocalin-1 interacting membrane receptor

(LIMR), positioned on human chromosome 12ql3.

LIMR has 17 exons like LMBRI, and is linked to Desert hedgehog (DHH), a known

paralogue of SHH (see Fig 5.11). Orthologues of LIMR were found in mouse and Fugu, and

were also linked to DHH orthologues in these organisms. Examination of Drosophilia and C.

elegans genomic sequence by Dr. Robert Hill (MRC, HGU, Edinburgh) revealed only one

LMBRI/LIMR-Wke. gene, which was not linked to Drosophilia hedgehog (C. elegans does

not have a hedgehog-like gene). A CLUSTAL alignment and phylogentic analysis of all the

LMBR like genes identified is shown in Fig 5.12, and table 5.2 summarises the percent

identity and similarity between the LMBR like protein sequences.

Gene % similarity to % identity to % gaps compared
Human Lmbrl Human Lmbrl to Human Lmbrl

Mouse Lmbrl 98 95 0

Fugu Lmbrl 88 79 0
Human LIMR 76 58 2
Mouse LIMR 75 58 2

Fugu LIMR 71 54 6

Drosophlia Lmbrl 58 38 11
C. elegans Lmbrl 40 22 35

Table 5.2: The results of an amino acid sequence comparison of the Lmbrl and LIMR
genes to human Lmbrl. The % gaps refers to differences in size between the human Lmbrl
and the genes examined.

This data reveals that LMBRI has orthologs in Drosophlia and C.elegans as well as

mouse and Fugu. However, in vertebrate species there are two LMBR-like genes, which due

to their amino acid similarity are probably paralogues.
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Figure 5.11:. A The region of human genomic DNA that contains LIMR and DiliI as viewed
in Ensembl. Please note that Q96BY8 is Ensembl's name for LIMR. B The mouse genomic
that contains Limr and Dhh as viewed in Ensembl. The gene AA4I5653 is EnsembTs name
for Limr.
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Figure 5.12: A Records the results of a clustalW line-up of human, mouse, Fugu, Drosophila
and C.elegans Lmbrl/LIMR protein sequences. B A phlylogenetic tree of the family of Lmbrl
genes, that includes all the protein sequences used in the clustalW line-up. The phylogenetic
analysis was conducted with 1000 bootstrap replications of the neighbour-joining method. From
this analysis it is evident that the Lmbrl genes from mouse, human and Fugu are more closely
related to each other than their corresponding L1MR gene.
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Although the coding regions and structure of LIMR and LMBR1 are very similar in

all species examined, their genomic contexts differ dramatically. In human, mouse and Fugu

LMBRI has much larger introns and is spread over a greater genomic area than LIMR, and

the genomic distance between LMBR1 and Shh is much larger than between LIMR and Dhh.

Although an increase in repetitive DNA accounts for some of these differences, much of the

additional genomic DNA is unique (see table 5.3).

Species Genomic Resion Length % repeat % unique Uniaue
DNA DNA

Human Lmbrl 212kb 60 40 85kb
Mouse Lmbrl 145kb 40 60 87kb

Fugu Lmbrl 22kb 1 99 22kb

Human LIMR 13kb 27 73 9kb
Mouse LIMR 13kb 21 79 lOkb

Fugu LIMR 6kb 0 100 6kb

Human Lmbrl to Shh 1151kb 38 62 713kb
Mouse Lmbrl to Shh 945kb 39 61 576kb

Fugu Lmbrl to Shh 80kb 1 99 79kb

Human LIMR to Dhh 24kb 35 65 16kb
Mouse LIMR to Dhh 30kb 28 72 22kb

Fugu LIMR to Dhh 15kb 1 99 15kb

Table 5.3: This table records the genomic size (rounded up to the nearest kb) and % repeat DNA
(to the nearest whole number) of the LMBR1 and LIMR genomic regions. Characteristics of the
intervening genomic DNA between LMBRIILIMR and their respective hedgehog genes is also
shown.

5.2.7 LIMR Comparative Sequence Analysis
Due to LIMR's similarity to LMBRI and linkage to Dhh, it was thought that LIMR

might also contain regulatory regions, perhaps acting on Dhh. To ascertain if this were true,

a comparative sequence analysis was implemented using syntenic human, mouse and Fugu

sequences that contained the LIMR and Dhh coding regions plus all the intervening genomic

sequence. The results of a three-species PIPMaker analysis of this region are shown in Fig.

5.13. 11 CNS regions (minimum 75% homology over lOObp) were found between human

and mouse but no CNS regions were found between all three species.
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Figure 5.13: PIP-plot comparison between human, mouse and Fugu LIMR to DHH genomic
sequences. The base sequence is human, the numbers at the bottom of the plot correspond to
distance along the human sequence in 1000's of base pairs. Exons of LIMR and DHH are marked
in green, human repeat elements are marked along the top of the plot. Regions of homology
between mouse or Fugu sequence are depicted as black horizontal lines in the body of the plot.
The length of the line depicts the size of the region of homology, the higher up the plot the more
homologous the region. As can be seen from this plot the exon sequences of the two genes are
well conserved, but no significant regions of non-coding homology are conserved across all three
species.

5.3 Discussion

5.3.1 Limb mutations and CNS regions
The purpose of this comparative sequence analysis study was to identify candidate

genomic regions that could be long-range regulators of SHH expression during limb

development. It was concluded in chapters 3 and 4 that the disruption of these element's

activity was the cause of a variety of human and mouse limb mutations (including Ssq) that

mapped to human 7q36, and its syntenic region on mouse chromosome 5. The criteria used

to identify a potential regulatory element were that it, firstly, be non-coding, and, secondly,

be highly conserved across a large phylogenetic distance. However, to be involved in the

regulation of SHH during limb development it is reasonable to assume that the candidate

regulatory sequence must also be located in a genomic region associated with the limb

mutations mapped to human 7q36 and mouse chromosome 5.
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The comparative sequence analysis of human, mouse and Fugu genomes between

SHH and KIAA0010 proved to be successful in identifying nine CNSs as candidate

regulatory sequences. But only four of these CNSs were contained within genomic regions

associated with limb defects and the disruption of SHH limb expression (see Fig 5.14).

