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Abstract

The study of axis formation is crucial if we are to understand the formation of a 
functional body plan. In mouse, the first morphological marker of A-P pattern, the 
primitive streak, forms at the posterior of the embryo and drives a complex process 
called gastrulation, during which new germ layers are formed and a general body 
plan is generated that serves as a scaffold for the subsequent morphogenesis of the 
embryo.

In order to isolate tissue specific genes that are involved in these symmetry breaking 
events a cDNA library derived from the endoderm of the 7.5dpc mouse embryo was 
produced. A screen was then performed that used sequence and expression 
information to further analyse the endoderm specific library. cDNA clones 
representing genes that are expressed in tissues intimately involved in the early 
patterning of the embryo (e.g. the visceral endoderm, the definitive endoderm and the 
node) were identified.

This study focuses on C53, a novel gene that is expressed in the visceral endoderm, 
the node, and hematopoietic lineages of the early mouse embryo. A targeted 
mutation has been generated that results in homozygous null animals and causes 
embryonic lethality after 14.5dpc from severe anemia. In vitro differentiation of C53 
null ES cells indicates that a de-regulation of hematopoietic transcription factors 
occurs when C53 is not present, and further analysis has shown that hematopoietic 
specific molecules are inappropriately expressed in the embryonic yolk sac and 
embryonic liver. This investigation indicates that the novel gene C53 is essential for 
the correct differentiation of certain hematopoietic lineages.
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Chapter 1 General Introduction

Chapter 1: General Introduction

1.1 Pre and post implantation mouse development and the 
embryonic axes

The formation of the embryonic axes is a crucial aspect of pattern formation as it 

forms the basis for a functional body plan. The anterior-posterior (A-P) axis of avian 

and mammalian embryos is of particular interest because the first morphological 

marker of A-P pattern, the primitive streak, forms at the posterior of the embryo. The 

primitive streak drives a complex process called gastrulation and is a source of new 

tissue layers. During gastrulation the basic body plan is generated that serves as a 

scaffold around which the subsequent morphogenesis of the embryo occurs.

1.1.1 Early signs of asymmetry

It has long been known that in Xenopus laevis localised determinants in the egg seem 

to play a crucial role in establishing the early axes, and disruption of this early 

organisation can prevent the development of a normal embryo. However, the mouse 

embryo is very tolerant to physical manipulation at early stages, with even removal 

(Zemicka-Goetz, 1998) or aggregation (Gardner and Mclaren, 1974) of blastomeres 

leading to normal development, suggesting the origins of embryonic axis formation 

do not lie within the egg or the blastomeres. However, more recent work tracing 

polar bodies relative to the sperm entry point suggests the axis of bilateral symmetry 

in the blastocyst can be traced back to the animal-vegetal axes of the fertilised egg 

(Piotrowska and Zemicka-Goetz, 2001). With evidence that the polarity of the

10



Chapter 1 General Introduction

blastocyst influences the Proximal-Distal (P-D) axis in the early post-implantation 

mouse embryo (Weber et a l, 1999), which in turn influences the induction of the 

other embryonic axes (reviewed in Lu et al., 2000), it seems the origins of axis 

formation in mammals may be present much earlier during development than was 

once thought.

During the immediate post-implantation period (5-6 days post coitum [dpc]), the 

mouse embryo changes dramatically in size, with the inner cell mass (ICM) and its 

associated trophectoderm growing into the blastocoelic cavity. A mixture of 

apoptotic and survival signals from the surrounding visceral endoderm (VE) creates a 

cavity in the center of the ICM and results in the embryo aquiring a cup shape made 

up of two cell layers, the ICM (now termed the epiblast) and the outer VE (see figure

1.1 A). At this stage the conceptus has well delineated embryonic and extraembryonic 

regions and the prospective dorso-ventral (D-V) axes becomes apparent, with the 

proamniotic surface of the epiblast corresponding to the dorsal side of the embryo 

and the outer surface of the visceral endoderm corresponding to the ventral side.

It is now widely accepted that the extraembryonic tissues play an important role in 

laying down the early axes (reviewed in Beddington and Robertson, 1999). Complex 

interactions between the extraembryonic ectoderm and the epiblast give the first 

signs of posterior polarity and define the point at which the primitive streak will 

form. Both Bone Morphogenic Protein 4 (BMP-4), a member of the TGpp 

superfamily of secreted signalling molecules, and eomesodermin (eomes), a T-Box 

transcription factor, are expressed in the extraembryonic ectoderm adjacent to the

11



Chapter 1 General Introduction

epiblast and have been shown to be required for posterior patterning (Lawson et al,

1999; Russ et al, 2000). Furthermore, in embryos lacking nodal (another member of 

the TGpp superfamily that is normally found in the epiblast at early post

implantation stages) the expression of BMP-4 and eomes are not maintained and 

genes that are normally expressed in the proximal-posterior region, such as the 

mesoderm marker Brachyury (T), fail to be expressed (presumably because the 

extraembryonic ectoderm fails to signal to the epiblast) (Brennan et al, 2001).

These complex interactions between extraembryonic and embryonic tissues 

ultimately result in the initiation of gastrulation at 6.5dpc, morphologically marking 

the posterior aspect of the embryo (see figure 1.1 A). Cells from the embryonic 

ectoderm (the epiblast) undergo an epithelial to mesenchymal transition and 

delaminate and ingress through the primitive streak and its specialised anterior 

component, the node, to produce mesoderm and definitive gut endoderm. The new 

tissues emerge from the streak and move laterally and anteriorly beneath non- 

ingressed epiblast. This complex set of morphogenic movements coupled with cell 

proliferation and differentiation converts the initially two-layered structure into an 

embryo with all three germ layers. Thus, the formation of the primitive streak at the 

posterior of the embryo is a symmetry-breaking event, defining the A-P axes and 

also the left-right axes (L-R).

12
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1.1.2 A-P axis formation

The tissues that are implicated in A-P pattern formation are illustrated in figure 1 .IB.

Where the primitive streak forms is critical in the orientation of the A-P axis. The 

mouse node is the specialised anterior component of the primitive streak that forms 

as it elongates towards the distal tip of the egg cylinder. It has many properties in 

common with the classical 'organiser' of Xenopus, to which anterior patterning is 

ascribed in the frog (reviewed in Moon and Kimelman, 1998). The node expresses 

homologs of many 'organiser' genes (Beddington and Smith, 1993), gives rise to a 

similar repertoire of tissues (Beddington, 1981 and 1994), and can induce a 

secondary axis when transplanted (Beddington, 1994; Tam et al, 1997). However, 

there are important differences, such as its inability to induce a complete secondary 

axis upon transplantation. Such ectopic axes invariably have anterior truncations (e.g. 

lacking forebrain) suggesting a further level of regulation is required for anterior 

pattern formation.

Recent findings strongly support the idea that the tissues just posterior to, and 

emerging from the streak prior to node formation are important for inducing anterior 

character. During gastrulation, the anterior definitive endoderm (ADE) arises from 

the streak before formation of the node and moves anteriorly to underlie the 

prospective neurectoderm (Lawson and Pederson, 1987). Removal of the rostral 

region of the late gastrula (that includes the ADE) results in truncations of the
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Early Mouse Development. 6.0 - 6.5 dpc

Extraembryonic 
visceral endoderm

Extraembryonic

Embryonic

Embryonic
visceral

endoderm

Extraembryonic
Ectoderm

Proamniotic 
- cavity

Epiblast
Primitive 

'  Streak 
Formation

6 0 dpc 6.5 dpc

T issues Important for A-P axis formation

Visceral Endoderm
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(ADE) '
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Figure I .l A Early mouse development 6.0-6.5dpc. At 6.0dpc the embryonic portion o f the conceptus 
is made up o f the cup shaped epiblast (Blue) surrounded by a thin layer o f extraembryonic visceral 
endoderm (yellow). At 6.5 dpc gastrulation is initiated in the posterior with the formation o f the 
primitive streak B Tissues implicated in A-P axis formation include the Node, Anterior Definitive 
Endoderm and Visceral Endoderm (EGO not shown and is present earlier in development), (adapted 
from Beddington and Robertson, 1998)
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anterior neurectoderm (Camus et al, 2000) and a targeted mutation in the homeobox 

gene Hex, which is expressed in the anterior visceral endoderm (AVE), and later in 

the ADE, has been shown to result in embryos with anterior truncations. Chimaeric 

embryos composed of Hex' '̂ cells developing within a wild-type visceral endoderm 

(VE) continue to show the anterior truncation, indicating that Hex is required in the 

ADE to generate anterior character (Martinez-Barbera et al, 2000). Furthermore, the 

discovery a group of cells in the posterior epiblast of the early streak stage embryo 

that display cell fates, gene expression and tissue patterning activities of the classical 

organiser (Camus and Tam, 1999), now known as the early gastrula organiser 

(EGO), confirms the idea that the patterning of the anterior begins well before node 

formation.

1.1.3 The VE is also implicated in A-P pattern formation

It is now known that the extraembryonic (visceral) endoderm also plays a critical role 

in patterning the A-P axes in rabbit and mouse (reviewed by Beddington and 

Robertson, 1999) prior to formation of the primitive streak. It is strategically 

positioned for inductive interactions with the underlying ectoderm and later 

mesoderm and has been implicated in posterior patterning where it is known to co

ordinate primitive blood cell/vessel formation.

The AVE is derived from a handful of VE cells situated at the distal tip of the 

embryo, which migrate to the anterior just prior to gastrulation. Recent ultrastructural 

analyses have shown that AVE cells acquire a morphology that is distinct from all
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Other VE cells during their anteriorward movement (Weber et al, 1999) suggesting a 

distinct role for the AVE as they migrate. The VE shows asymmetric gene 

expression at least 12 hours prior to primitive streak formation, with expression of 

genes specifically in the anterior, such as Cerl and Dkkl. Such signals are thought 

to antagonise Wnt and TGF-p signals (e.g. nodal), which are essential for mesoderm 

formation, to the posterior of the embryo (Beddington and Robertson, 1999). In 

embryos lacking AVE (e.g. Smad2-/-) the epiblast adopts a completely proximal 

posterior identity via widespread expression of T, Fibroblast Growth Factor-8 {FGF- 

8), and nodal (Brennan et al, 2001). In embryos where VE is formed but anterior 

migration is inhibited (e.g. Cripto -/-), the A-P axis is misaligned with distal 

expression of anterior markers and posterior genes, such as T, being expressed 

radially in the proximal part of the epiblast. Together, these data illustrate that the 

AVE is central to the induction of anterior pattern. This identity is then maintained 

by the node and its derivatives, leaving the AVE to be displaced proximally by 

definitive endoderm.

Interestingly, the embryos of mice lacking nodal (expressed in the epiblast and the 

VE) have been shown to have gastrulation defects, presumably as a result of 

misexpression of genes involved in mesoderm induction (discussed previously).

However chimaeric analysis reveals that, where nodal mutant VE develops around 

wild type epiblast, nodal (Varlet et al, 1997) is required in the VE for correct 

anterior patterning. This occurs through the activation of Smad2 which in turn causes 

expression of the AVE genes required for anterior development (Brennan et al,
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2001). Together, this places Nodal at the center of a signalling mechanism that 

regulates both anterior and posterior development.

Delicate embryology has always been at the focal point of studies into anterior 

patterning, assigning specific roles to regions of the embryo that have inducing 

potential. In the mouse, transplantation of the node has been shown to induce a 

secondary axis (Beddington, 1994), but fails to induce the most anterior structures, 

suggesting the specific head organising activity may be absent from the node and it 

may be more important for formation of the trunk. More recently, the same result 

was obtained when the Early Gastrula Organiser (EGO, that is also able to form 

ectopic axes) was transplanted heteroptopically. This suggests that the head organiser 

activity also lies outside of the EGO. Genetic and embryological studies confirm that 

the AVE is required for anterior pattern formation, and although it cannot induce any 

secondary neural tissue when transplanted alone (in the mouse), it can when 

transplanted in combination with anterior epiblast (Tam and Steiner, 1999).

Furthermore, the frequency of expression of anterior markers is increased 

dramatically when anterior epiblast, EGO and AVE are transplanted together, 

suggesting interactions between these three tissues are required for the formation of 

the most anterior structures.
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1.2 Mouse haematopoiesis

1.2.1 Primitive haematopoiesis begins in the yolk sac

In nearly all vertebrate embryos, the first site of haematopoiesis is the embryonic 

yolk sac, an extra-embryonic membrane that serves a placental function prior to the 

establishment of the embryonic circulation.

Unlike the AVE, genes that are expressed exclusively in the posterior VE have 

remained elusive. This subset of cells is thought to be involved, alongside extra- . 

embryonic ectoderm, in inducing/maintaining posterior polarity, and cell lineage 

studies have confirmed that the posterior visceral endoderm remains in situ, 

overlying the streak throughout streak elongation (Lawson et al, 1997). During 

gastrulation, morphogenic movements place a subset of mesoderm cells in close 

proximity to the VE in the posterior extraembryonic region of the embryo. It is here, 

in what will become the visceral yolk sac, that the extraembryonic mesoderm will 

give rise to blood islands late in gastrulation. These blood islands are made up of 

haematopoietic precursors (mainly primitive erythrocytes) surrounded by endothelial 

cells, and gradually merge to form the blood vessels of the yolk sac. The visceral 

yolk sac subsequently expands to surround the embryo proper. The juxtaposition of 

the posterior visceral endoderm and the extraembryonic mesoderm raises the 

possibility that interactions between the two tissue layers may be required for blood 

island formation. Indeed, classical explant studies in the chick have implicated the 

primitve endoderm in the formation of blood and vascular tissue, and more recently

18



Chapter 1 General Introduction

it has been shown that explanted posterior visceral endoderm can respecify anterior 

ectoderm to posterior (haematopoietic and angioblastic) cell fates (Belaoussoff et al,

1998). Trans-filter experiments demonstrated that re-programming of the anterior 

epiblast does not require cell contact and is therefore mediate by a short-range 

diffusible signal. Indeed, Indian hedgehog (Jhh) is expressed in the visceral 

endoderm of mouse embryos and mature yolk sacs (Farrington et al, 1997), and 

there is evidence building that it may be the molecule that mediates blood 

specification. Ihh can respecify anterior epiblast to posterior fates, downstream 

targets of the hedgehog signalling pathway are up-regulated (as is BMP-4 which may 

mediate the signal), and blocking Ihh function inhibits the activation of 

haematopoiesis in the adjacent epiblast. This suggests that Ihh is an endogenous 

signal that plays a key role in specification of primitive haematopoiesis.

1.2.2 Definitive haematopoiesis is mediated by intra-embryonic sites

The classical view of mammalian haematopoiesis is that the earliest cells of the adult 

blood system develop outside the embryo proper in the embryonic yolk sac. It was 

thought that a single cohort of haematopoietic stem cells (HSCs), that are formed in 

the yolk sac, follow a number of migratory steps to the foetal liver, spleen and finally 

the adult bone marrow where they reside for the rest of the animals life.