The most promising candidate of the four, Cons9 was the only highly conserved

CNS located in a genomic locus disrupted by the Ssq insertion event. As described in chapter

1, the Ssq insertion results in a partial duplication of Lmbrl intron 5 (Lettice et al., 2002), a

genomic region that includes Cons9 (see Fig). With regards to the highly conserved CNS

regions, the only difference between Ssq and wild type mice, is that Ssq mice contain extra

copies of Cons9. Thus, it is highly likely that Cons9 is the Shh limb regulatory element

believed to be disrupted by the Ssq insertion event, though it is unclear at this stage how a

duplication of Cons9 could result in ectopic anterior Shh expression.

Cons7 and Cons8 are located in LMBR1 introns 15 and 9 respectively; both loci are

within the critical genomic regions associated with a variety of human and mouse limb

defects. Thus both could be regulatory regions involved in the long-range regulation of SHH

in the developing limb.

Cons 11 is located approximately lOkb upstream ofHLXB9, just within the human

Figure 5.14: A cartoon depicting the positions of Cons 2-9 and Cons 11 in relation to
human and mouse limb mutations. Cons 7-9 and Cons 11 lie within the PPD critical

region, but only Cons 9 is disrupted by the Ssq mutation.
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PPD critical region but outside the genomic region associated with the mouse Hx limb

mutation. Although it is possible that Consl 1 could be a long-range limb regulator of SHH,

its proximity to HLXB9 suggests that it is more likely to be a regulator of HLXB9 expression.

Further experimental assays are required to establish if any of the candidate

regulatory sequences are indeed long-range limb regulators of SHH. The results of transgenic

assays to establish if Cons8 and 9 have enhancer activity are described in Chapter 6, and

information regarding an analysis of Cons9 for mutations in PPD patients is discussed in

Chapter 7.

5.3.2 CNS regions between SHH and LMBR1
The remaining five highly-conserved genomic regions Cons2 to 6 were all located

between Shh and C7orfl3. Due to their high sequence conservation between species it is

possible that they act as regulatory elements, but as they are located outside the genomic

region associated with limb mutations they are unlikely to involved in limb development.

Clues to a possible role for Cons2-6 come from a further set of human mutations that cause

holoprosencephaly, a common developmental defect of the forebrain and mid-face (Roessler

and Muenke, 2001).

Haploinsufficiency of SHH has been proposed as a cause of holoprosencephaly

(HPE) in humans (Nanni et al., 1999), due to SHH's central role in the patterning of the

Central Nervous System (Echelard et ah, 1993a) and the fact that Shhmice exhibit cyclopia

(Chiang et ah, 1996), a severe form of HPE. Additionally heterozygous nonsense and

missense mutations have been found in SHH of HPE patients (Roessler et ah, 1996).

However a further subset of HPE patients have been described that exhibit translocations 15-

250kb downstream of SHH (towards C7orfl3), but display no SHH coding mutations

(Belloni et ah, 1996), suggesting that a "position effect" has an important role in the

aetiology of HPE. Such a position effect could be explained by the separation of SHH

forebrain enhancers from the SHH coding region by the translocation events. This scenario
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would result in a down-regulation of SHH during development of the forebrain, causing

HPE. Cons2-6 are excellent SHH fore-brain enhancer candidates since they are highly

conserved non-coding regions and are separated from the SHH coding region by the HPE

translocations (see Fig 5.15).

Obviously transgenic assays would need to be carried out to confirm that Cons2-6

have enhancer activity consistent with expression in the fore-brain. It is also conceivable that

Figure 5.15: Cartoon showing the relative positions of Cons 2-6 and 4 translocations (Tl-4)
believed to cause HPE. All of the translocations result in the separation ofCons2-6 from
SHH. Thus if Cons 2-6 contain SHH fore-brain regulatory elements there separation could
result in a down-regulation of SHH in the forebrain and an HPE phenotype.

Cons2-6 might be responsible for regulating other areas of SHH expression, such as in the

gut or hair follicles.

5.3.3 Acheiropodia, and Lmbrl knockout mice
At the end of Chapter 3 it was proposed that the Acheiropodia mutation, and the

Lmbrl knockout removed limb enhancers of Shh, however this comparative sequence study

has not revealed any highly-conserved CNS regions in the genomic loci removed by these

mutations (see Figs 5.7, and 5.8). Therefore, it is difficult to reconcile these mutations with

the suggestion that all limb mutations in the LMBR1 genomic region act by disrupting limb

regulatory elements of SHH. However, it should be borne in mind that comparative sequence

analysis is not infallible and sequence conservation between humans, mice and fish does not

necessarily predict the locations of all the regulatory regions present in any particular

genomic region. Indeed within this study a previously characterised SHH
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floorplate/notochord enhancer was not predicted by comparative sequence analysis due to

the enhancer's lack of conservation in Fugu. However, it must be stated that, at this stage, it

is not possible to reconcile the L?nbrl knockout and Acheiropodia mutations with the Ssq

cis-acting regulatory model proposed as a result of the cis-trans test in Chapter 3, although

an effort with additional data will be made in Chapter 7.

5.3.4 LMBR1 and LIMR

Data in Section 5.5 demonstrated a strong similarity between the protein sequences

of LMBRI and LIMR. LIMR and LMBR1 orthologues were found in human, mouse and

Fugu, but only a single LMBR1/L1MR orthologue was found in Drosophlici and C.elegans.

Phylogenetic analysis of available LMBR1 and LIMR sequences revealed that the LMBR1

orthologues showed greater similarity to each other than to their corresponding LIMR gene.

The simplest explanation for this is that LMBRI and LIMR are paralogues, i.e. derived from

a gene duplication event. This event probably occurred after the divergence of the

Nematodes/Arthropods and Chordates as only a single LMBR like gene is present in

C.elegans and Drosophlia, but before the divergence of the Actinopterygii fish (the ray-

finned fishes including Fugu and zebrafish) from the Sarcopterygii lineage (the lobe-finned

fishes including the coelacanth and lungfish, from which birds and mammals are derived), as

LMBRI and LIMR are present in human, mouse and Fugu genomes. The linkage of LMBRI

and LIMR to Dhh and Shh (paralogous genes), respectively, in human, mouse and Fugu

suggests that the duplication was not confined to a single ancestral LMBR gene, but

incorporated a larger genomic region.

Thirty years ago it was proposed that the vertebrate genome had undergone several

rounds of genome duplication (polyploidisations) (Ohno S., 1970). Evidence in support of

this has mainly come from the observation of large numbers of duplicate vertebrate genomic

regions (paralogons) (Abi-Rached et al., 2002; McLysaght et al., 2002)such as the Hox gene

cluster, the major histocompatibility complex and LMBR/Hedgehog region. Clearly,
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paralogons could have arisen as a result of duplications of portions of the genome. But the

sheer number of paralogons tends to argue in favour of a few whole genome duplication

events rather than a multitude of smaller duplication events (McLysaght et al., 2002).

Currently, it is believed that two genome duplications occurred during the early evolution of

vertebrates. The first probably pre-dates the Cambrian explosion, before Chondricthyes

(sharks, dogfish etc.) split from the Actinopterygii/Sarcopterygii lineages, and the second

possibly dates back to the early Devonian period (Meyer and Schartl, 1999). Recent data

suggests that the Actinopterugii lineage then underwent a third round of duplication to

produce eight copies of the original deuterostome genome (Amores et al., 1998). Genome

duplication is believed to be an important mechanism for functional innovation during

evolution (Graham, 2000). Although many duplicated genes would rapidly become

redundant after a duplication event, eventually being lost from the genome, many others may

have evolved novel, though related, functions.

The classic example of gene duplication followed by selective gene loss and gain of

novel gene function is a collection of linked genes called the Hox cluster, believed to have

originated from an ancient cluster of 13 linked genes (Holland and Garcia-Fernandez, 1996).

Hox genes are implicated in the control of embryonic axial patterning of probably all animal

species. Invertebrate chordates such as Amphioxus have one cluster, mammals have four and

zebrafish have seven (Holland and Garcia-Fernandez, 1996) (Amores et al., 1998). The

duplicated Hox clusters in mammals show substantial gene loss, to the extent that no one

cluster contains a full complement of 13 paralogous genes (Holland and Garcia-Fernandez,

1996). However the addition of extra Hox genes has been suggested to facilitate the

evolution ofmore complex vertebrate body plans, and Hox genes are certainly expressed in

more derived structures such as the brain and limb (Holland and Garcia-Fernandez, 1996).

These genome duplication events are the most likely mechanism by which an

ancestral LMBR gene could have been duplicated to form LMBR1 and LIMR. The most likely

scenario is that after the first genome duplication, one copy of the duplicated LMBR was lost
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from the genome. The second duplication event produced LMBR1 and LIMR which quickly

gained different functions, maintaining their presence in mouse, human and Fugu genomes.

LIMR has been thought to play a role in the innate immune response as it has been

proposed as a receptor for lipocalin-1 (Lcn-1) (Wojnar et al., 2001), whose roles include

stabilising the lipid film of human tear fluid, and possibly the scavenging of potentially

harmful lipophylic compounds. Currently the function of LMBR1 is unknown, though

suggestions have been made that it may play a role in limb development (Clark et al., 2000;

Clark et al., 2001; Ianakiev et al., 2001)(see Chapterl). The two proposed functions for these

paralogous genes seem inconsistent, one a developmental gene and the other involved in

immunity. Although paralogous genes are envisaged to gain independent functions in order

to survive selection, the functions of the two paralogues tend to be related, i.e. both tend to

be involved in similar process such as anterior/posterior patterning (Hox cluster) or the

immune system (human MHC paralogues). In the light of the cis-trans test (Chapter 3),

which suggested that Lmbrl is incidental to the mutations that cause PPD, it seems more

likely that LMBR1 might play a role in innate immunity similar to LIMR rather than acting to

direct limb development.

5.3.5 Differences in Genomic Context
LMBRl and LIMR display a high degree of similarity in their coding regions and

intron/exon structure in all the vertebrate species examined so far. However other aspects of

these paralogues genomic context display some striking differences. The most obvious is the

difference in intron size between paralogues, for example the human LMBRl coding region

covers a genomic area almost 20 times the size of the human LIMR coding region.

Additionally, although both paralogues are linked to hedgehog genes, the distances between

them are not equal as human displays an almost 50 fold increase in DNA between LMBRl

and SHH relative to LIMR and DHH. This pattern of increased genomic DNA at the LMBRl

loci is repeated in all three species examined.
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Although an increase in repetitive DNA at the LMBR1 loci accounts for some of

these differences, much of this additional DNA is unique. Currently it is impossible to

ascertain whether the difference in loci size is due to the LMBR1 loci gaining DNA or the

LIMR loci losing DNA. Nor is it possible to give a definitive answer as to why this

difference in loci size should occur between such closely related paralogues. However one

possible speculation concerns the Shh regulatory elements highlighted by the cis-trans test in

Chapter 3 which are believed to lie within the LMBR1 locus.

Unlike LMBR1, LIMR does not contain any 3-sp CNSs between mammels and Fugu

and is therefore unlikely to contain vital gene regulatory elements. It is conceivable that the

evolution of Shh regulatory elements within LMBR1 has facilitated the increase in size of the

LMBR1 locus relative to LIMR. The LMBR1 locus probably gained Shh limb regulatory

elements in the Actionpterygii/Sarcopterygii lineage the split with Chondricthyes (sharks,

dogfish, etc.), as sharks are not believed to exhibit Shh expression in the limb (Tanaka et al.,

2000). Additionally, the plethora of highly-conserved non-coding sequences within LMBR1

and towards SHH suggests that this region gained these sequences after the second vertebrate

genome duplication, as no similar sequences are present within the LIMR region.