However, in the avian embryo it has been shown that yolk sac stem cells, which 

initiate primitive haematopoiesis, are only transient in nature and arise independently 

from intra-embryonic stem cells of the dorsal aorta, which are responsible for the
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initiation of definitive haematopoiesis in the developing embryo (Dieterlen-Lievre,

1988). Haematopoietic precursor cells from the mouse yolk sac, examined at 8.0dpc 

(before connection to the embryonic vascular system), have been shown to have a 

very limited differentiation potential in vitro and were incapable of long-term 

reconstitution of adult animals (Cumano et al, 1996; Medvinsky and Dzierzak,

1996). It is now known that early in development, immature haematopoietic 

progenitors can be found within another region of the mouse embryo that 

encompasses three anatomical sites, the aorta, gonads and mesenephros, or AGM.

The AGM contains the first detectable definitive haematopoietic stem cells 

beginning at mid-embryonic day 10 (Sanchez et al, 1996) which have been found to 

be similar in cell suface phenotype to adult HSCs and be able to repopulate lethally 

irradiated adult animals in the long term. These intra-embryonic stem cells first 

colonise the liver at around day 10 and increase dramatically by day 11, when they 

can also be found in the embryonic yolk sac (presumably by migration through the 

vasculature), and later are responsible for definitive haematopoiesis in all 

haematopoietic organs (Reviewed in Medvinsky and Dzierzak, 1998 and Ling and 

Dzierzak, 2002). However, whether two distinct, independently derived classes of 

stem cells exist in the mouse embryo is still a matter of controversy.

20



Chapter 1 General Introduction

1.3 Isolation and characterisation of novel genes involved in early 
patterning events

1.3.1 Strategies for the isolation of genes involved in early patterning

Large scale sequencing studies have revealed that up to 80% of all expressed 

sequence tags (ESTs), sequences derived from cDNA libraries (produced from 

mRNA so reflect gene expression within a cell or tissue) show no similarity to 

sequences that could give a clue towards gene function (Adams et al, 1995). With 

the completion of whole genome sequencing programmes, the next challenge is to 

assign a function to the genes that have already been identified by sequence.

Many strategies have been adopted to try to assess the function of novel genes, from 

large-scale saturation screens using mutagenesis to more refined tissue specific 

strategies using cDNA libraries and subtractive hybridisation (a procedure that uses 

hybridiation to identify genes expressed specifically in one tissue rather than 

another), and each has met with varying levels of success. In invertebrates such as 

Drosopila and C.elegans, mutagenesis screens have been instrumental for 

understanding the mechanisms underlying pattern formation and morphogenesis 

(Nusslein-Volhard and Wieschaus, 1980; Meneely and Herman, 1979). Such projects 

are under way in mouse (Reviewed in Beddington, 1998) and zebrafish (Haffter P et 

al, 1996, Driever W et al, 1996), and will provide an invaluable basis for the 

understanding of embryonic development. However, these approaches do have their 

limitations. Firstly, identifying the gene that contains the mutation can be difficult; 

secondly, such methods have limits of throughput; and finally, the problem of
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functional gene redundancy (where loss-of-function has no identifiable phenotype) 

precludes the identification of whole classes of genes.

Gene trapping in mouse embryonic stem (ES) cells (the random insertion of a vector 

into the genome to identify and simultaneously mutate genes expressed during mouse 

development) offers a method to create random developmental mutants with a direct 

route to cloning the gene (Skames, 1993). Many genes with developmental 

regulatory function are expressed in a regionalised fashion within the embryo.

Hence, conventional gene trap vectors contain a splice acceptor sequence linked to a 

reporter gene, most commonly LacZ (encoding P-galactosidase) (Gossler et al,

1989). When these vectors are introduced into ES cells and integrate within the 

introns of genes, p-galactosidase (p-gal) fusion proteins are produced and p-gal 

enzyme activity can then be observed allowing the endogenous expression pattern of 

the gene to be followed in ES cell derived chimeric embryos or in transgenic 

embryos following germline transmission. However, they do have disadvantages.

The LacZ expression pattern does not always faithfully reflect the expression of the 

endogenous gene and it is not possible to target genes in specific tissues or organs 

because the gene trap vectors insert into the genome completely at random.

cDNA libraries (representations of the mRNA population within a cell or tissue) are 

a powerful tool with which to isolate genes expressed in specific cell populations or 

tissues. Many groups have screened cDNA libraries from various model systems 

(e.g. frog, mouse and chick) by whole mount in situ hybridisation (WISH), which 

allows the temporal and spatial expression pattern of mRNA to be followed during
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embryogenesis. Libraries have been screened either in their entirety (Gawantka et al,

1998), or following a round of subtractive hybridisation, which enriches for genes 

expressed differentially between the tissues from which the libraries are made 

(Christiansen et al, 2001; Neidhart et al, 2000; Harrison et al, 1995). Although 

subtractive hybridisation greatly enriches for differentially expressed genes, and 

greatly reduces the number of common sequences, it does have its disadvantages.

Genes that are expressed at high levels are greatly enriched in subtraction procedures 

(at the expense of rare transcripts), although this problem can be overcome by 

performing a normalisation (a process that standardises the frequency of each 

individual mRNA) prior to subtraction. Also, subtracting one tissue cDNA library 

from another may result in the loss of potentially interesting genes that are expressed 

in both tissues. More importantly, although the temporal and spatial expression 

pattern of a gene gives a hint towards its function, expression screens lack any 

phenotypic data that maybe obtained as a result of mutagenesis or gene trap screens.

Here I describe a screen for novel genes that are involved in early patterning of the 

mouse embryo, with the immediate aim of isolating genes that are expressed 

differentially in the VE between 6 and 7.5dpc. Previously in our laboratory cDNA 

libraries had been made from the individual tissue components of the gastrulating 

mouse embryo (7.5dpc), namely the ectoderm, mesoderm, endoderm and the 

primitive streak. These libraries have been used successfully to enrich for genes 

expressed in a tissue specific manner, using subtractive hybridisation between the 

libraries (Harrison et al, 1995).
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In this study an alternative strategy was used for the identification of novel genes 

expressed specifically in the endoderm. The endoderm library contains a number of 

tissues (the node, VE and definitive endoderm) that have been shown to be important 

for specifying the early embryonic axes in the mouse embryo (for review see 

Beddington and Robertson, 1999). To isolate novel genes expressed within these 

tissues, cDNA clones from the endoderm cDNA library were sequenced and 

compared to sequence databases. The results from the database searches were 

clustered (identical sequences were grouped together) and the results were examined 

manually. This allowed the identification of novel sequences and concomitant 

removal of housekeeping and known genes, without the need for processes such as 

subtraction (which can result in the loss of potentially interesting transcripts). Once 

identified, novel clones were then analysed for restricted expression in the early 

embryo. This strategy effectively isolated novel genes that are expressed 

differentially in the tissues of interest.

1.3.2 ES cell technology in the study of gene function

In mouse developmental biology the isolation of a novel gene, which is differentially 

expressed, often leads to the production of a targeted mutation to examine the 

consequences of a loss-of-function. ‘Transgenic technology’, the introduction of 

genes or mutations into the germiine of experimental mammals, can be broadly split 

into two catergories: ‘gain of fimction’ mutations, typically created by micro

injection of the gene directly into the zygote, and ‘loss of function’ mutations, which 

employ embryonic stem (ES) cell technology.
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The latter has made it possible to make a mutation in the germiine of mice by 

utilizing homologous recombination and ES cells. Homologous recombination, when 

applied to altering specific endogenous genes, is referred to as gene targeting. ES 

cells are remarkable since after being established from the blastocyst (4.5dpc), they 

can be cultured and manipulated in vitro and retain their ability to return to their 

normal developmental program when injected into the pre-implantation embryo and 

contribute to all developing tissues, most importantly the germiine. This allows 

specific mutations, introduced into the ES cells in vitro, to be passed through the 

germiine to produce mice of the desired genotype. Most targeting experiments are 

designed simply to create a null mutation (a mutation that completely ablates gene 

function) to investigate the consequences of a complete loss of ftmction. However, 

point mutations, large deletions, gene exchanges (knock-ins) and conditional 

mutations can also be created.

In addition to the unique properties in vivo, ES cells are able to spontaneously 

differentiate into various cell lineages under the appropriate conditions in culture 

(Keller, 1995). Differentiating ES cells has proved to be a powerful tool with which 

to investigate lineage commitment (the commitment of differentiating cells to a 

certain cell type), and the study of ES cells in which a specific gene has been 

disrupted by targeted mutagenesis often provides an alternative and sometimes 

parallel approach for the investigation of a given null mutation, especially if the 

mutation leads to early embryonic lethality. Given the amount of time it takes to 

produce targeted ES cells, it is essential that this valuable resource be used to its full
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potential, and in vitro studies provides a straightforward way to take further 

advantage of the properties of ES cells.

1.4 The study of the novel gene C53

Here I describe the isolation and characterisation of the novel gene C53. C53 was 

isolated during a screen of the endoderm cDNA library. The screening strategy used 

sequencing, database searches and expression analysis to isolate novel genes that are 

expressed differentially in the VE. C53 is expressed specifically in the VE, node and 

liver of the developing mouse embryo, and is a putative membrane spanning protein 

with a potential ZIP zinc transporter domain. During this investigation a targeted 

mutation has been produced to investigate C53 loss of function. The strategy 

combines the creation of a null mutation with a ‘knock-in’ of a reporter of gene 

expression, so expression of C53 can be followed through detection of the reporter 

gene in vivo in heterozygous animals. The C53 null mutation is embryonic lethal at 

around 14.5dpc, with embryos dying of severe anemia, indicating a defect in 

haematopoiesis.

In addition to the targeted mutation, C53 null ES cells were produced and 

differentiated in vitro to give more clues about the potential function of C53 during 

hematopoiesis. In vitro differentiation of C53 null ES cells results in a de-regulation 

of transcription factors essential for the correct development and differentiation of 

the hemaotopoietic system. To broaden our knowledge of genes which are up 

regulated or down regulated in response to C53 loss of function, representational
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difference analysis (RDA) was also performed on tissues from C53 null embryos to 

create libraries of cDNAs representing genes that may be differentially expressed 

upon C53 loss of function. Initial investigation of these libraries indicates there is 

mis-expression of embryonic globin gene expression in the embryonic liver. Data 

here suggests C53 is essential for the correct differentiation of the haematopoietic 

system of the developing mouse embryo, in particular definitive hematopoiesis and 

its transcriptional control.
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Chapter 2: Materials and Methods

2.1 Screening of the endoderm cDNA library

2.1.1 Comparison of sequencing data from the endoderm library with 
sequence databases

7000 clones from the gridded endoderm library were sequenced at the Max Planck 

Institute for Molecular Genetics, Germany. These sequences were compared to 

sequence databases using the NCBI BlastX and BlastN programs. Results from 

database searches were then clustered using bioinformatics programs that reduced 

the 7000 original sequences down to 1980 independent sequences that were 

examined manually and novel and potentially interesting clones were highlighted for 

further analysis.

2.1.2 Dissection of peri-implantation mouse embryos

Mouse embryos were dissected according to Hogan et a i, 1994. Essentially decidual 

tissue was removed from the dissected uterus of timed-mated females into PBS. 

Decidual tissue was then transferred to M2 medium (Sigma) for dissection of 

embryonic tissue. Embryonic membranes were removed (Reicharts membrane. 

Amnion and Yolk Sac) from embryos at all stages to allow efficient penetration of 

the in situ probe. Embryos were fixed o/n in 4%PFA at 4°C and dehydrated through a 

methanol series (25%, 50%, 75%, 100%) in PBS before storage at -20°C. Small 

holes were pierced in telencephalic vesicles and hindbrain of 9.5dpc and 10.5dpc 

embryos using a pulled glass needle prior to in situ hybridisation to reduce trapping 

of the probe.
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2.1.3 Whole mount in situ hybridisation using Digoxigenin-UTP (DIG-UTP) 
labelled probes

74 library clones chosen for further analysis were linearised using the appropriate 

enzyme to allow production of anti-sense in situ hybridisation probes that are derived 

from the 3’ UTR. In vitro transcription of probes was carried out in the prescence of 

DIG-UTP using the DIG RNA labelling kit (SP6/T7) (Roche). Probes were DNAsel 

treated and purified using Chroma-Spin-100 spin columns (Clontech).

Whole mount in situ hybridisation (WISH) was carried out essentially as in Hogan et 

al, 1994 and Rosen and Beddington, 1994. WISH analysis was carried out on 5-10 

embryos at each stage (6.5dpc, 7.5dpc, 8.5dpc. 9.5dpc, lO.Sdpc) for each of the 74 

clones investigated. Embryos were staged and rehydrated through a methanol :PBS 

series prior to bleaching in 6% hydrogen peroxide. Proteinase K treatment, and re-fix 

in 4% PFA and 0.2% Gluteraldehyde. Hybridisation was carried out in Pre-hyb 

solution (50% formamide, 5X SSC pH5, 50pg/ml Yeast tRNA, 1%SDS, 50pg/ml 

Heparin) containing 1 pg/ml probe o/n at 70°C. Embryos were then washed and 

RnaseA treated before being transferred into antibody solution containing Anti- 

Digoxigenin-AP conjugated antiboby o/n at 4°C. Again embryos were washed 

thoroughly before developing the AP signal using NBT/BCIP solution (Gibco-BRL). 

Embryos were kept in nets throughout the experiment and solution changes were 

carried out by moving nets into different wells of tissue culture dishes. After 

development of signal embryos were post-fixed in 4% PFA and stored in 0.4% PFA 

at 4°C.
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2.1.4 Wax embedding and sectioning of WISH embryos

WISH embryos were dehydrated through an ethanol series and finally HistoClear 

before being placed into molten wax. Embryos were embedded in histological dishes 

and oriented using heated forceps. Sections were cut on a Microtome, dewaxed in 

Histoclear and mounted with Aquamount (MERCK).

2.2 C53 Full length cDNA Cloning

The C53 library clone was sequenced and primers were designed 3’ to an appropriate 

restriction site (primers N, O and P, downstream of an Eco47III site, see appendix 

section 2). SMART full length cDNA libraries (Clontech) derived from Adult Mouse 

Kidney and Lung were used as a template in nested 5’ RACE PCR reactions using 

primers provided by Clontech and a combination of primers N, O and P. PCR 

products were gel isolated (Quiaquick gel extraction kit -  Quiagen) and cloned into 

the PCR2.1 vector (maps for all vectors and components used during this 

investigation can be found in the appendix, section 1) prior to cloning alongside the 

library fragment using the aforementioned restriction enzyme to give the full length 

cDNA. Full length cDNA was then sequenced and confirmed using restriction 

mapping. The sequence and map of the full length C53 cDNA can be found in the 

appendix, section 2.
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2.3 Generation of the C53 knockout mouse

2.3.1 Isolation of genomic DNA using the Lambda FixII library

A labelled 3’ probe derived from the full length cDNA was used to screen the 

Lambda FixII library (Stratagene). The library was plated onto its host strain (XL-1 

Blue MRA (P2)) and plaques were lifted onto Hybond hT and hybridised to the 3’ 

probe. Filters were exposed to film o/n and agar plugs were taken that corresponded 

to positive plaques. Dilutions of phage were made and replated onto their host strain 

as a secondary screen using the same 3’ probe. Individual plaques were identified 

and DNA was prepared using the Lambda mini kit (Quiagen).

2.3.2 Isolation of genomic DNA from BAC library (pBeloBACll vector 
Research Genetics)

BAC library filters (Mouse 129/Ola, Research Genetics) were screened with ^̂ P 

labelled PCR derived probes from the full length cDNA. Positive BACs were picked 

and DNA was prepared using a modified mini-prep (Quiagen) procedure that utilised 

the conventional alkaline lysis procedure followed by isopropanol and ethanol 

precipitations. To isolate BAC sub-clones, approximately lOpg of BAC DNA was 

digested with 6 base-pair cutting restriction enzymes. The resulting digests were 

electrophoresed on an agarose gel and southern blot analysis was carried out and 

hybridised to an appropriate ^̂ P labelled probe. The corresponding band, highlighted 

by southern blot analysis, was excised from a duplicate agarose gel, gel isolated 

(Quiaquick Gel Extraction Kit, Quiagen) and cloned into pBSII SK (+/-) using the 

Rapid-Ligation kit (Roche) according to the manufacturers instructuions. Ligation
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reactions were plated onto selective media o/n at 37°C. 24 colonies were picked and 

dotted onto Hybond and hybridised with the same labelled probe to identify 

colonies that contained BAC subclones. Positive colonies were grown up and DNA 

was prepared using the Maxi-prep kit (Quiagen).

23.3 Mapping of genomic DNA fragments

The lambda clone and all BAC subclones were mapped using restriction enzymes. 

Initially, each clone was digested using a wide variety of 6 base-pair cutting 

restriction enzymes, and subsequently were digested by combinations of such 

enzymes to produce a definitive restriction map. Wherever possible, the enzyme used 

was contained in the pBSII SK (+/-) polylinker to use as a reference. Further analysis 

of the restriction maps was carried by southern blot analysis of the agarose gels 

produced. Restriction fragments were transferred from agarose gels to Hybond N"̂  by 

southern blot and hybridised to end-labelled oligonucleotides to give an indication of 

the presence or absence of exonic sequence in the sub-clones and there postion on 

the restriction map. The presence of exonic DNA was confirmed by sequencing in all 

cases.

23.4 Production of targeting vectors and targeting constucts

Targeting Vector TV1095M (see appendix) that contains the P-gal reporter was 

kindly provided by GSK. LNDTA(EGPF) which contains the GFP reporter d2EGFP, 

was produced by modification of the LoxNeoDTA (A) vector (GSK). LoxNeoDTA 

(A) was modified so it contained appropriate restriction sites that could be used to 

shuttle in the IRES-d2EGFP-pA reporter cassette after a translational termination
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signal. This was carried out using an oligo, which contained the appropriate 

restriction sites and a translational termination signal (TAG^), that was ligated into 

LoxNeoDTA (A). The IRES-d2EGFP-pA cassette was then shuttled into the 

modified LoxNeoDTA (A) vector to produce LNDTA-GPF. Maps of all vectors and 

components can be found in the appendix.

Targeting constructs were produced by shuttling arms of homology into the targeting 

vectors. The 5’ arm of homology was a 3.6Kb fragment of genomic DNA which 

spanned from a BtsI restriction site 15bp downstream of the C53 ATG to an EcoRI 

restriction site 3.6Kb upstream. This genomic fragment was shuttled into the Arml 

vector (GSK) and subsequently into the targeting vectors just upstream of the 

translational termination signal. The 3’ arm of homology was a 3Kb fragment of 

genomic DNA fi*om intron 2 just downstream of the C53 ATG that was shuttled into 

the Arm3 vector (GSK) and subsequently into the targeting vectors between the pgk- 

neo-pA cassette and the MCl-DTA cassette. Correct construction of targeting 

vectors was confirmed by restriction mapping and sequencing across junctions of 

vector and homology arms. The targeting construct was amplified by maxi-prep 

(Quiagen) and 30pg was digested with the appropriate enzyme to linearise the 

construct for transfection. Linearisation was checked on an agarose gel and the DNA 

was then ethanol precipitated and resuspended in 200pl filter sterilised 0.5X Tris- 

EDTA (TE) buffer in a tissue culture hood.
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2.3.5 General tissue culture techniques

The following ES cell culture media was used with (for all ES cell work) or without 

LIE (for preparing feeders):

Dulbeccos minimal essential medium (Gibco-BRL) 400ml 
Non-essential amino acids (Gibco-BRL) 6.5ml
L-glutamine (Gibco-BRL) 6.5ml
B-mercapto-etbanol (Gibco-BRL) 1.2ml
PCS (add after filtering) (globepbarm) 100ml
Pen/Strep (Gibco-BRL) 6.5-13ml
LIP (Esgro) 106 U/ml 65 Oui

107 U/ml 65ul

All ES cell culture was performed using Mouse Embryonic Pibroblasts (MEPs) as a 

feeder layer. These were maintained and passaged in ES cell media without LIP and 

treated with Mitomycin C at Ipg/lOOml (sigma) for 2.5 hours at 37°C before being 

used as a feeder layer. All plates used were treated with PBS containing 0.2%

Gelatin for 15mins.

23.6 Transfection and screening for targeted clones

7-10 X 10̂  low passage 129/Ola ES cells were pipetted vigorously in 10 ml of media 

before being spun down and resuspended in 0.8ml of PBS. 30pg of linearised 

targeting vector was added to the cells, which were then electroporated and plated 

out onto 100mm round tissue culture dishes. Media was changed the next morning 

and selective media was applied two days after electroporation, containing G418 at a 

concentration of 200|ag/ml. The media was changed every 2-3 days, cell death was
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seen 2-3 days after selection was applied and 400 colonies were picked 7-10 days 

after electroporation using a dissecting microscope into 96 well plates containing 

trypsin-EDTA. Colonies were broken down in the trypsin plates and subsequently 

plated into 96 well plates containing Mitomycin-C treated feeders. 1 -2 days after 

plating out, 96 well plates were split into three further 96 well plates, one containing 

Mitomycin-C treated feeders (for archiving at -80^C) and two gelatin treated plates 

for preparing DNA.

Archive plates were frozen down once they had reached 80% confluence. Plates were 

trypsinised, pipetted vigourously to give a single cell suspension and frozen down in 

freeing medium (PCS containing 10%DMSO). DNA plates were allowed to reach 

full confluence, were washed with PBS, and treated with 50pl of lysis buffer (lOmM 

Tris HCl pH 7.5, lOmM EDTA, lOmM NaCl, 1 mg/ml proteinase K, 0.5% SDS) o/n 

at 55°C. lOOpl of cold NaCl mix (15pl 5mM NaCl per 100ml ice cold 100% ethanol) 

was added and left for one hour at room temperature. Plates were then inverted and 

washed 2X with 70% ethanol. Once dry, DNA was resuspended in 25pl 0.5X TE and 

incubated at 37°C for 2 hours to resuspend. The DNA was then subjected to the 

appropriate restriction digest (see 2.3.8) for southern genotyping analysis, all 400 

clones were ran simultaneously on agarose gels, southern blots were performed, and 

resulting filters were hybridised to the appropriate probe. Once the genotype of the 

cells had been discovered, positive targeted clones were expanded from the archive 

plates into 4 wells of a 24 well plate, 3 wells for injection purposes, and one well to 

produce DNA to confirm genotype.
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2.3.7 Blastocyst injection and breeding

To prepare targeted ES cells for injection, a 70% confluent well from a 24 well plate 

is trypsinised and pipetted vigourously to obtain a single cell suspension. Cells are 

then re-plated onto tissue culture plastic for 30 mins to allow feeders to settle and 

stick down, while the supernatant (which contains the ES cells) is taken for injection. 

Three independent clones were injected into blastocysts, and the resulting chimaeras 

were bred to test for germiine transmission. Agouti pups derived from chimaera 

breeding were deemed N1 animals. N1 intercrosses were deemed N lFl progeny and 

the progeny from N1 males back crossed to C57/B16 females were deemed N2 

animals.

2.3.8 Genotyping techniques

Genotyping of original ES cell lines from transfection experiments was carried out 

by southern blot analysis. The endogenous C53 locus contains a Bglll restriction site 

in intron II and another 5.1Kb in a 5’ direction, resulting in a 5.1Kb band by southern 

with a 5’ probe derived from outside the targeting construct. Upon correct 5’ 

targeting, the Bglll site in intron II is lost and one is gained in the pgk-neo-pA 

cassette resulting in a change in band size from 5.1Kb to 11Kb in the case of 

TV1095M and 8Kb in the case of LNDTA-GFP. Southern blot analysis of DNA 

isolated from transfected ES cell colonies successfully identified targeted clones.

Once identified, all targeted clones were confirmed for correct 3’ targeting. The 

endogenous C53 locus contains an EcoRV restriction site 5’ to exon 1 and another 

5.4Kb in a 3’ direction. Upon targeting an additional EcoRV restriction site is
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introduced in the targeting vector reducing the band size to 4Kb, a change which can 

be detected using a 3’ probe derived from a region outside the targeting vector.

Southern blot analysis was used to confirm the genotype of all N1 and NlFl animals. 

Subsequently, a PCR based genotyping protocol was designed for practical reasons. 

Multiplex PCR using a 5’ primer derived from Exon II (T, see appendix section 2), 

and 3’ primers from the deleted region in Exon II (AA, see appendix section 2) and 

from the targeting vector, in the region of the translational termination signal, give 

both knockout and wild type bands in a single PCR reaction. Quiagen Taq PCR kits 

were used according to the manufacturers instructions with an annealing temperature 

of 55°C, and allowed the identification of Wild type, heterozygote and homozygote 

animals and embryos. DNA was isolated from whole 6.5dpc and 7.5dpc embryos and 

later embryonic yolk sac tissue was used for genotyping purposes.

2.3.9 Reporter detection

(3-gal staining was carried out essentially as in Hogan et a l, 1994. Whole mount 

embryos were fixed in 0.2% gluteraldehyde in PBS for 15 min, rinsed in detergent 

rinse for 3X 15 min and then stained at 37°C in the dark for 1-3 hours or o/n. GFP 

was investigated using confocal microscopy according to the manufacturers 

instructions.
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2.4 In-Vitro differentiation of null ES cells

2.4.1 Generation and in vitro differentiation of £S cell lines

The three C53 null ES cell lines used in this study were generated by electroporation 

of the C53 +/- cell line 4a with the linearised targeting vector C53-TV1095m-hygro 

vector and selecting for homologous integrants using double selection with Gentecin 

and Hygromycin. Parental, C53 +/- and C53 null cell lines were weaned off feeder 

layers and maintained in leukaemia inhibitory factor (LIE). Primary EBs were 

formed in 0.9% methylcellulose cultures in iscoves modified dulbeccos (IMDM) 

medium (GIBCO) including fetal calf serum at 15% and 450pM monothioglycerol 

(MTG) in the absence of LIE. Cultures were established at 7.5-10^ cells/ml and 10-20 

EBs were generated per 1000 cells plated.

2.4.2 cDNA synthesis and reverse transcription polymerase chain reaction 
(RT-PCR)

Total RNA was isolated from EBs after 4, 6, and 8 days of differentiation and 

undifferentiated ES cells using RNeasy kits (Quiagen) according to the 

manufacturers instructions. Samples were treated with DNase I and one-step RT- 

PCR was carried out on ~500ng total RNA and two 5 fold serial dilutions using the 

One-Step RT-PCR kit (Quiagen) and primers for hypoxanthine phosphoribosyl 

transferase (HPRT) according to the manufacturers instructions. The products were 

electrophoresed on a 2% gel, transferred to Hybond N^ and the filter was hybridised 

with a ^̂ P end labelled internal oligonucleotide. Signal intensity was quantitated 

using a Phosphorimager (Molecular Dynamics). This information was used to

39



Chapter 2 Materials and Methods

equilibrate the amount of RNA in each sample amplified in subsequent reactions 

with primers for haematopoietic genes. The haematopoietic gene primers, selected to 

cross introns where possible, can be found in Chapter 6 along with band sizes and 

annealing temperatures. Thirty cycle PCR reactions were used for all genes.

2.5 Representational Difference Analysis (RDA) of RNA samples 
from C53 null yolk sac and liver.

2.5.1 Isolation of RNA samples from embryonic yolk sac and liver and first 
strand cDNA synthesis.

RNA was isolated from wild type and C53 null embryonic yolk sac (8.5dpc) and 

liver (14.5dpc) using the RNAeasy kits (Quiagen), Dnasel treated (Ambion) and 

cleaned up by passing the RNA through an additional RNAeasy column. All RNA 

samples were tested for quality on the Agilent 2100 bioanalyzer. First strand cDNA 

synthesis was carried out using the SMART cDNA synthesis kit (clontech) according 

to the manufacturers instructions from 1 |ig of total RNA, and first strand cDNA 

reaction was then amplified using the SMART oligo.

2.5.2 Production of Difference Product (DP) 1 and 2.

RDA was performed essentially as in Eubank and Shatz, 1994. lOpg of the 

amplification reaction (2.5.1) was digested with DPNII and 2pg of the digest was 

ligated to R-Adaptors (Eubank and Shatz, 1994), a 24-mer annealed to a 12-mer. 

Amplicons for both Tester and Driver were generated by PCR and DpnII digestion 

was used to remove the R adaptors from both the tester and driver populations

40



Chapter 2 Materials and Methods

followed by the ligation of J adaptors (Hubank and Shatz, 1994) to the tester 

population. The first subtractive hybridisation could then be performed, using 0.4pg 

of Tester (J-ligated) and 40pg of driver in 4pl of hybridisation buffer (EEX3) for 20 

hours at 67°C. DPI could then be amplified from the product of the hybridisation by 

PCR with J-oligos and digested with DpnII to remove the J adaptors before the 

ligation of N adaptors (Hubank and Shatz, 1994). To generate DP2 50ng of N ligated 

tester and a further 40pg of driver were used in a second subtractive hybridisation.

2.5.3 Cloning and sequencing of Difference Products.

DP2 was digested with DpnII and gel purified away from the N adaptors. The 

resulting DP2 was then cloned into BamHI digested pBSII SK (+/-) using blue/white 

selection. 200 white colonies were picked for each experiment and prepped in 96 

well format on the Quiagen mini prep robot and sequenced using an automated 

capillary sequencer (Perkin-Elmer). Sequences were clustered using in house (GSK) 

bioinformatics programs and compared to sequence databases (NCBI BlastN 

programs).