It is possible to envisage that a series of transposon or recombination events may

have deposited regulatory regions from other areas of the genome into the LMBR1 locus,

whereupon they evolved to regulate Shh limb expression. As the regulatory elements gained

essential functions, evolution would have selected against recombination events resulting in

their loss. Therefore it would be less likely for the removal ofDNA to occur within the

LMBRI locus. However recombination events that added DNA probably would not interfere

with the activity of the regulatory elements, as regulatory elements tend to be distance

independent, thus the LMBRI locus would be more likely to grow than shrink. Without

regulatory elements to positively select for recombination events that add DNA, the LIMR

locus was unlikely to grow to the same extent as LMBRI.
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Further insights into the evolution of the LMBR1 and LIMR loci would be provided

by examination of equivalent loci in other species, particularly the cartilaginous fishes

(sharks, dogfish etc.). Currently little is know about shark genomic DNA, or how many

genomic duplications it has undergone (though probably at least one). Though from an

evolutionary perspective it would be of value to know how many LMBR paralogs shark

possesses, and secondly if any are linked to hedgehog genes. However without Shh

expression in the limb it is reasonable to predict that shark genomic DNA does not contain

the LMBR1 regulatory elements. Therefore, a sensible prediction would be that any shark

LMBR-Uke loci would be condensed, looking more like LIMR and may not be linked to a

hedgehog gene.

Despite a lack of Shh in the limb, and therefore presumably a lack of LMBR1

regulatory elements, the cartilaginous fish still develop pectoral and pelvic fins. The obvious

question therefore is why did regulatory elements evolve to drive Shh expression in the

developing limb bud. One possible suggestion that has been made is that Shh is involved in

"freeing the fins" and establishment of a proximal-distal limb axis (Tanaka et al., 2002). In

S.canicula (dogfish), as in many other cartilaginous fishes, the metapterygium (main long-

bone of the fin) lies proximal and parallel to the body wall (Tanaka et al., 2002). However in

higher vertebrates the long-bones grow out perpendicular from the body wall (see Fig 5.16).

The advent of the LMBR] regulatory elements driving Shh limb expression may have

facilitated this re-orientation of the limb long bones, thereby ushering in a vital step in

vertebrate evolution by creating the potential for the formation and patterning of more

complex proximal-distal limb structures.
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Dogfish Fin

Long bone

Figure 5.16: A cartoon of a dogfish fin and chick limb taken from Mikiko Tanaka
et al. The long bones are represented as red lines. Dogfish long bones develop
parallel to the body wall but chick long bones grow out perpendicular to the body
wall. The outgrowth of the limb is perceived as a major evolutionary step in the
development of tetrapod limbs, and is thought to be driven by SHH expression in
the limb.
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Chapter 6

Transgenic analysis
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6.1 Introduction
Chapter 5 identified several regions of non-coding genomic DNA that were highly

conserved between human, mouse and Fugu (3-species CNSs). Three of these CNSs were

contained within the critical regions for both human PPD and the mouse mutation Hx, and

therefore were excellent candidates as potential regulatory elements of Shh limb expression.

We selected two of these CNSs, Cons8 and Cons9, for further study, based on the fact that

they were the most highly conserved and closest to the Ssq insertion site.

The HPAP expression pattern in Ssq limbs suggested the presence of regulatory

elements that were capable of driving gene expression that mirrored that of Shh in the limb.

In the light of the cis-trans test in chapter 3 it seemed likely that these elements were

disrupted by the Ssq mutation, and were responsible for the Ssq phenotype. As an initial step

in determining if Cons8 and Cons9 were involved in regulating Shh expression in the limb, it

was deemed prudent to establish if they were capable of driving gene expression in a similar

pattern to HPAP in Ssq limb buds. If this were the case then it would seem reasonable to

suppose that the CNS driving expression was in fact a limb enhancer of Shh.

With this aim in mind, a strategy was devised whereby Cons8 and Cons9 would be

cloned into a, LacZ minimal promoter reporter construct, and then assayed for enhancer

activity using transgenic embryos harvested at appropriate stages of development. As has

already been mentioned in chapter 5 this traditional method of assaying genomic sequence

for enhancer activity has been very successful in identifying a number of enhancer regions.

Dr. Laura Lettice and Mrs Lorna Marshall (MRC Human Genetics Unit) carried out the

cloning and transgenic assaying of Cons9; the equivalent work on Cons8 was carried out by

myself and is described in the rest of this chapter.
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6.2 Results

6.2.1 The Cloning of Cons8
Cons8 consists of 621bp of conserved genomic DNA (human to mouse); in the

centre of which isl20bp that is conserved between human, mouse and Fugu. To ensure the

best possible chance of obtaining a functional enhancer sequence from Cons8 it was deemed

prudent to clone all 621bp conserved between human and mouse plus 450bp upstream and

downstream of Cons8; a total genomic fragment of 1521bp. PCR primers were designed

Cons8, and contained non¬

homologous ends that

incorporated Hind III sites;

to facilitate subsequent

cloning of the PCR product

(see Fig 6.1). The Cons8

PCR product is shown in

Figure 6.2.

The Cons8 PCR product was then purified from an agarose gel using a Qiagen gel

purification kit, and digested with Hind III, to give the Cons8 PCR product Hind III "sticky

ends". A reporter construct pBGZ40 # 1230, that contained a LacZ reporter gene coupled to

a (3-globin minimal promoter, was also cut with Hind III. The Cons8 PCR product was then

ligated into pBGZ40 # 1230 such that it lay next to the (3-globin minimal promoter (see Fig

6.3). The ligation mix was eletroporated into E.coli XL-1 blue cells, and plasmid DNA

generated from 20 of the resulting colonies. Diagnostic restriction digests were then carried

out on plasmid DNA from each colony using NotI, NotI and Sail, and Hind III, to establish

which clones contained pBGZ40 # 1230, with the desired Cons8 insert. On the basis of these

against mouse genomic sequence upstream and downstream of
Hind III Hind III

PCR Primer^ » c°nss 4

Hind III Hind III

PCR Product

Fig 6.1 : The PCR strategy used to clone Cons 8. Primers
incorporating Hind III site were designed 450 bp either side
of Cons 8. The resulting PCR product could then be easily
ligated into any construct following Hind III digestion.
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digest one clone (ML6) was selected for sequencing to ensure that its Cons8 insert had not

picked up any mutations during the PCR amplification. The results of NotI, NotI and Sail,

and Hind III digests on ML6 are shown in Fig. 6.2 and a construct map of ML6 is shown in

Fig 6.3. The sequence of ML6's Cons8 insert proved to be identical to that of genomic DNA,

i.e. no mutations had been introduced as a result of the PCR amplification process.
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Fig 6.2 : Gel pictures showing the key stages of the cloning ofML6 and the
creation of the ML6 transgene. Gel A: the 1.5kb PCR product Cons 8 PCR
product generated from mouse genomic DNA. Gel B: Diagnostic digests of
ML6. Gel C: the concentration ofML6 transgene ready for injection is
estimated by comparing it to DNA molecular weight markers (MW) of a known
concentration. The 1.6 kb band is at the following concentration, 10ng/pl (lane
1), 20ng/pl (lane 2), 50ng/pl (lane 3) and lOOng/pl (lane 4). Both transgene
lanes were estimated at 25ng/pJ. Gel D: A sample of the PCRs carried out on
embryo yolk sac DNA to establish which embryos carried the ML6 transgene.
Lane 1, a non-transgenic embryo, lanes 2 and 3 show results from embryos that
carry the transgene, lane 4 is a positive control for the ML6 transgene, lane 5 is a
negative control. LacZ gives a band of 550 bp, and myosin a band 250bp.
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cut Not I + Sal I

i r

Not I j Sal I
i — Lac Z Cons 8

Inject

Fig 6.3: Diagrammatic representation of the construct ML6, showing restriction
sites, and vector size. The linerised transgene is shown below the vector after
digestion with Not I and Sal I.
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6.2.2 Transgenic injection ofML6
To assess if Cons8 contained any enhancer sequences capable of driving gene

expression in a limb specific pattern, it was necessary to prepare the construct for transgenic

injection. This involved isolating the transgene, the Cons8 insert plus the (3-globin mediated

LacZ reporter, from the vector backbone. This was done by cutting ML6 with Not I and Sal

I, to release the transgene, which was subsequently purified by gel extraction as mentioned

in chapter 2. The concentration of the ML6 transgene was then estimated by comparison to

DNA molecular weight markers of a known concentration, and injected into E0.5 mouse

embryos at a concentration of lr|g/|il. Injected embryos were transferred back into pseudo-

pregnant females and allowed to develop to E10.5, whereupon they were harvested and

stained for LacZ activity.

Yolk sacs were removed from harvested embryos and proteinase K digested to

release genomic DNA, which was subsequently assessed for the presence of the transgene by

PCR. The primers (P7 and P8) used to identify transgenic embryos were specific to the LacZ

reporter gene of pBGZ40 # 1230, and generated a product of approximately 550bp. The

LacZ primers were used in conjunction with a set of positive control primers (P9 and P10)

specific to the gene myosin that created a PCR product of approximately 250bp. Three

transgenic embryos were generated using ML6, (see Fig 6.2) but no LacZ staining was

observed in any of the embryos (results not shown).

Elowever, transgenic embryos generated by Dr. Laura Lettice and Mrs Loma

Marshall using an equivalent LacZ transgene but containing Cons9 rather that Cons8, did

exhibit LacZ staining in the ZPA of limb buds, at E10.5 (see Fig 6.4). Additionally, a LacZ

transgene incorporating Cons9 genomic sequence from Fugu was also able to drive LacZ

expression, in a ZPA like pattern (see Fig 6.4). Thus Cons9 sequences from both mouse and

Fugu were capable of driving gene expression in the ZPA of the limb, but the mouse Cons8

sequence did not exhibit any enhancer activity at E10.5.
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Fig 6.4: Transgenic E10.5 embryos created by Dr. Laura Lettice and Mrs
Lorna Marshall. A: Transgenic embryo generated using mouse Cons 9
sequence linked to a LacZ reporter gene. B: Transgenic embryo generated
using Fugu Cons 9 sequence linked to a LacZ reporter gene. Both embryos
exhibit LacZ activity in the ZPA of limb buds, high-lighted by the black
arrows.
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6.3 Discussion
Enhancers were originally defined as cA-acting DNA sequences that drive gene

transcription in a manner that is independent of their orientation and distance relative to the

RNA start site (Edgar Serfling, 1985). Cons9 has been shown to be capable of driving gene

expression within the ZPA of the limb bud. The closest gene to Cons9 that exhibits a ZPA

expression pattern is Shh\ therefore it seems most likely that Cons9 is responsible for driving

transcription of Shh in the limb. Thus Cons9 seems to be capable of driving gene expression

in cis, independent of distance, as it can act within several base pairs on LacZ or over nearly

1 Mb on Shh. Although it has not yet been confirmed that Cons9 can operate in an

orientation independent manner, (this could be achieved by reversing the orientation of the

Cons9 transgenic insert) it seems highly likely that Cons9 is a ZPA enhancer element of Shh,

henceforth referred to as the Ssq enhancer. It also seems probable that Ssq enhancer is

responsible for driving the expression of HPAP in the ZPA of Ssq limb buds, as Cons9 is

positioned very close to the Ssq insertion site (they are both within Lmbrl intron 5).

The presence of HPAP staining in the limb buds of Ssq mice (see Chapter 1) was

originally interpreted to mean that the Ssq mutation had revealed and disrupted cA-acting

regulatory elements of Shh (1). The results of the cis-trans test in Chapter 3 confirmed that

this was indeed the case. It now seems likely that the Ssq enhancer is the cA-acting

regulatory element of Shh disrupted by the Ssq mutation, as not only does it exhibit enhancer

activity consistent with the regulation of Shh in the limb. But the Ssq enhancer is also

disrupted by the Ssq insertion event (the Ssq enhancer is within the genomic area duplicated

by the Ssq mutation).