2.5.4 Confirmation of differential expression using quantitative PCR.

SYBRman analysis of RDA candidates was carried out to confirm differential 

expression. First strand cDNA template was prepared from Ipg of both tester and 

driver total RNA using SMART RACE cDNA amplification kit (Clontech). Gene 

specific primers were designed to candidate genes using an in house (GSK) 

automated primer design program termed Primer3. SYBR PCR was performed on 

tester and driver cDNA in duplicate for each candidate with housekeeping genes as
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controls. Output from SBYR PCR was analysed by SYBR software and Ct values 

were calculated for each candidate gene. An average Ct for the duplicate reactions 

was taken, and 1 cycle difference in Ct was seen as a two fold difference in starting 

template and was presented graphically alongside standard error.
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Chapter 3: Screening of the Beddington dissected endoderm 
cDNA library

3.1 Introduction

3.1.1 The endoderm library screen

Here I describe a screening strategy that uses the Beddington dissected mouse 

endoderm cDNA library to identity genes that are involved in early patterning 

events, and takes advantage of sequencing analysis and database searches. The 

endoderm library contains a number of tissues that have been implicated in 

establishing the body axes, namely the node (and its derivatives e.g. axial 

mesendoderm), the definitive endoderm and the visceral endoderm (reviewed by 

Beddington and Robertson 1998, Martinez-Barbara and Beddington 2001). The 

strategy (see figure 1) involves using sequence data to pre-screen the endoderm 

library prior to expression analysis by WISH. A large-scale sequencing program, 

undertaken in collaboration with the Max Planck Institute for Molecular Genetics, 

produced 7000 sequences, which were then compared to sequence databases using 

the NCBI BlastN program, which compares nucleotide sequences to the database, 

and BlastX program, which translates the sequence through 6 frames and compares it 

to protein databases. The results from the database searches were then put through 

clustal analysis. Clustering grouped together any identical sequences and reduced the 

number of clones that were to be analysed further from 7000 to 1980. The 1980 

independent sequences were then examined by scanning through the BLAST data for 

each clone, allowing selection of potentially interesting sequences, that may be novel
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or contain functional domains, and enabling us to discard known or housekeeping 

genes. 1980 clustered clones were reduced to 74 by examining BLAST data, and the 

expression pattern of these clones was then analysed by WISH in mouse embryos 

aged between 6.0 and 10.5 days post coitum (dpc), stages that encompass 

gastrulation and early organogenesis in the mouse.

7.5 dpc Embryo dissection

I
Library Production

Endoderm Library Sequencing (7000 clones)

I
Database Searches (NCBI BlastX and BlastN)

I
Clustering (7000 clones reduced to 1980)

Results examined manually

Discarded:74 Priorities:

Novel Clones Housekeeping genes 

Known GenesClones with functional domains

Expression analysis 

WISH 6 . 0 -  lO.Sdpc

Figure 3.1 Schematic representation o f the Endoderm library’ screening strategy.
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3.2 Results

3.2.1 Comparison of sequence from the endoderm library to sequence 
databases

In order to identify novel genes that are expressed specifically in tissues implicated 

in early axes formation, a screen was devised that used both sequence and expression 

analysis to analyse the Beddington dissected endoderm cDNA library. Initially, the 

gridded libraiy was sequenced, BLAST searched and clustered. The resulting 1980 

clustered sequences were then analysed manually and clones were chosen according 

to their homology, or indeed lack of homology, to known sequences in the database.

From the 1980 clustered sequences, 74 were prioritised for further study and fell into 

the catergories shown in figure 3.2. The majority of clones chosen represented novel 

genes that were not homologous to any sequences in the databases.

3.2.2 Whole mount RNA in situ hybridisation of prioritised clones

Whole mount RNA in situ hybridisation was performed on all 74 clones that were 

prioritised from the sequence analysis. Mouse embryos were dissected at 6.5, 7.5, 8.5 

and 9.5dpc, stages which were chosen to encompass early pattern formation and the 

initial stages of organogenesis. Figure 3.3 A shows the nature of expression of the 74 

mRNAs representing clones chosen from the sequence screen. Figure 3.3B shows the 

number of mRNAs that were restricted to tissues that are of particular interest to this 

study. The data shows that although around half of the mRNAs are ubiquitously 

expressed at the stages chosen, 12% (8/67) of the clones are restricted to the tissues
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that are of particular interest here. Figure 3.4 shows the expression pattern of all of 

the restricted mRNAs in this study.

Catergory
/

No. of Clones

Novel 33

Implicated in Human disorders 8

Transcriptional Regulators 5

Chromatin Structure 2

Inter or Intra Cell Signalling 6

Metabolism 5

Imprinted Genes 1

Splicing Regulators/RNA Processing 3

Cell Cycle Control 2

DNA Repair 2

Cytoskeleton 1

Clone Discarded (No growth/transcription) 5

Total 73

Figure 3.2 Table showing catergories to which prioritised genes belong, the majority o f the clones 
represented novel genes -  they had no homology to known mRNAs or proteins in the database but 
showed homology to a functional domain, or showed homology to Sequencing data from a wide 
variety o f organisms so seemed to have a conserved role.
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A Nature of Expression No. Of Clones

Ubiquitous 34

Widespread 18

Restricted 10

Expression not detected 5

Total 67

B Tissue of Interest No. of Clones

Node 2

Visceral Endoderm 4

Definitive Endoderm 1

Primitive Streak 1

Total 8

Figure 3.3 Table A shows the nature o f  expression o f  all o f the mRNAs investigated and Table B 
shows the number o f  mRNAs whose expression was restricted to the tissues o f interest. Ubiquitous — 
expression detected in all tissues o f  the embryo, Widespread — Expression detected in a number o f  
tissues o f  the embryo, Restricted- Expression detected in only a small number o f  specific tissues o f  
the embryo.
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Figure 3.4. Whole mount in situ hybridisation analysis o f clones representing genes 
with restricted expression patterns isolated during the endoderm library screen 
(excluding C53, see following chapters). Early embryos (pre-turning) are all lateral 
\iews with anterior to the left. Later embryos are also lateral views with anterior to 
the top and dorsal to the right. Arrowheads point to areas o f restricted expression. 
Clones 23 and 3 are restricted to the ecoderm (extra-embryonic and embryonic 
respectively) at early stages. Clones 14 and 15 are restricted to the visceral 
endoderm and consistent with this later in the yolk sac. Clone 17 is restricted to the 
anterior visceral endoderm at early stages. Clone 29 is specific to the primitive 
streak. Clones 42 and 57 are node specific. Clone 33 is seen only in the definitive 
endoderm.
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3.3 Discussion

3.3.1 The endoderm library screen for novel genes implicated in early 
patterning.

Both embryonic and extra-embryonic endoderm are intimately involved in induction 

and patterning of the mouse embryonic axes. It has long been known that the node 

and its derivatives are capable of inducing anterior character (Beddington, 1984). 

Therefore, identification of novel genes expressed specifically in regions 

encompassing the node would be particularly informative for the study of axes 

formation. Furthermore, the anterior VE is required for the proper specification of 

anterior structures (Beddington, 1998) and the posterior VE also takes part in 

inductive interactions with underlying tissues (Belaoussoff, 1998). However, 

although a number of genes have been identified that are expressed specifically in the 

anterior VE, the identification of genes expressed specifically in the posterior VE has 

proved difficult. Therefore, genes whose expression is restricted asymmetrically in 

the VE would be of particular interest for the study of the formation of the A-P axis, 

and in particular, to understand the events that induce and pattern the posterior.

Previously in our laboratory, an endoderm specific cDNA library was produced from 

the mid-gastrulation mouse embryo. A screen was initiated which utilizes both 

sequence and expression analysis to isolate potentially novel proteins from the 

endoderm library. Sequence databases are an increasingly powerful tools with which 

to compare and contrast sequences, and allow the quick identification of genes which 

may be part of a known gene family, contain a functional domain common to a group 

of proteins, or contain no homology to known proteins. The speed with which
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sequences can be generated and compared allowed us to take the library as a whole 

and enrich for novel or functional proteins essentially electronically, precluding the 

need for processes such as subtractive hybridisation.

Carrying out sequencing followed by database searches and clustering is novel in 

screening strategies of this type. Similar strategies to the one described here have 

used random expression analysis of libraries either in their entirety (Neidhardt et al,

2000; Gawantka et al, 1998) or after subtraction (Harrison et al, 1995; Neidhardt et 

al, 2000; Christiansen et al, 2001). The number of genes that were isolated with 

restricted expression patterns (the ultimate goal of the screens) was relatively high in 

our investigation (12%) compared to the other screens (Neidhardt -  8%, Christiansen 

-  8%, Gawantka -  25%[included ‘widespread’ genes]). The most direct comparison 

can be made between the screen described here and that carried out by Nierdhart and 

colleagues. Nierdhart et al carried out random expression screening on a mouse 

9.5dpc embryonic cDNA library in its original, subtracted and normalised forms, and 

obtained restricted expression in 5.7%, 7% and 17.8% of the clones investigated 

respectively. This indicates that subtraction and normalisation increases the chances 

of obtaining genes that display restricted expression, and the numbers compare 

favourably to our investigation. However, a large percentage of the genes in the 

Nierdhart screen (25%) were already characterised. In carrying out the sequencing 

analysis prior to screening, we were able to discard any clones that were already 

characterised, aswell as discarding housekeeping genes, a major advantage over 

other strategies.
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3.3.2 Expression of ‘restricted’ mRNAs from this study.

From the 74 cDNA clones that were chosen for expression analysis, 10 represented 

mRNAs that were expressed specifically in the tissues of interest to this study, 

indicating the screening process was effective in fulfilling its aim. The expression 

patterns of 9 of the restricted mRNAs can be seen in figure 3.4. cDNA clones 23 and 

3 represent mRNAs that are expressed specifically in the ectoderm, extra-embryonic 

and embryonic respectively. It is now clear that the ectoderm plays important roles in 

pattern formation, with the extra-embryonic ectoderm imparting proximal-posterior 

identity to the adjacent proximal epiblast prior to the initiation of gastrulation (Lu et 

al, 2001). cDNA clones 14, 15 and 17 represent mRNAs that are expressed 

specifically in the VE, vyith 17 being expressed specifically in the AYE at early 

stages, a tissue integral in anterior pattern formation (Beddington and Robertson,

1999). cDNA clone 29 represents an mRNA that is specific to the primitive streak, 

and cDNA clones 42 and 57 represent mRNAs that are node specific, tissues 

fundemental for early axes formation (Beddington and Robertson, 1999). Finally 

cDNA clone 33 represents an mRNA that is expressed specifically in the definitive 

endoderm.

It was clear at the start of the investigation that the endoderm specific cDNA library 

was of good quality because mRNAs expressed in tissues implicated in axes 

formation have been previously identified from this library (Harrison et a l, 1995).

During this investigation. Hex and Dickopf-1, genes that are expressed in the anterior 

VE and are known to be involved in pattern formation, were identified in the first
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Stage of the screen (sequence and database analysis) indicating our strategy was 

effective in identifying genes of interest. The identification of the genes described 

here indicates that the strategy used is extremely effective in identifying novel genes 

expressed in the tissues of interest, and fulfilled many of the aims of this study.

However, no novel genes were identified that were expressed asymmetrically in the 

VE, but mRNAs that did seem to be identified at high frequency were those 

expressed in the node. The node was included in the tissue from which the endoderm 

library was constructed, and it seems the repertoire of genes it expresses is well 

represented within the endoderm library and may be a good resource with which to 

identify node specific mRNAs.

Once the screen was complete a number of clones were looked at in more detail, in order 

to narrow down the investigation. It was decided, from supplemental expression-analysis 

and additional sequencing data from a number of clones, that C53 would be the most 

interesting clone with which to continue the investigation. C53 is expressed in the VE, 

the node and hematopoietic tissues and its sequence is novel. Subsequent chapters deal 

with the analysis of C53.
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Chapter 4: €53 cDNA cloning, bioinformatics and 
expression analysis

4.1 Introduction

4.1.1 Full length cDNA cloning by rapid amplification of cDNA ends (RACE) 
PGR

Cloning of the full-length cDNA for C53 was carried out using 5’ rapid amplification 

of cDNA ends (RACE). The template for the RACE reaction is SMART (Switching 

Mechanism At 5’ end of RNA Transcript) race ready cDNA (Clontech) which has 

been prepared from adult mouse kidney and lung (tissues identified by northern blot 

to contain high levels of C53 mRNA expression, data not shown). The SMART 

technology is an efficient mechanism for generating full-length cDNAs in reverse 

transcription reactions (Chenchik et ai, 1998). When reverse transcriptase (RT) 

reaches the 5’ end of the mRNA, the enzymes terminal transferase activity adds a 

few deoxycytidine residues to the 3’ end of the first strand cDNA. The SMART oligo 

can then anneal to dC residues and serve as an extended template for RT, which the 

enzyme switches to. Since the dC tailing activity is most efficient if the enzyme has 

reached the end of the RNA template, the SMART sequence is only typically added 

to complete first strand cDNAs. Following reverse transcription, the first strand 

cDNA can be used directly in 5’ RACE reactions, preventing the need for time 

consuming second strand synthesis and amplification steps.

56



Chapter 4 cDNA, bioinformatics, expression

The C53 clone that was isolated from the Beddington Dissected Endoderm library 

was used to design gene specific primers just downstream of a convenient restriction 

enzyme site. The RACE reaction was carried out in two phases using nested primers 

and the resulting PGR product was cloned next to the library fragment.

4.1.2 The use of bioinformatics to assign function to unknown proteins

The recent flood of data from genome sequences and functional genomics has given 

rise to the field of bioinformatics, which combines elements of biology and computer 

science. The field aims to take the new information (in terms of DNA and protein 

sequence) and applies ‘informatics’ techniques (which are derived from disciplines 

such as applied maths, computer science and statistics) to try to organise and 

understand the information on a large scale. The field primarily concentrates on the 

use of large datasets that are now available in molecular biology, such as genome 

sequences and the results of functional genomics experiments (e.g. expression data).

By employing a wide range of computational techniques, including sequence and 

structural alignment, database design, data mining, prediction of protein structure and 

gene finding, the field tries to integrate the large variety of computational methods 

and heterogeneous data sources to produce searchable databases that unknown 

sequences can be compared against (Luscombe et al, 2001). The study described 

here is based on the use of these databases to screen sequences derived from a cDNA 

library for novel clones (see chapter 3) using the NCBI based BlastN and BlastX 

programs. Because there is no direct functional data on C53, this chapter aims to take 

the raw sequence and, using various web-based bioinformatics programs, begin to

57



Chapter 4 cDNA, bioinformatics, expression

describe potential structural elements of the protein that may give valuable clues 

about its function.

One of the most informative tools on the web is SWISS-PROT, which can be found 

on the ExPASy Molecular Biology Server (http://www.expasv.ch/V SWISS-PROT is 

a protein sequence database that aims to provide a high level of annotations (such as 

the description of the function of a protein, its domains structure, post-translational 

modifications, variants etc), a minimal level of redundancy and high level of 

integration with other databases. TrEMBL is a computer-annotated supplement of 

SWISS-PROT that contains all of the translations of EMBL nucleotide sequence 

entries not yet integrated into SWISS-PROT. Its links with other database sources, 

such as Pfam (a protein family database from the Sanger Center 

http://W W W .sanger.ac.uk/Software/Pfam/ (Bateman A et ai, 2000), means any 

potential domains and protein family members can be easily identified. The most 

informative database entry for C53 (the C53 human ortholog, protein Accession No. 