However, a great many questions still remain. Firstly it is unclear how a duplication

of an enhancer such as Cons9 could result in the mis-regulation of Shh in the anterior of the

limb. Additionally it is unknown how the other human and mouse limb mutations mapped

close to Ssq interact with Cons9, or any of the other CNSs postulated to play a role in limb

development. Finally, the function of Cons8, still remains a mystery. No enhancer like
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activity was detected in the transgenic assays performed, though Cons8 was only assayed for

enhancer activity at E10.5, leaving the possibility that it may have an enhancer function

earlier or later in development. An alternative hypothesis is that Cons8 may have a gene

regulatory role other than that of an enhancer. It has already been speculated in Chapter 3

that the control of Shh expression in the limb may well require the activity of a repressor, to

restrict its expression to the ZPA. A good candidate for this respessor is Cons8, as it is a

highly conserved non-coding sequence and in the right genomic region. A further possibility

is that Cons8 might have no function, though this would seem unusual due to its high

conservation between mammals and fish. A more thorough discussion incorporating the

transgenic results with the rest of the data presented in this thesis is contained in chapter 7.
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Chapter 7

Discussion
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7.1 Discussion
Part of the aim of this thesis was to answer the question "Is the Ssq phenotype the

result of the disruption of Lmbrl, or cfs-acting regulatory elements of Shh"l Based on the cis-

trans test in Chapter 3 and supporting evidence in Chapter 4, I can conclude that the Ssq

phenotype is due to the disruption of Shh cA-acting limb regulatory elements. Further work in

Chapters 5 and 6 addressed the second aim of the thesis by identifying several candidate

genomic regions as potential regulatory elements; one of which was shown to act as an

enhancer. However the identification of the Ssq mutation as a regulatory mutation of Shh,

raises some interesting questions.

7.1.1 Finding the promoter
Perhaps the most immediate question, is how can the Ssq enhancer act to promote

gene expression over the 800kb that separates it from its target, the Shh promoter? Enhancers

are believed to act by facilitating the formation of large transcriptional complexes at gene

promoters, from which transcription can be readily initiated and reinitiated. As such enhancer

sequences are believed to contain DNA sequences that bind transcription factors, which are

then brought into the transcription complex at the promoter. The method by which this occurs

is currently the subject of much debate, though one attractive concept concerns DNA looping

(Rippe et al., 1995a). This theory suggests that enhancers bind transcription factors, which are

brought into close contact with the promoter by DNA folding, such that the DNA between the

enhancer and promoter is looped out (see Fig 7.1).

DNA looping seems a convincing explanation for cis interactions over relatively short

distances, such as enhancers located only a few thousand base pairs distant from the

transcription start point. Linking enhancer proteins to proteins of the transcription complex

can be envisaged as increasing the local concentrations of the proteins, facilitating their

interaction. But enhancers located tens or hundreds of thousands of base pairs away from their

targets present a more serious challenge to the DNA looping model. At distances of more than

5000 base pairs it has been estimated that mere DNA connectivity between two sites
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Promoter RNA polymerase II and
factors

I DNA loop

Fig 7.1 : DNA looping is thought to bring proteins bound at
distant enhancers to the promoter.

(promoter/enhancer) is not very effective in promoting protein-protein interactions in an

equilibrium sense (Rippe et al., 1995b). In other words, sticking two proteins to opposite ends

of a DNA molecule of a size greater than 5000 bp does not significantly increase the chance

they will interact, compared to a DNA bound protein interacting with another protein free in

solution (100-1000 molecules of a free protein per nucleus). Thus, it would appear that other

mechanisms must act in conjunction with DNA looping to increase the chance that enhancer

and promoter transcription factors interact.

Superhelicity in conjunction with nucleosome remodelling may help to bend and alter

DNA structure in such a way as to facilitate enhancer-promoter interactions (Freeman and

Garrard, 1992). Certainly it has been shown that packaging of the DNA into chromatin

appears to promote long-distance interactions among DNA-bound factors (Barton et al.,

1993). Raising the possibility that in addition to regulatory elements such as enhancers simply

binding transcription factors, they may also be responsible for re-configuring chromatin

structure to bend and loop DNA in such a way as to promote enhancer/promoter interactions.

Though the affect of chromatin structure on transcription could of course be due to simple

compaction of the DNA, thus reducing the distance between enhancer and promoter.

An alternative mechanism to DNA looping has been proposed and involves DNA

scanning (Blackwood and Kadonaga, 1998). In a simple scanning model, enhancer-binding

factors bind to their recognition sequences and then move continuously along the DNA until
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they encounter their target promoter. However, a scanning mechanism cannot explain how an

enhancer can activate transcription from a tailed hairpin (Plon and Wang, 1986), or how an

enhancer on one chromosome can activate transcription from an allelic promoter on another

paired chromosome, a phenomenon known as transvection (Wu, 1993). A more recent

explanation for enhancer action combines elements of both the DNA-looping and scanning

models, in a "facilitated tracking mechanism" (Blackwood and Kadonaga, 1998). In this

model, an enhancer bound complex "tracks" via small steps along the chromatin, perhaps

forming small loops along the way, until it reaches its target promoter, whereupon a large

stable loop is formed. In this model it is envisaged that the chromatin over which the enhancer

complex travels may provide cues, or be modified in such a way as to facilitate the formation

of the final large DNA loop.

Currently evidence in support of models of enhancer action is limited, and a great

deal more experimental work is required. However the identification of the Ssq enhancer and

the fact that it can act over such a large distance will help to facilitate research in this field. If

DNA looping is the method by which enhancers operate, then due to the distance involved a

large DNA loop should occur when the Ssq enhancer is active. Such a large loop should be

easier to detect than DNA loops from enhancers located closer to their cognate promoters.

7.1.2 Enhancer Specificity
In addition to interacting with distant promoters, enhancers must also make sure they

are promoting transcription of the correct gene, i.e. they must show specificity. In the case of

the Ssq enhancer this seems a particularly difficult problem to resolve, as there are a great

many genes located closer to the enhancer than Shh, indeed RNF32, and C7orfl3 actually lie

in-between Shh and the Ssq enhancer.

Two possible mechanisms have been suggested which might achieve enhancer-

promoter selectivity. First, there could be specific interactions between enhancer-binding

proteins and factors that interact with the promoter. The autoregulatory element 1 (AE1)

enhancer in Drosophilia provides an example of preferential interactions between an enhancer
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and a core promoter. In its endogenous context the AEI enhancer is equidistant from Sex

combs reduced (Scr) and fushi tarazu (ftz) promoters, but it selectively activates ftz

expression. The ftz promoter contains a TATA box, but the Scr promoter does not. In

transgenic constructs, the AEI enhancer can activate transcription from a TATA-less

promoter, but only in the absence of a TATA containing promoter (Ohtsuki et al., 1998). Thus

components of the promoter can be important in forming, specific enhancer interactions.

A second mechanism that is believed to regulate enhancer activity involves the action

of transcriptional boundary elements, best exemplified by the properties of the Drosophilia

gypsy retrotransposon (Geyer, 1997). The gypsy element comprises multiple binding sites for

the Suppressor of Hairy-wing (SuHw) protein, and when placed between an enhancer and its

promoter, the gypsy element blocks the ability of the enhancer to promote transcription. But

the intrinsic properties of the enhancer element remain unaffected as it can still stimulate

transcription away from the gypsy element. Thus the gypsy element acts to form a boundary to

the activity of a particular enhancer.

A possibility is that a combination of boundary elements and promoter specificity

could be acting on the Ssq enhancer to restrict its ability to promote gene expression in Shh

only. A boundary element between the Ssq enhancer and the Lmbrl promoter, could restrict

the Ssq enhancer's activity towards Shh. Promoter specificity, could then account for the Ssq

enhancers inability to promote gene expression of RNF32 and C7orfl3 (See Fig 7.2).

Fig 7.2: A possible scenario that enables the Ssq enhancer to act specifically on SHH. A
boundary element in yellow inhibits the Ssq enhancer from acting on the genes to the right of
LMBRl. Promoter specificity can account for the Ssq enhancers inability to stimulate gene
expression from RNF32 and C7orfl3.
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7.1.3 The Ssq insertion and the Ssq enhancer
As has been mentioned in chapter 6, Cons9 (the Ssq enhancer) is disrupted by the Ssq

mutation, insofar that it is within the genomic area duplicated by the Ssq insertion event. It

has been presumed that this duplication of the Ssq enhancer results in the anterior mis-

expression of Shh within the limb bud, and therefore in the Ssq phenotype. However, it

remains unclear how the duplication of an enhancer could result in the specific mis-regulation

of a gene to the anterior of the limb. One possible explanation centres around the original

hypothesis made in Chapter 3, that Shh must be actively repressed in the anterior of the limb

bud by an anterior repressor, acting to inhibit the activity of the Ssq enhancer in the anterior

limb bud. In Ssq mice it is possible to conceive a situation where there are more copies of the

Ssq enhancer relative to the repressor, due to the duplication event at the Ssq insertion site.

The anterior repressor may not be able to fully repress the extra copies of the Ssq enhancer in

the anterior limb, facilitating the expression of Shh in the anterior limb bud.

7.1.4 The Ssq enhancer PPD, and Hx
Recently our collaborator Dr. Esther de Graaff (Dept. Clinical Genetics Erasmus

University) has examined the Ssq enhancer sequence in seven families that exhibit limb

specific PPD. In three of these families she has found single base pair changes in the CNS

region of the Ssq enhancer, that segregate with affected individuals. These three point

mutations are scattered over the Ssq enhancer, one mutation has affected a nucleotide

conserved between mouse, human and Fugu, the other two alter a single base pair conserved

between mouse and human but not Fugu. It is currently unclear if these single base changes

are rare polymorphisms or the causative event for PPD. However their presence is suggestive

that changes in the Ssq enhancer may result in an extra digit phenotype in humans as well as

mice.

Dr. Esther de Graaff, has also found a point mutation in the Hx mouse which again is

located within the CNS of the Ssq enhancer, affecting a base pair that is conserved between

human, mouse and Fugu. The mutation segregates with the Hx phenotype, and is not present

in the strain on which Hx was originally derived. Strongly suggesting that this single base pair
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change is the causative event of the Hx mutation, and its presence once again implicates the

Ssq enhancer in an extra-digit phenotype. The mechanism by which a single base pair change

could affect the activity of the Ssq enhancer to promote anterior limb bud Shh expression is

difficult to envisage. Though single base pair changes and small duplications (28bp) within

other enhancer regions have been associated with subtle phenotypic effects in cystic fibrosis

(Henry et ah, 2001) and survival after chemotherapy treatment (Iacopetta et ah, 2001). Thus it

is possible that small changes in enhancer sequences may be a widespread disease

mechanism, perhaps acting to effect changes within the protein binding sites of enhancers

altering the transcriptional complexes that bind to them.

7.1.5 Multiple elements probably act in conjunction with the Ssq
enhancer

Although the Ssq enhancer has been implicated in three PPD families and the Hx

mouse, several PPD families are known to have normal Ssq enhancer sequences (Dr. Esther

de Graaff personal communication). Additionally it is difficult to reconcile the Japanese

translocation with the Ssq enhancer, as the translocation event is predicted to separate the Ssq

enhancer from Shh (see Fig 5.15). This separation would be predicted to down-regulate Shh

expression in the ZPA, rather than promote ectopic expression in the anterior limb bud, which

is more consistent with a PPD phenotype. Thus although the Ssq enhancer is obviously

important for Shh regulation in the limb, it seems likely that other regulatory elements are

involved as well, such as the previously mentioned anterior repressor.