NP_071437) indicated that it may be an integral membrane protein. This hint about 

potential protein structure can be investigated further using the programs SignalP,

TMpred and TMHMM

SignalP (http://www.cbs.dtu.dk/servics/SignalP) is a world-wide-web based signal 

peptide prediction server that can predict the presence or absence of signal peptides 

in the first 50-70 amino acids of the protein in question. Signal peptides control the 

entry of virtually all proteins to the secretory pathway, both in eukaryotes and 

prokaryotes (Gierasch, 1989), and comprise the N terminal part of the amino acid
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chain, which is cleaved off when the protein is translocated through the membrane. A 

strong interest in the automated identification of signal peptides (mainly due to the 

huge amount of unprocessed data available and the industrial need to find more 

effective vehicles for the production of proteins in recombinant systems) has led to a 

neural network approach to the identification of signal peptides and their cleavage 

sites. In essence, the SignalP server will return three scores between 0 and 1 for each 

position in the first 50-70 amino acids in the sequence. The C-score (raw cleavage 

site score) is the output from networks trained to recognise cleavage sites vs. other 

sequence positions, and are trained to be high at position +1 (immediately after the 

cleavage site) and low at all other positions. The S-score (signal peptide score) is the 

output from networks trained to recognise signal peptide vs. non signal peptide 

positions, and are trained to be high at all positions before the cleavage site and low 

at thirty positions after the cleavage site and in the N-terminus of non-secretory 

proteins. The Y-score (combined cleavage site score) optimises the output from the 

C- and S- cleavage site predictions by observing where the C-score is high and the S- 

score changes from a high to low value. The Y score formalises this by comparing 

where the C- score is high with the slope of the S- score. All three scores are 

averages of five networks trained on different partitions of the data. For each 

sequence, SignalP will report the maximal C-, S-, and Y- scores and the mean S- 

score between the N terminal and the predicted cleavage site. These scores are used 

to predict the presence of a signal peptide and if one is present in the sequence the 

cleavage site is predicted to be immediately before the position with the maximal Y- 

score (Nielsen a/., 1999; Nielsen e/a/., 1997).
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SignalP prediction cannot make the distinction between secreted molecules and 

membrane bound molecules, so it is crucial to scan the sequence for trans-membrane 

domains to confirm that C53 has a similar structure to its human orthologue, and is 

indeed integrated into the cell membrane. The TMpred program 

rhttp://www.ch.embnet.org/software/TMpred form.html (Hofmann and Stoffel,

1993) makes a prediction of membrane spanning regions and their orientation. The 

algorithm is based on the statistical analysis of TMbase, a database of naturally 

occurring trans-membrane proteins. TMbase is mainly based on SWISS-PROT and 

was initially intended to be a tool for analysing the properties of transmembrane 

domain proteins. It now has all the data present in a form that can be easily queried, 

allowing trans-membrane domains to be identified in novel sequences. Aswell as 

TMpred, a new method for the prediction of trans-membrane domains is used.

TMHMM ('http://www.cbs.dtu.dk/services/TMHMM) is based on a hidden Markov 

model (HMM, described in Sonnhammer et al., 1998). Early methods for the 

prediction of trans-membrane (TM) domains used hydrophobicity analysis alone 

(Argos et al, 1982). However, another signal shown to be important for the 

identification of TM proteins is the abundance of positively charged residues on the 

cytoplasmic side of the membrane, the “positive inside” rule (von Heijne, 1994). By 

combining this charge bias with hydrophobicity analysis better TM predictions can 

be obtained (von Heijne, 1992). Helical membrane proteins also follow a grammar in 

which the cytoplasmic and none cytoplasmic loops have to alternate. TMHMM is a 

new method that takes into account hydrophobicity, charge bias, grammatical 

constraints and also helix length (which has only been crudely modelled by other 

prediction programs). A detailed analysis of TMHMM performance has been carried
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out and shows that it correctly predicts 97-98% of TM helices and can discriminate 

between soluble and membrane proteins with both specificity and sensitivity better 

than 99% (Krogh A et al, 2001).

4.1.3 Expression analysis

Gene expression can be followed throughout development, and in the adult, by RNA 

in-situ hybridisation. The protocol follows the expression of the mRNA of a 

particular gene of interest, by producing a labelled antisense probe that hybridises to 

the RNA and can be detected either by making it radioactive, or by using 

immunohistochemistry. During this investigation the antisense probe was synthesised 

in the presence of Digoxigenin-UTP (DIG-UTP), which is incorporated during probe 

synthesis and can be detected using an anti-DIG antibody that is ligated to alkaline 

phosphatase (See Hogan et al, 1994).

The ability to visualise the expression of a particular mRNA depends on the 

expression level of the gene and the GC content of its mRNA. Whole mount in-situ 

hybridisation can only be done on small embryos, up to and including 12.5dpc. From 

9.5dpc onwards, trapping (which occurs when the probe gets trapped inside the 

various cavities that are formed within the embryo, e.g. telencephalic vesicles) of the 

probe must be prevented by careful hole making or cutting the embryo 

longitudinally. Using WISH I was able to accurately follow the expression of C53 

throughout development to give clues about when and where the protein functions 

in-vivo.
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4.2 Results

4.2.1 Cloning of the full length mouse C53 cDNA

Initial sequence data from the library clone provided evidence that C53 was a novel 

protein with homologues in both human and C.elegans. Northern blot analysis 

suggested the C53 mRNA was approximately 3.2kb in length (data not shown), 

indicating that the 5' end was missing from the library clone. It also showed that the 

mRNA was expressed at high levels in the kidney and the lungs of the adult mouse 

(data not shown). 5’ RACE (Rapid Amplification of cDNA Ends) PGR was carried 

out to obtain the missing 5’ end of the cDNA using SMART cDNA libraries from the 

adult kidney and lung (Clontech) and the appropriate gene specific and library 

specific primers in a nested reaction (see figure 4.1). The resulting PCR product was 

sequenced and ligated onto the libraiy clone resulting in a cDNA of 3.2KB in length 

with an open reading frame of 1389bp encoding a protein of 463 amino acids. The 

full length cDNA and protein sequence can be found in the appendix with the open 

reading frame, polyA site and all primers marked.
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Figure 4.1 Cloning o f the C53 full length cDNA by 5 ' RACE PCR. A. Schematic o f strategy used for 
5 ’ RACE cloning. Adapter primers (library specific) and gene specific primers were used to amplify 
missing 5 ’ cDblA fragment from SMART libraries (clontech) B. RACE products. Two libraries were 
used K -  Adult Mouse Kidney and L -  Adult mouse Lung, round o f nested PCR used primers UPM
(Universal Primer Mix -  SMART adapter specific) and P and 2^^ round used primers NUP (Nested 
Universal Primer -  SMART adapter specific) and either O or N, as indicated. PCR products were 
cloned into PCR2. land confirmed by sequencing C. Library cDNA and RACE product in PCR2. Iwere 
digested with Eco47III and Kpnl and ligated D. Diagnostic digest on resulting ligation product with 
Bgll and Ndel which corresponds to map E. Full length sequence with restriction sites and primer 
locations can be found in the appendix.
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4.2.2 Bio-informatics gives clues about C53 structure and function

NCBI data from the screen was updated to include the sequence of the full length 

cDNA. The sequence is identical to a mouse cDNA from the RIKEN full length 

cDNA collection (Kaŵ ai et al., 2001), but it has no annotations about potential 

function. The next closest match (89% identical) is the human orthologue, which is 

described as an “integral membrane protein from human monocytes that is up- 

regulated by BCG-CWS” (database entry). BCG-CWS is a microbial component 

derived from the Cell Wall Skeleton (CWS) of Mycobacterium bovis Bacillus 

Calmette-Guerin (BCG), a non-pathogenic vaccine strain of tuberculosis (Moriwaki 

et al, 2001). The cell wall complex is a highly purified fraction with immuno- 

therapeutic potential and the conserved structures within it are recognised by the 

Toll-like receptors (TLR) leading to the induction of immune and inflammatory 

genes (Aderem and Ulevitch, 2000; Medzhitov and Janeway, 1998). Another human 

gene with high homology to C53 (49%) is K1AA0062, which was identified from a 

cDNA library of the human immature myeloid cell line KG-1 (Nomura et al, 1994), 

continuing the trend of C53 homologues being involved in immunobiology.

The database search also identified a single conserved domain, a ZIP domain at the 

C  ̂ -terminus of the protein, which is the most conserved region in K1AA0062 as well 

as novel C.elegans and Drosophila proteins. ZIP domains are found in a novel family 

of metal transporters, the most striking being in arabadopsis where they are thought 

to mediate the transport of zinc. Also in the family of genes containing ZIP domains
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are proteins in C.elegans, human and mouse, the most striking being a protein in 

human that is connected to the inhibition of cell growth (database entry). Zinc is also 

involved in immunobiology, apoptosis and plasma membrane function.

Database searches and the use of bioinformatics programs has identified a number of 

structural elements that may give clues about C53 function. Figure 4.3 shows the 

SignalP output for the first 50 amino acids of the C53 protein and suggests that there 

is a signal peptide that is cleaved at position 19. Therefore the C53 protein may be 

secreted or targeted to the cell membrane. Tmpred predicts the prescence of 

transmembrane domains, and indicates a strong prediction for 7TM domains (post

cleavage of the signal peptide, see figure 4.4). TMHMM, a more accurate TM 

domain prediction tool, predicts a strong model for 6 TM domains (see figure 4.5).
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C53:361 GMSTRQALLFNFLSACSCYVGLAFGILVGNNFAPN--------IIFALAGGMFLYISLAD 412
Zip:59 GFSRKKAVLMAFLFALTTPIGIALGLAISSSYDPSPGADITTGILMAFSAGTFLYVALVE 118

Figure 4.2 €52 Protein alignment and domain stucture according to NCBI A.C53 protein aligned to 
human and C.elegans orthologues, providing evidence that the N  terminus is most conserved. 
B.Conserved ZIP domain atJQerminus o f C53 and its homology to the ZIP domain consensus. Black 
-  No match, R ed - Exact m at^, Blue -  similar charge amino acid.
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Figure 4.3 SignalP predictions for C53. A. The values for C, Y and S scores are shown for each 
individual position in the sequence. Note: the C and Y scores are high for the position immediately 
after the cleavage site, i.e. the first amino acid o f the mature protein. B. Examples ofplots for HFH-4 
(HNF3/Forkhead Homologue 4, a transcription factor identified in the screen) and Notch4 (a protein 
targeted to the membrane, also found in the library).
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TMpred output for C53
3000

l->0
0->i

2000

1000

1000

•2000

3000

• 4000

■5000

• 6000
4 50150 200 250 300 350 4000 50 100

B Suggested Models for Membrane Topology

STRONGLY preferred model - N terminus inside 
strong transmembrane helices, total score : 11043

No.
1
2
3
4
5
6

From
113
141
178
298
347
372

To
133
159
196
324
368
391

length score orientation
(21) 1962 i-o
(19) 1693 o-i
(19) 594 1-0

(27) 1189 o-i
(22) 2141 i-o
(20) 1744 o-i

Figure 4.4 TMpred output for C53. A Prediction graphic showing the TMpred output for each amino 
acid position in each orientation, inside to outsdie (i-o) and ouside to inside (o-i) X  marks predicted 
TM in strongly preferred model shown in B.
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TMHMM posterior probabilities for Sequence
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Figure 4.5 A TMHMM output for C53 suggests it is a 6TM

4.2.3 Expression analysis of C53

C53 was chosen for further analysis because of the restricted nature of its expression 

in the VE, the node and the embryonic yolk sac and later in the mouse liver (see 

figure 4.6). More detailed expression analysis was carried out to define C53 

expression domains. At 6.5dpc expression becomes apparent in two lateral stripes in 

the VE, a tissue known to contain molecular determinants of both anterior and 

posterior character (Beddington, 1999). By 7.5dpc expression becomes detectable in 

the node (the mouse organiser) and continues in the VE. The yolk sac is derived 

solely from the VE and hemangiogenic lineages (those that give rise to the blood 

cells and vessels of the yolk sac) are specified in extra-embryonic mesoderm, as 

early as 7.5dpc, by signals such as Indian hedgehog that eminate from the posterior
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VE (Dyer et ai, 2001). At 8.5dpc expression of C53 is expressed in the early blood 

cells of the embryo and continues to be strong in the yolk sac, seen clearly in section 

(figure 4.7). In section it is also possible to see expression lateral to the pharyngeal 

pouches (figure 4.7a). At 9.5dpc expression continues in the early blood and is also 

seen strongly in the embryonic liver. Its expression in the blood cells and sites of 

hematopoiesis suggest it has a role in the formation and differentiation of the blood.

At lO.Sdpc expression also continues in the pharyngeal pouches and can be seen in 

the otic vesicles. The expression profile of C53 suggests it may have a number of 

roles, during the specification of the embryonic axes (through expression in the VE), 

and in the specification and differentiation of the earliest blood cell lineages of the 

embryo (through expression in the early blood, the yolk sac and the liver).
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&

6.5dpc 8 5 (h o a.sdpc

9

9.5dpc lO.Sdpc lO.Sdpc

Figure 4.6 WISH analysis of €53. a Lateral view - 6.5dpc €53 is expressed in the visceral endoderm 
(VE) overlying the extraembryonic and embryonic ectoderm, b anterior view of a 7.5dpc embryo 
where expression continues in the visceral endoderm and is seen in the node.. c^d,ef lateral views 
Anterior to the top, dorsal to the right, c 8.5dpc expression can be seen in the developing blood cells 
of the embryo and is strong in the embryonic yolk sac, as seen in d. e 9.5dpc expression can be seen in 
the blood, the otic vesicles and the pharyngeal pouches, f I0.5dpc expression can be seen in the liver 
g Posterior view o f dissected head atl0.5dpc where expression can be seen in the pharyngeal pouches 
and the otic vesicles.
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a

f:
!..

Figure 4.7: 8.5dpc C53 WISH wax sections Section a expression can be seen in the pharyngeal 
endoderm and ectoderm. Section b expression can be seen in the blood cells inside the dorsal aorta 
Section c expression is strong in the embryonic yolk sac.
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4.3 Discussion

4.3.1 C53 is a 6TM domain protein and may be involved in metal ion 
transport.

5’ RACE PGR effectively amplified the missing 5’ cDNA fragment, with the 

resulting cDNA being 3249bp in length. Recently, the RJKEN genome consortium 

(Kawai, 2001) entered a cDNA identical to the C53 sequence on the public 

databases. The RIKEN consortium aim to publish only full length sequences, and the 

C53 RIKEN clone is 3060 bp in length, missing the most 5’ 200bp of sequence. 

Northern blot analysis suggests the full-length cDNA is around 3.2Kb. This provides 

evidence that we have successfully isolated the full-length cDNA for C53 in this 

study.

The predicted open reading frame (ORE) is 1389bp in length, encoding a protein of 

463 amino acids, identical to the predicted ORE contained within the RIKEN cDNA. 

Database searches provide no published data about the potential function of C53 but 

they do provide valuable clues about structural elements that the protein might 

contain, and general areas of biology in which the protein might function. The human 

orthologue is 89% identical to the C53 ORE and is annotated as an “integral 

membrane protein from human monocytes that is up-regulated by BCG-CWS”. 