It is possible to envisage a scenario whereby mutations in an anterior repressor

element could prevent the repression of Shh expression to the anterior limb bud, thus resulting

in a PPD phenotype. This could then explain why some PPD families do not exhibit mutations

in the Ssq enhancer, providing they demonstrate differences in an anterior repressor. However

the Japanese translocation data still remains unresolved with this model, requiring the activity

of a further regulatory element capable of driving anterior limb expression of Shh (a second

enhancer), and remaining attached to Shh despite the translocation. Currently the anterior

repressor and second enhancer elements remain speculations, but as mentioned in chapters 5,
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several CNS regions with unknown function are located close to the Ssq enhancer, and are

potential regulatory regions.

7.1.6 Lmbrl knockout and Acheiropodia
It was originally speculated in Chapter 3 that the Acheiropodia deletion may have

removed a Shh enhancer, however no CNS regions were found in or near the genomic region

deleted in Acheiropodia patients. Thus, currently it is difficult to attribute the cause of the

Acheiropodia mutation to a disruption of Shh limb regulatory elements using comparative

sequence analysis. However, recently Dr Laura Lettice and Dr Robert Watson (MRC, Human

Genetics Unit, Edinburgh) have generated a mouse model of Acheiropodia. Using targeted ES

cell recombination, a mouse was generated that lacked exon4 of Lmbrl, and most of the

surrounding intronic DNA, but both heterozygotes and homozygotes for the mutation were

wild type (Dr Laura Lettice personal communication).

The differences in the mouse and human Acheiropodia mutations are puzzling, but

could be reconciled if there are differences in the location of a Shh limb regulatory element

between the two species. A possibility is that a Shh regulatory element may have significantly

shifted its position during the evolution of mice and humans, such that it is close to LMBR1

exon 4 in humans but not so in mice. This could explain why a CNS region was not detected

close to LMBR1 exon 4 during the comparative sequence analysis, and the differences in

mouse and humans exhibiting deletions around Lmbrl exon 4. However the Lmbrl transcript

generated by the Acheiropodia mice is thought to be similar to the predicted Lmbrl transcript

generated by Acheiropodia patients, i.e. to result in a severely truncated LMBR1 protein (Dr

Laura Lettice personal communication), and probably acts as a Lmbrl null allele. The wild

type phenotype of homozygous Acheiropodia mice, adds further doubt to the suggestion that

Lmbrl acts to control Shh expression during development.

Obviously, the phenotype of Acheiropodia mice contradicts the partial Lmbrl null

mice generated by Clark et cil., who have suggested that Lmbrl acts to control Shh expression

in the limb. However, the two mutations have very different affects on Lmbrl transcription.
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As described in Chapter 1, the LmbrlATG allele reduces the level of transcription at the Lmbrl

locus to approximately 7% of wild type levels. This dramatic reduction in transcription could

have a pronounced affect on the chromatin structure of the Lmbrl locus, perhaps making it

less accessible to transcription factors, such as those that bind to the Ssq enhancer.

Acheiropodia mice, produce a truncated protein, but are not predicted to down-regulate

Lmbrl transcription, probably resulting in a normal more open chromatin structure at the

Lmbrl locus. Local chromatin structure is known to have a pronounced affect on the ability of

enhancers to regulate gene expression, and enhancers have been found in introns of

ubiquitously expressed genes (Iacopetta et ah, 2001; Kleinjan et ah, 2002). Suggesting that an

open chromatin structure, such as that generated by continuously transcribed genes may be

essential for some enhancers to function. This raises the intriguing possibility that the

LmbrlATG generated by Clark et al. may in fact be acting to down-regulate the activity of the

Ssq enhancer by altering its local chromatin structure, to a closed less accessible form.

7.2 Conclusions and Further Work
The data presented in this thesis, provides direct evidence for an enhancer element

acting over nearly 1Mb of genomic DNA, which is instrumental in the pathology of several

mouse and human limb mutations. However we suspect that this is by no means a unique

scenario within the vertebrate genome. Several other mutations have been attributed to long

range position effects, which look like similar alterations in long-range gene regulatory

elements (lacopetta et al., 2001; Kleinjan et al., 2002; Belloni et al., 1996; Vortkamp et al.,

1991; Wagner et al., 1994). However the discovery that the Ssq mutation is due to alterations

in cA-acting gene regulatory elements of Shh raises more questions than it answers, some of

which have been highlighted above. However some areas of further work to address these

issues are outlined below.

A comprehensive transgenic assay of the remaining CNS regions identified in

Chapter 5 could identify further enhancers of Shh. Cons 2-6 have already been speculated to

contain enhancers that regulate Shh expression in the brain, and Cons 7, 8 and 11 may also
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have some enhancer activity. Throughout this thesis, the speculation has been raised that Shh

must be actively repressed in the anterior limb bud, by a repressor element. Cons 7, 8 and 11

are the most likely candidates for this repressor, and a thorough analysis of their sequence in

PPD affected individuals would be desirable, particularly in those patients that do not exhibit

point mutations in Cons 9. Assuming mutations were found in Cons 7, 8 or 11 that segregated

with PPD, targeted recombination in ES cells could be used to generate mice carrying specific

deletions in the appropriate Cons region. The resulting phenotype, could then help to establish

if Cons 7, 8 or 11 have a function in Shh limb regulation. Extra digits could be interpreted to

mean that an anterior repressor had been removed, where as a truncated limb phenotype

would indicate that a further limb enhancer of Shh had been deleted.

The identification of the Ssq enhancer facilitates the identification of transcription

factors that act to regulate Shh expression in the ZPA. A possible strategy would involve the

use of a yeast-one-hybrid assay to identify transcription factors from a library, which could

then be further assessed using ES cell recombination or transgenic assays. Further analysis of

the Ssq enhancer sequence may also reveal known transcription factor binding sites.
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Errata:

The Pip and Vista plots in appendix land 2 have been mislabelled, saphl should read Lmbrl.
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Appendix 1

PIP Plots of genomic regions 1, 2 and 3
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The sasquatch mouse: an enhanced limb

Appendix 2

VISTA plot of genomic region 2
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