BCG-CWS is a cell wall complex that is mainly composed of peptidoglycan, 

arabinogalactan and mycolic acid. The conserved microbial structures that are 

relatively invariant within a class of microorganisms such as Lipo-polysaccharide
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and peptidoglycan are recognised by Toll-Receptors (TLRs) leading to the induction 

of immune and inflammatory genes during an innate immune response, the first line 

of defense against infection and disease. BCG-CWS is recognised by both Toll- 

Receptor 2 (TLR2) and Toll-Receptor 4 (TLR4) (Tsuji et al, 2000) and can therefore 

be used to investigate other genes regulated downstream of the signalling cascade.

Another human gene with homology to C53 is KIAA0062, which is 49% identical to 

the C53 ORF and was identified from a cDNA library of the human immature 

myeloid cell line KG-1 (Numura et al, 1994). The main region of homology is at the 

à, X terminus of the protein, where SWISS-PROT searches provided evidence of a ZIP 

domain, pfam02535 (from the Sanger Center Pfam protein domain server, see 

introduction). The ZIP family consists of zinc transport proteins and many putative 

metal ion transporters (Guerinot, 2000). The main contributions to the family are 

from Arabadopsis where the ZIP proteins are responsible for zinc uptake in the plant, 

but the family looks well conserved with proteins containing ZIP domains being 

found in C.elegans, mouse and human.

The suggestion from the human orthologue that C53 is an integral transmembrane 

domain protein could be investigated using a number of bioinformatics programs.

The use of bioinformatics programs is on the increase because of the large influx of 

genome sequence data that has been entered on the database and can be a powerful 

tool with which to learn more about novel protein sequences. SignalP is a signal 

peptide prediction program. Signal peptides control the entry of almost all proteins to 

the secretory pathway, and SignalP predicts that C53 contains a signal peptide, which 

is cleaved off at position 19, suggesting the protein is targeted to the membrane.
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However, SignalP cannot distinguish between integral TM domain proteins and those 

that are to be secreted, so tools that predict the presence or absence of TM domains 

are required. TMpred is a TM domain prediction server that makes a prediction of 

membrane spanning regions and their orientation using a statistical analysis of a 

database of naturally occurring TM domain proteins, and predicts that C53 has 7 TM 

domains. However, TMpred was not designed specifically for the identification of 

TM domains in novel sequences, but is useful because it can compare novel 

sequences directly to a database of naturally occurring proteins, which gives the user 

more confidence that the prediction is functional in vivo. In contrast, TMHMM is a 

program which has been designed specifically to identify the presence of TM 

domains in novel sequences, that takes into account hydrophobicity, charge bias, 

grammar and helix length (see introduction) when making predictions. It has been 

shown to be able to discriminate between soluble and membrane spanning proteins 

with an accuracy of 99%, and suggests that C53 is a membrane spanning protein with 

6 TM domains with both the C terminus and N terminus on the outside of the 

membrane.

4.3.2 Is C53 involved in zinc hemeostasis?

We have confirmed here that C53 is likely to be a 6TM. The presence of a ZIP 

domain at the N terminus of the protein suggests this novel 6TM may function in the 

transport of zinc actively across the membrane. Zinc is an essential micronutrient for 

the proper functioning of the immune system (Wellinghausen, 2001), and has also 

been shown to be involved in apoptosis (Kolenko et ai, 2001), correct plasma 

membrane function (O’Dell, 2000), and is required for the structural integrity of
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ChJ
nearly 2000 transcription factors (Prasad et al., 2001). The C53 «rthologuewe and its 

nearest homologue KIAA0062 were both isolated in immune cells (BCG-CWS 

infected monocytes and KG-1 immature myeloid cell lines respectively). Apoptosis 

of monocytes and macrophages has emerged as a central regulatory event in the 

defense against mycobacterial infections and has been shown to be important for the 

elimination of BCG-CWS infected monocytes (Mendez-Samperio, 2001). Apoptosis 

can be induced by a deficiency in intracellular zinc (Kolenko et al, 2001), and the 

expression of the ZIP2 zinc transporter (which contains a ZIP domain) has been 

shown to be increased when intracellular zinc is low suggesting the cells try to 

homeostatically adjust to zinc depletion (Cao, 2001). It is interesting to predict that 

the up-regulation of the C53 orthologue in human BCG infected monocytes may be 

due to a decrease in intracellular zinc as the cells begin to initiate apoptosis, 

suggesting the role of C53 may be zinc transport.

4.3.3 C53 expression suggests a role in early axes formation and 
hematopoiesis.

Expression of the C53 mRNA begins at 6.0dpc, prior to which expression is not 

detected by WISH. At this early stage of development the mouse embryo is made up 

of two simple cell layers, the inner epiblast and the outer visceral endoderm (VE). 

C53 is expressed in the VE, which is fated to become only extra-embryonic cell 

lineages, but has been shown to be crucial for the correct specification and patterning 

of the embryonic axes. In the anterior, the so called AYE is an important part of a 

complex set of morphological movements and induction events which leads to the 

setting up of the most anterior structures of the embryo (for review see Martinez-
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Barbera and Beddington, 2001). Unlike the AVE, no genes have been described 

which are expressed exclusively in the posterior VE. However, this subset of cells is 

thought to be involved in inducing/maintaining posterior polarity. It has been shown 

that explanted posterior visceral endoderm can respecify anterior ectoderm to 

posterior (haematopoietic and angioblastic) cell fates (Belaoussoff et al, 1998) so it 

seems the posterior VE (as well as the AVE) has important functions in axis 

specification, and the expression of C53 in the VE suggests it may be involved in 

these crucial early events. At 7.5dpc expression is also seen in the node so again,

C53 is implicated in the specification and patterning of the early axes, in particular 

the anterior-posterior axis.

The early expression of C53 in the posterior VE and yolk sac, subsequently in the 

early blood cells of the embryo (once the yolk sac and embryonic vasculature are 

joined at S.Sdpc), and later in the liver at lO.Sdpc, suggest that the gene is also 

functional in sites of hematopoiesis. In nearly all vertebrate embryos, the site of 

primitive haematopoiesis is the embryonic yolk sac, before definitive hematopoiesis 

occurs in intra-embryonic sites such as the liver before migration of haematopoietic 

stem cells to the bone marrow where they reside for the rest of the animals life. It is 

now known that early in development, immature haematopoietic progenitors can be 

found within an alternative region within the mouse embryo that encompasses three 

anatomical sites, the aorta, gonads and mesenephros, or AGM. The AGM contains 

the first detectable definitive haematopoietic stem cells beginning at mid-embryonic 

day 10 (Sanchez MJ et al, 1996). It is not clear from this study if C53 is expressed in 

the AGM of the embryo and it would be a priority to cany out more detailed
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expression analysis on this region to see if expression is specific to all 

haematopoietic sites. Bio-infbrmatics on the C53 protein sequence has identified a 

region in the N terminus of the protein that contains a ZIP domain, a zinc transport 

domain common to a family of metal ion transporters in plants. Zinc is essential for 

the correct development and functioning of the immune system, so expression in 

sites of hematopoiesis may be due to the requirement for regulation of the micro

nutrient during the early stages of the development of immune cells.
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Chapter 5: C53 Targeted Mutation

5.1 Introduction

5.1.1 Gene targeting in mouse using homologous recombination in embryonic 
stem (ES) cells

‘Transgenic technology’ is defined as the stable introduction of genes or mutations 

into the germline of experimental mammals (Gordon et al, 1980). This technology 

can be broadly split into two catergories: ‘gain-of-function’ mutations, typically 

created by the micro-injection of the gene (transgene) of interest directly into the 

zygote stage of development, and ‘loss-of-function’ mutations, which employ 

embryonic stem (ES) cell technology. The technique of DNA micro-injection results 

in random integration of the transgene, giving rise to founder animals, which are then 

bred individually to generate ‘lines’ of transgenic animals which show various levels 

of transgene expression. In contrast, the development of ‘gene targeting’ via 

homlogous recombination in pluripotent ES cells allows the precise modification of 

the gene of interest, creating mice of the desired genotype, and allows assesment of 

the consequences of the mutation in the developing and adult animal. The latter is 

predominantly used to create null genotype, or ‘knock-out’ mice, and frequently 

provides definitive evidence about the fimction of proteins.

The development of ES cell technology is a convergence between cell biology and 

molecular biology, and began with the observation that embryonal carcinoma (EC) 

cells (derived from teratocarcinomas - tumors formed after explantation of normal
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mouse embryos into extra-uterine sites) could give rise to apparently normal mosaic 

mice upon introduction into blastocysts (Mintz and Illmensee, 1975). Perhaps more 

importantly, Mintz and colleagues observed that the mice could transmit the 

genotype of the EC cells through the germline. Working with EC cells proved to be 

quite difficult (because of their propensity to aneuploidy) so the attention turned to 

the isolation of pluripotent cells from normal embryos. The growth and maintenance 

of these so-called embryonic stem (ES) cells was described in 1981 (Evans and 

Kaufinan, 1981), and was quickly followed by the demonstration in 1984 that these 

cells were capable of giving rise to germline chimaeras upon introduction into 

normal blastocysts (Bradley et al, 1984). The fact that these cells could be grown for 

multiple passages without losing their ability to contribute to the germline, opened up 

the possibility of genetically modifying these cells in-vitro (by homologous 

recombination), and producing mice vrith a pre-determined genotype.

Homologous recombination allows the introduction of precise mutations into genes.

The first piece of evidence that showed homologous recombination occurs in 

mammalian cells was in a mouse fibroblast cell line. DNA was added to the cells and 

inserted into the genome by homologous recombination, which was detected by the 

reconstruction of a functional thymidine kinase (TK) gene from two defective genes, 

one missing its 5’ portion, which was in the genome, and one missing its 3’ portion, 

and was the introduced DNA (Lin et al, 1985). This was subsequently shown to 

occur at an endogenous gene locus (Smithies et al, 1985; Thomas et al, 1986). In 

lower eukaryotes recombination at the homologous locus is the favoured reaction and 

can occur essentially without selection, but in higher eukaryotes the fi-equency of the
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event is rare because (at least in part) of a competing pathway, the integration of the 

DNA into a random site in the chromosome. However, with the proper selection 

schemes in place, it is now possible to use homologous recombination in ES cells to 

modify a gene locus to produce mice with an altered genotype.

5.1.2 Construct design and consideration for targeting vectors

A targeting vector, constructed using a plasmid backbone and sequences that are 

homologous with the desired chromosomal location at which the genetic 

modification is to occur, is designed to recombine with and mutate a specific 

chromosomal locus. Two distinct vector designs can be used for targeting in 

mammalian cells, replacement and insertion vectors, which are configured differently 

so that following homologous recombination they yield different integration 

products.

Replacement vectors are by far the most widely used in gene targeting experiments.

The replacement vector consists of regions of homology to the target locus, positive 

and negative selection cassettes (for the selection of the correct targeting event, see 

section 5.1.3), bacterial plasmid sequences and a linearisation site outside the 

homologous sequences of the vector (to linearise the targeting vector prior to 

electroporation into cells). The final recombinant allele results as a consequence of 

double reciprocal recombination between the homologous sequences of the vector 

and retains any sequence that is flanked by the homology arms, allowing the positive 

selection cassette to be introduced. Any sequence outside the regions of homology is
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Vector

Chromosome

Targeted
Allele

Figure 5.1 The basic design o f a replacement vector. Exon (white box) is interrupted by a positive 
selection cassette (red box) and flanked by regions o f homology with the negative selection cassette 
placed outside homology arms. Upon recombination at crosses, endogenous allele is replaced by 
modified allele, which contains the positive selection cassette, and the negative selction cassette is 
lost.

excised and lost, an attribute of the recombination reaction that is utilised for 

inclusion of a negative selection cassette (see figure 5.1). The design of the 

replacement vector depends primarily on the type of mutation to be generated, but 

also relates to the selection scheme and strategy used for screening for targeted 

clones. Typically, the replacement vector will have a selection cassette inserted into a 

coding exon. This insertion will, in most cases, ablate the function of the target gene 

and create what is known as a ‘null allele’, but it is important to note that exon 

interruptions and small deletions are not always successful in generating a null allele. 

Interruption of an exon could lead to the production of a truncated protein, which 

may retain some or all of the endogenous protein function, so it is critical to target 5’ 

exons (so that if a truncated protein is generated it has little or no wild type function) 

or exons that are known to contain functional domains. It has also been shown that 

the length of internal exons can influence RNA splicing (Robberson et al, 1990),

83



Chapter 5 C53 Targeted Mutation

and the production of an unusually large exon by insertion of the selectable marker 

could result in the exon being spliced around. Splicing around an exon could lead to 

a small in frame deletion, if the exon has a nucleotide length that is a multiple of 

three, resulting in a protein that may retain its function. It has been shown that a 

deletion of 19Kb will target a locus with the same frequency in ES cells as a 3Kb 

deletion (for the HPRT locus, see Zhang et al, 1994), so a wide range of genomic 

deletions are feasible. However, although a large deletion would seem beneficial 

when creating a null allele, it is important to consider that large deletions can disrupt 

multiple genes if the genes are located adjacent to each other, or regulatory regions 

of the targeted locus (especially important if a reporter of gene expression is being 

incorporated into the locus, see later). Because of all of these considerations, it is 

crucial to confirm that the correct allele has been generated, initially by southern blot 

analysis at both the 5’ and 3’ sides of the recombination event, and later by RNA 

analysis.

The most important variable that will influence the frequency of recombination is the 

size and degree of homology in the homology arms. A number of groups have 

described a relationship between the length of homology and the targeting frequency 

(Thomas and Capecchi, 1987; Hasty et al, 1991) and as a general rule the greater the 

length of homology the higher the targeting frequency. However, because of 

restraints such as the need for a unique restriction site with which to linearise the 

targeting vector, and the requirement for appropriate restriction sites for southern 

blot analysis, homology arms up to 5Kb in length are most commonly used. The 

degree of homology between the homology arms and the endogenous locus also 

affects the targeting frequency (te Riele et al, 1992), with significant differences in
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homology between the two sequences significantly reducing the frequency of 

recombination. The amount of polymorphic variation between two mouse strains in 

any given locus is usually unknown and may vary widely from gene to gene, so the 

DNA used to isolate the homology arms should ideally come from genomic libraries 

identical to the cells used in the targeting experiment.

5.13 Selection for targeted clones

By far the most common method for eiuichment of targeted clones is positive- 

negative selection (Mansour et al, 1988). In this scheme, the positive selection 

cassette is located between the homology arms and is retained after homologous 

recombination. The negative selection cassette is located outside the arms of 

homology, so is only retained if the complete targeting vector is integrated into a 

random site in the genome during non-homologous recombination events. Thus, 

selection against this cassette will kill ES cell clones that have integrated the vector 

into a random location. A variety of selection cassettes have been described which 

act in either a dominant or recessive context. The dominant slection cassettes are 

more commonly used with ES cells since there are very few endogenous mutations in 

ES cells that have been identified and used for selection purposes. Antibiotic 

resistance cassettes containing genes such as Neomycin phosphotransferase (neo) 

and Hygromycin B phosphotransferase (hph) are generally used as short intron less 

transcription units cloned adjacent to mammalian promoter and polyadenylation 

elements. The use of appropriate promoter and transcription processing signals is 

very important to obtain adequate expression of the selection genes in the targeting
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construct. The positive selection cassette needs to be efficiently expressed at all 

correctly targeted integration sites. The phosphoglycerate kinase I (pgk) promoter 

appears to be active regardless of chromosomal location (Soriano V et al, 1991) and 

is widely used. A number of position independent weak promoters have been 

successfully used in gene targeting experiments, such as the synthetic mutant 

polyoma enhanced HSVtk promoter, MCI (Thomas and Capecchi, 1987). The 

activity of the MCI promoter seems sufficient for the expression of the negative 

selection marker, which may be a function of the low threshold of toxicity needed 

with the negative selection genes used, such as the Diptheria toxin A fragment 

(DTA). The quality of RNA processing signals may also affect the efficiency of each 

selectable marker (Soriano V et al, 1991) and for most purposes the PGK 

polyadenylation site has been shown to function as an efficient terminator of 

transcription.

It is important to consider that the selectable markers associated with targeted alleles 

cany promoter and enhancer elements that can interfere with other genes linked to 

the target locus (Kim et al, 1992; Braun et al, 1994). Indeed, long range disruptions 

of gene expression at distances greater than 100Kb have been reported (Pham et al,

1996). It is therefore extremely desirable to generate mutations without having to 

interpret the effects of the selectable markers on the phenotype. It is now possible to 

include methods for selectable marker removal in the targeting strategy by using site- 

specific recombinase systems such as Cre-LoxP (Sauer, 1998). By simply flanking 

the positive selection gene with LoxP repeats (sequences that are specifically 

recognised by the Cre recombinase) the selective marker can then be removed from 

correctly targeted clones either in culture, by transient expression of the recombinase,
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or in the mice themselves by breeding to so-called ‘deleter’ strains that express the 

recombinase ubiquitously.

5.1.4 Knock-in strategies

The use of gene targeting for the replacement of the endogenous gene with another 

(such as a homologue or as a marker of gene expression) has been termed ‘knock-in’

(Hanks et al, 1995; Marx, 1995). Knock-in experiments, especially when combined 

with ES cell technology, are used to place a cDNA contained within the targeting 

vector under the control of the regulatory elements of the endogenous gene. The 

most common use for this strategy is to follow the endogenous expression pattern of 

the gene of interest by knocking in a reporter gene such as LacZ (encoding p- 

galactosidase) or GFP (see later) into the endogenous locus. This can be done using 

conventional gene targeting approaches by designing the targeting construct in such a 

way that the cDNA it contains falls under the transcriptional control of the 

endogenous locus upon homologous recombination. A common design for a knock- 

in construct places the cDNA it contains in the same translational frame as the 

endogenous gene, to create a fusion protein. However, fusion products may not 

always be functional and the cloning process is complicated by the need to clone the 

cDNA in the same translational frame. A convenient way to circumvent the need to 

produce fusion products is with the use of an Internal Ribosomal Entry Site (1RES, 

see Mountford and Smith, 1995). These 1RES elements mediate 5’ cap independent 

entry of the ribosome onto the mRNA, and the production of bicistronic mRNAs in 

mammalian cells (Peltier and Sonenberg, 1988). The most commonly used 1RES
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element in mammalian cells is from the encephalomyocarditis virus (Kim et al,

1992). The use of 1RES elements greatly simplifies targeting vector construction, and 

allows the combination of a reporter knock-in and a gene knock-out vvdthout the need 

to produce fusion gene products. By cloning the 1RES element upstream of a reporter 

cDNA and downstream of a translational termination site, it is possible to target an 

exon (preferentially exon 1) of the gene of interest downstream of the translational 

start site, producing a bicistronic mRNA that encodes the targeted allele followed by 

the reporter cDNA which is under the control of endogenous regulatory elements.

Such strategies must modify the genomic locus sufficiently to ensure a null, whilst 

deleting as little genomic DNA as possible to ensure regulatory elements are 

maintained and gene expression can be accurately followed.

Reporter constructs, that encode beta-galactosidase (P-gal) or green fluorescent 

protein (GFP), are widely used to follow gene expression in vivo in mammalian 

systems, particularly when studying developmental processes. When using P-gal as a 

reporter, it is important to consider that the beta-galactosidase protein is stable for 

approximately 48 hours. This is particularly important to consider when studying 

developmental processes in which gene expression can rapidly change over a matter 

of hours. Alternatives to p-gal, such as GFP, have been developed (for review see 

Tsien, 1998) and have been shown to be effective at reporting gene expression in 

mammalian systems (Godwin et al, 1998). GFP is a protein produced by the 

jellyfish Aequorea victoria, which absorbs blue light and emits green light and unlike 

p-gal detection protocols, requires no exogenous substrates for its detection. EGFP is 

a mutated variant of wild-type GFP that has been selected for brighter fluorescence

88



Chapter 5 C53 Targeted Mutation

in mammalian cells and contains mutations to promote folding at 37®C (Cormack et 

al, 1996). To make EGFP a more effective reporter of promoter activity, residues 

422-461 of mouse ornithine decarboxylase (MODC) were fiised to the c-terminus of 

the protein, to produce a de-stabilised variant of the protein termed d2EGFP (Li et 

al, 1998). This region of MODC contains a PEST amino acid sequence that targets 

the protein for degradation and results in a more rapid protein turnover. With a half 

life of around 2 hours, d2EGFP can be used as a more dynamic in vivo reporter of 

promoter activity, and will therefore give a more accurate picture of the expression 

of the endogenous gene.

5.1.5 Electroporation of ES cells and screening for targeting events.

The ability of mammalian embryos to incorporate foreign cells and develop as 

chimaeras has long been exploited for the purpetuation of mutations produced in ES 

cells by gene targeting and the subsequent analysis of these mutations. The extent of 

contribution of the foreign cells to the host blastocyst may be severely restricted if 

the cells bear mutations. Therefore, dutiful tissue culture is critical in maintaining an 

ES cell line and preserving its capacity for contribution to the germline. It is 

important to start with a culture of early passage ES cells and maitain them on a 

feeder layer of Mouse Embryonic Fibroblasts (MEFs). The ES cell culture should be 

kept at high density and passaged every second or third day to prevent overt 

differentiation. It is important to aviod passaging ES cells in large clumps, as they 

will differentiate readily into endoderm, especially on their outer borders.
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A common method for introducing DNA into ES cells is electroporation, the 

application of a high voltage electric pulse to a suspension of cells and DNA (Potter 

et a l, 1984). After application of the pulse, the linearised DNA passes through pores 

in the cell membrane. The procedure results in the death of around 50% of the cells 

in conditions that give optimal transfection efficiency. The parameters that influence 

the efficiency and cell viability are the voltage, ion concentration, DNA 

concentration and cell concentration. Ideally these parameters are determined in 

advance by measuring cell viability and transfection efficiency. It is also advisable to 

test the screening strategy to be used on DNA islolated from ES cells prior to 

carrying out an electroporation.

After electroporation ES cells are plated onto MEFs resistant to the selective agent 

used in the targeting experiment, and left for 24 hours prior to addition of selective 

media. Using positive/negative selection, targeting efficiencies of between 1/10 and 

1/100 are commonly seen. With such high targeting frequencies and with improved 

methods of in ES cell culture and DNA isolation, screening by southern blot analysis 

has become a straightforward procedure. After 10-12 days selection (in the case of 

Neomycin) ES cell colonies reach around 1.5 -  2mm in diameter and can be easily 

picked into 96 well tissue culture plastic containing MEFs. In 96 well format the ES 

cells can be easily maintained and split (tiypsinised and replated in order to expand 

the colony) into three replica plates, two for the preparation of DNA and one for 

archiving (frozen down at -80°c for later use). The DNA prepared from the picked 

colonies can then be digested with the diagnostic restriction enzyme and screened for 

the correct targeting event by southern blot. Positively identified correctly targeted
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ES cell clones that have undergone homologous recombination can then be recovered 

from the archive for injection into blastocysts.

5.1.6 Blastocyst injection and general breeding regimes.

Once a correctly targeted ES cell clone has been identified, it can be expanded and 

injected into host embryos at the blastocyst stage (4.5dpc) which are then transferred 

back into surrogate females and allowed to develop into chimaeras. The most 

convenient and readily apparent genetic marker of chimaerism is coat colour.

Chimaeric combinations of strains which differ at only one coat colour locus allows a 

simple visual appreciation of the degree of contribution of each component in terms 

of the proportion of the coat that expresses the ES cell allele. The decision of 

whether or not to test breed a particular chimaera should thus depend on its level of 

chimaerism as well as the contribution of that ES cell clone in other chimaeras.

Once chimaeras have been produced, efficient breeding is crucial for an expedient 

analysis of the mutation. The first priority will be to obtain and maintain the targeted 

allele in living animals. The second will be to put the new allele onto a genetic 

background that will allow its characterisation. The best breeding scheme will 

depend on the timing and severity of the mutant gene. Clearly, a dominant mutation 

cannot be maintained at all if it causes lethality before sexual maturity or if it affects 

gamete function. Mutations that are viable and fertile in the homozygous state can be 

maintained by breeding homozygotes and thus only the founder parent mice need to 

be genotyped. If a mutation is recessive and homozygous lethal, heterozygous mice
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can be intercrossed or crossed to wild type mice. Resulting offspring are then 

genotyped. In order to establish the time of death of a homozygous mutation, 

offspring of a heterozygous intercross are genotyped at weaning. If no homozygotes 

are present mice at birth should be carefully monitored. If no homozygotes are 

present at birth, embryos at progressively earlier stages should be genotyped.

If the chimaera chosen for test breeding is transmitting the genotype of the targeted 

ES cells through the germline, the resulting progeny will have the coat colour 

phenotype present in the ES cell genotype, and these animals are termed the N1 

generation. Once they have been genotyped by southern blot analysis of tail DNA, 

heterozygotes for the targeted allele can be mated together to give wild type, 

heterozygote and homozygote animals, termed the N1,F1 generation. This breeding 

scheme is the fastest means of producing mutant homozygotes but has the 

disadvantage of observing the mutation on a variable genetic background made up of 

the genotype of the ES cells and that of the recipient embryos. Nonetheless, this 

sheme can be useful for a first characterisation of the phenotype. A uniform genetic 

background allows the most precise comparison to be made between the mutant and 

non-mutant phenotypes. This is done by transferring the mutant allele onto another 

genetic background, a process known as backcrossing. Heterozygous mice are 

identified by DNA analysis and crossed to mice of an inbred strain. The more times 

this cycle is repeated the more uniform the genetic background becomes. In the 

scheme described here, a single N1 heterozygous male is backcrossed to a number of 

inbred females to give the N2 generation, and so on. Once a suitable breeding
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scheme is in place for maintaining the mutation and the timing of any mutant effect 

is established, the big challenge is to determine the cause of the mutant effects.

5.2 Results

To perform a targeted mutation of the C53 genomic locus, targeting vectors need to 

be constructed that, upon homologous recombination in ES cells, will modify the 

genomic structure of C53 to create a null allele. In order to design and construct a 

targeting vector, the genomic locus must first be fully cloned and characterised.

Indeed, it is essential to identify the most 5’ exons, and exons that contain functional 

domains (e.g. the exon containing the C53 signal peptide), so they can be considered 

as candidates for deletion. Furthermore, once a targeting strategy has been designed 

(which will most efficiently lead to the creation of a null mutation) genomic DNA 

surrounding the desired deletion needs to be cloned for use as homology arms.

In this study two independent targeting constructs were produced, which were 

essentially identical, but contain different reporter constructs. One contains the 

cDNA encoding the conventional P-gal reporter gene (termed C53-TV1095M) and 

the second contains d2EGFP (C53-EGFP), a de-stabilised variant of EGFP, which 

has a shorter half life in mammalian cells which makes it a much more dynamic 

reporter of promoter activity.
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5.2.1 Cloning of the C53 genomic locus

The C53 genomic locus was cloned from a combination of genomic libraries that 

were produced using Bacteriophage lambda and bacterial artificial chromosomes 

(BACs) as vectors in E.coli. The Lambda FixII vector (stratagene) is a replacement 

vector used to clone large fragments of genomic DNA (up to 20Kb) that takes 

advantage of spi (sensitive to PI inhibition) selection. Lambda Phage containing 

active red and gam genes are unable to grow on host strains that contain P2 lysogens.

The red and gam genes in the Lambda FixII vector (full map can be found in the 

appendix) are located in the cloning site so wild type phage cannot grow on host 

strains lysogenic for P2 such as XL 1-Blue MRA (P2). When the red and gam genes 

are replaced by an insert the phage are able to grow on XL 1 -Blue MRA (P2).

Initially a lambda clone (L4) was isolated from a Lambda FixII library (Stratagene) 

plated onto XL 1-Blue MRA (P2). Plaques were lifted onto nylon filters and probed 

using a PCR product from the full length cDNA and positives were cloned into 

pBluescript II (pBSII) (see figure 5.2A) resulting in the Lambda clone L4. L4 was 

mapped using restriction endonucleases and resulting PAGE gels were analysed 

further by southern blot using labelled oligos as probes (figure 5.2B). Finally PCR 

was used to confirm intron size and L4 was sequence confirmed.
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BACs can stably contain much larger amounts of genomic DNA than Lambda Phage, 

up to 150Kb. The rest of the genomic locus was isolated from a BAG library 

constructed using the pBeloBAC 11 vector (see appendix). The genomic library 

(Research Genetics) is arrayed onto nylon filters, which was screened using a PCR 

product amplified from the full length cDNA using oligos E and D (known to be un

interrupted exonic sequence). The PCR product was tested initially on genomic 

digests to ensure that southern results did not give too much background, which can 

easily block out positives on the filters. Positive BACs were isolated and amplified 

and digested with appropriate restriction enzymes to allow isolation of subclones.

The L4 map suggested Spel (5’) and EcoRV (3’) BAG restriction digests would be 

appropriate to walk along the genomic locus and isolate DNA in the 5’ and 3’ 

direction. Restriction digests were electrophoresed on agarose gels that were 

subsequently screened by southern blot using probes isolated from L4 (See figure 

5.3A). Digest fragments were isolated from gel slices and cloned into pBSII giving 

BAG subclones Spe6 and RVIO. Subclones were then mapped and sequenced (See 

figure 5.3B).
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The most 5’ exons were not present in the Lambda clone or in the BAC subclones 

isolated in figure 5.3. The suggestion that C53 has a complex genomic locus was 

confirmed when BAC restriction digests (using BamHl) were analysed by southern 

blot, using various PGR products from along the length of the C53 cDNA. Multiple 

bands were highlighted suggesting the locus has many exons (data not shown).

In an effort to clone the most 5’ exons, BAC DNA was digested with the restriction 

endonucleases BamHI, Notl, Sail and Xhol and southern blot analysis was carried 

out using a PCR product amplified from the full length cDNA with oligos S2 and R 

(See figure 5.4A). Again, gel slices were cut out and fragments isolated and cloned 

into the plasmid vector pBSII. A 10Kb Bam (BamlO) fragment and a ~25Kb Sal 

fragment were isolated (which was subcloned further to give SalRI because the 25Kb 

subclone was not stable in pBSII) and were shown to contain exons 4, 5, 6 and 3 

respectively. The subclones were mapped using restriction endonucleases and 

southern analysis and sequence confirmed (see fig 5.4B). Again, exons 1 and 2 were 

not isolated and there was a possibility the most 5’ exons were not contained in the 

first BAC isolated. A new BAC screen was carried out with a restriction fragment 

from the C53 cDNA that was exon 1 specific. The probe was tested on genomic 

southerns (see figure 5.5A) and 5 BACs were identified as positive. The 5 BACs 

were digested v^th Hindll (H3), EcoRV (RV) and Spel (Spe) and southern analysis 

was carried out with the same probe (figure 5.5B). The 4Kb Spe fragment was 

cloned into pBSII, restriction mapped (figure 5.5C) and sequenced and was shown to 

contain exons 1 and 2.
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Once exons 1 and 2 were isolated it just remained to isolate enough of the genomic 

locus surrounding these exons to use as homology arms in the targeting vector. This 

was done in two phases. Initially probes from Spe4 were used to probe southerns of 

BAC digests (figure 5.6A) and Xbal (Xba7.5) and EcoRI (RI4.5) fragments were 

cloned into pBSII and restriction mapped (figure 5.7).
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Genomic DNA characterised in this first set of experiments gave enough 5’ sequence 

for the targeting strategy but more 3’ sequence was still needed to have enough DNA 

for the 3’ homology arm. A second set of experiments was carried by probing BAC 

digest southern blots with a probe derived from the 3’ end of RI4.5 (figure 5.8A).

The resulting 6.5Kb Xbal fragment (Xba6.5) was cloned into pBSII and restriction 

mapped (figure 5.8B).

The resulting sub-clones contained enough genomic DNA from around exons 1 and 

2 of the C53 genomic locus to create the targeting vector and have enough 

overlapping sequence to design efficient and effective strategies for the identification 

of targeted clones by southern blot. A comparison of the mouse genomic structure, 

with 9 exons and 8 introns, with the human orthologueue suggests the genomic 

structure is conserved.
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'.«THh Bgin-RI tt

B

I pBSn-2!.>Ubp

4 8 5,1 

4 5 5,0

;u:ü(:ï ' iW
B-uzi C li

8 3
JU.

:r\i
B-uii
B.V
Ap-i
C lx

lîEb-
Â î i à & i

6.5 M$>

Figures.8 Cloning o f more 3 ’ genomic sequence. A Southerns o f BAC digests were analysed with a 
probe derivedfrom RI4.5 to identify a 6.5 Kb Xbal fragment (Xbaô.S). B Xbaô.5 was cloned into 
pBSlI and restriction mapped. *-not unique.



Chapter 5 C53 Targeted mutation

5.2.2 Production of targeting vectors

A schematic illustrating the construction of C53-EGFP can be seen in figure 5.9.

Figure 5.9A shows the genomic locus of C53 including the regions to be used for 

homology arms, the region to be deleted, and the probes that will be used in 

screening for targeted ES cell clones. The 5’ arm of homology, an EcoRI-BtsI 

restriction fragment, and the 3’ arm of homology, an Agel-EcoRI restriction 

fragment were isolated from the genomic sublones isolated in section 5.2.1 and 

cloned into arm vectors. Figure 5.9B illustrates the arm vectors (orange, provided by 

GSK, maps can be found in the appendix) containing the two homology arms. Arm 

vectors contain convenient restriction sites flanking the homology arms that are 

identical to sites contained in the reporter construct LNDTA-(A)-d2EGFP 

(constructed previously from 1RES, d2EGFP, and LNDTA-(A) vectors, see 

appendix). These sites allowed shuttling of the homology arms into the reporter
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construct to produce the complete targeting vector, which is seen in figure 5.9C 

alongside diagnostic EcoRV (RV) restriction digests. Exactly the same strategy was 

used to produce C53-TV1095M (see figure 5.10), with the exception that the vector 

containing the B-gal reporter construct (TV1095M) was ready built and provided by 

GSK (map can be found in the appendix section 1).

The resulting targeting event that will occur upon homologous recombination can be 

seen in figure 5.11. Upon homologous recombination a region in exon 2, just 

downstream of the translational start site that contains the signal peptide for C53, 

will be deleted to create the targeted locus. The targeting event can be screened for 

by southern blot with a 5’ external probe. The probe vdll detect a 5Kb Bglll fragment 

for the endogenous locus and an 8Kb Bglll fragment for the targeted locus. Upon 

deletion of this region, a translation termination signal will be incorporated just 

downstream of the ATG, followed by an 1RES signal and the reporter. The targeted 

locus will therefore produce a bicistronic mRNA, from which a small truncated C53 

peptide and the reporter protein will be translated. The positive selection cassette will 

be retained upon homologous recombination for selection purposes and the negative 

selection cassette will be lost as it lies outside the arms of homology.
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5.2.3 C53 targeted ES cells passed efficiently through the germline.

The targeting construct was linearised using the Fsel site that is present at the 5’ end 

of the 5’ arm of homology. Linearised targeting vector was then electroporated into 

early passage 129 ES cells, which were plated out and allowed to grow for 24 hours 

before being changed into selective media containing G418, the antibiotic to which 

the pgk-Neo cassette confers resistance to. The selection was maintained for 10 days 

before surviving colonies were picked into 96 well plates. For each transfection 

performed 400 colonies were picked, split (with one third frozen down for archiving) 

and analysed by diagnostic restriction digest (Bglll). Southern blots were hybridised 

using the 5’ probe.

Approximately 1 in 100 ES cell colonies contained the correctly modified C53 allele 

that occurs as a result of homologous recombination. ES cell colonies that contained 

the modified allele were analysed by southern blot to confirm that both the 5’ and 3’ 

sides of the targeting event occurred as a result of homologous recombination (figure 

5.12A). The resulting targeted clones were brought back from the archive plates and 

injected into blastocysts to produce chimaeric mice, see figure 5.12B.

110



Chapter 5 C53 Targeted mutation

A

C 1 2 I ^ 1 2  3 C

5P2b - m

- SKb

- 5Y3-J

C 1 2 3 4 1 2 3 C

- 5Kb 

-4K b

p-Gal EGFP

3’

B

•  *
# *

ES cell liw  ccattiiratig 
tiTget^d

i3hiui«ic Ii-Iic4

blistoc^'sti \?#i 
m o-M ed E3 c^Us

Figures. 12 Southern analysis o f targeted clones and their injection. A Correct targeting at the 5 ’ end 
is confirmed by Bglll digest o f genomic DNA , resulting in a size change from 5 Kb to 11 Kb for the P~ 
gal construct and 5Kb to 8Kb for the EGFP construct. Correct 3 ’ targeting is confirmed by EcoRV 
digest o f genomic DNA resulting in a size change from 5 Kb to 4 Kb for both constructs. C -  control 
wild type digest. B Targeted clones are injected into blastocysts which are then transferred into 
surrogate mothers and result in the birth o f chimeric mice. Mice shown are from EGFP targeted clone 
injections.
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5.2.4 C53 null is embryonic lethal.

High percentage male chimaeric animals (see figure 5.12B) were used to breed to 

C57/B16 females. Agouti litters, 129 strains are dominant for the agouti allele and 

C57/B16 are recessive, indicated the mutation passed through the germline. These 

litters, the N1 generation, were genotyped by southern blot from tail DNA and gave 

both wild type (+/+) and heterozygous (+/-) animals.

Heterozygous animals from the N1 generation could then be intercrossed to give the 

N lFl generation, which contained +/+, +/- and homozygous (-/-) animals in the 

correct mendelian ratio (1:2:1), or backcrossed to C57/B16 animals (N2 generation 

and so on) to breed the mutation onto a pure bred background. N lFl animals were 

also genotyped by southern blot from tail DNA. The litters contained only +/+ and 

+/- animals (First row bold, table 5.13) indicating that in the +/- state, the mutation is 

viable, but in the -/- state the mutation leads to embryonic lethality. Embryos from 

various stages were then genotyped to indicate when lethality occurs. To enable the 

accurate genotyping of embryos, from which very little tissue can be obtained with 

which to islolate genomic DNA, it was essential to design a robust PCR based 

genotyping protocol. An effective genotyping strategy can be carried out by using a 

PCR primer which is specific to the 5’ end of the targeting vector, an endogenous 

primer 5’ to the targeting vector, and an endogenous primer from the deleted region.

The resulting multiplex PCR will give a wild type band, and a mutant band so +/+,

+/- and -/- animals can be identified in one PCR (see figure 5.14).
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+/+ +/- -/- No. Litters Age

11 25 0 3 N lFl

6 11 2 2 N lFl 7.5dpc
2 13 6 2 NlFl 8.5dpc
4 14 2 2 N lFl 9.5dpc
9 9 5 2 NlFl 10.5dpc
6 17 7 4 NlFl 11.5dpc
6 16 8 3 N lFl 13.5dpc
6 11 4 2 N lFl 14.5dpc

39 91 34 Total

24% 55% 21% % Total

Figure 5.13 No. o f Wild type (+/+) heterozygote (+/-) and homozygote (-/-) animals in NlFl litters. 
First line (bold) - 3 litters allowed to proceed to weaning when tail snips were taken for genotyping. 
Embryos were dissectedfrom the uterus at various times during gestation and genotyped by PCR from 
DNA isolated from the embryonic yolk sac. dpc -  days post coitum.

Embryos were dissected from the uterus at various stages throughout gestation and 

genotyped by PCR on genomic DNA isolated from a dissected portion of the 

embryonic yolk sac. -/- animals were present at all stages investigated (see table 

5.13) at the expected Mendelian ratio. Yolk sacs from 8.5dpc -/- embryos and livers 

from 13.5dpc -/- embryos were taken and RNA was isolated from the tissues to 

analyse the expression of C53 by RT-PCR. Results confirm there is no expression of 

C53 in -/- animals as compared to wild type littermates, indicating the targeted 

mutation is a null (see figure 5.15). The overt phenotype can be seen in figure 5.16. 

Up to 10.5dpc no overt phenotype can be detected, apart from a slight growth 

retardation in the -/- embryos. By 12.5dpc the growth retardation is much more
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pronounced and embryos are visibly anaemic. At 14.5dpc the anaemia is so 

pronounced it is possible to recognise and identify -/- animals before confirmation by 

genotyping.

Wild Type
ft

«

B

Homozygote

Heterozygote
fi

Figure 5.14 €53 PCR genotyping strategy. A Wild type - An endogenous primer 5 ’ to the targeting 
vector (red), and an endogenous primer from the deleted region (blue) give the wild type band. B 
Homozygote - PCR primer which is specific to the 5 ’ end o f the targeting vector(yellow) and an 
endogenous primer 5 ' to the targeting vector (red) give the homozygous band. C The resulting 
multiplex PCR with all three primers will give a wild type band, and a mutant band so +/+, +/- and - 
/- animals can be identified in one PCR
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Figure 5.15 RT-PCR analysis o f C53 -/- and +/+ animals. Yolk sac and liver RNA was tested using 
RT-PCR which indicates there is no C53 expression in null embryos compared to wild type 
littermates.
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10 5dpc

14 5dpc

Figure 5.16 +/+ and -/- C53 embryos. No phenotype can be seen at 10.5dpc, but by 12.5 dpc anaemia 
can be recognised which becomes more pronounced by 14.5dpc 5.2.5 Vascular system and Liver in 
€53 mutants
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To determine if the patterning of the yolk sac the liver was occuring correctly in C53 

mutants, the expression of some diagnostic genetic markers expressed in distinct 

domains within these tissues were examined. FLKl is a receptor tyrosine kinase that 

is expressed during endothelial cell differentiation (Yamaguchi et al, 1993). It is 

clear that the expression of this marker is not perturbed in C53 mutant embryos at 

8.5dpc suggesting the vasculature is normal (see figure 5.17 A and B). Liver 

differentiation begins when a region of the cardiac mesoderm signals to the foregut 

to express hepatocyte specific proteins such as a-fetoprotein (AFP, see Zaret, 1998).

By lO.Sdpc, the cells in the foregut diverticulum have expanded into the septum 

transversum to become a vascularised liver organ, and haematopoietic precursor cells 

take up residence there. The expression of AFP in C53 mutants is not affected (see 

figure 5.17 C and D) suggesting the differentiation of the liver hepatocytes occurs as 

normal. It seems, therefore, that both the vasculature and the embryonic liver develop 

normally in C53 -/- embryos. This suggests the C53 -/- phenotype is caused by a 

defect during hematopoiesis and experiments to test the differentiation capacity of 

haematopoietic system would be needed to confirm this.

117



Chapter 5 C53 Targeted mutation

%ï?m

R ip lia

Figure 5.17 Vascular system and Over in C53-/- mutants. FLKl (A and B) and AFP (C and D white 
arrowheads) expression appear normal in C53 -/- embryos as compared to wild-type littermates.
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5.3 Discussion

5.3.1 C53 has a complex genomic locus

The C53 genomic locus has 9 exons and 8 introns, some of which have not been fully 

characterised in this study. Lambda phage and BAC genomic libraries, isogenic with 

the ES cells to be used in the targeting experiment, were used to isolate the complex 

C53 locus, with the ultimate goal of cloning the most 5’ exons and enough genomic 

DNA around them to enable a targeting strategy to be designed. PCR on genomic 

DNA, with various combinations of primers designed from the C53 cDNA, 

suggested a large region of the exonic sequence at the 3’ end of the cDNA was free 

of introns. At this early stage it was essential to use an exonic probe from the cDNA 

that was not interrupted by intronic sequence (which would reduce the probes ability 

to hybridise with its target). A probe was designed from this section of uninterrupted 

exonic sequence and was effective in isolating Lambda clones and BAC sub-clones 

which contained 3’ exons. However, it quickly became clear that C53 has a very 

complex genomic locus, and it was essential to switch to a more 5’ probe to make the 

strategy more effective at achieving its goal. However, intitial BAC screens using the 

5’ probe did not isolate BAC subclones that contained the most 5’ exons.

Information that proved essential in isolating the 5’ end of the C53 genomic locus 

came from Human Genome Project, which allowed identification of the human 

cDNA and more importantly its genomic structure (which was not available at the 

start of the investigation). A probe specific to exon 2 (containing the translational 

start site) was designed, assuming the human and mouse genomic loci (i.e 

intron/exon boundaries) were conserved, and used to probe restriction digests of
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BAC DNA. From this data subclones were isolated which contained the most 5’ 

exons and a targeting strategy was designed. It has not been possible, during this 

study, to isolate all C53 intronic sequence and link up the restriction maps of the 

various subclones isolated. This suggests C53 has a number of large introns that 

made the cloning process more complex.

5.3.2 The C53 targeting Strategy

The targeting strategy for the C53 locus included the creation of a null allele, 

alongside the ‘knock-in’ of a reporter construct to follow in vivo gene expression.

The most important element of this strategy was the creation of a null mutation, but 

the inclusion of a reporter meant the targeting event had to be subtle enough not to 

disrupt regulatory elements that might control gene expression. With this in mind, 

the mutation was designed to delete a small region of exon 2 (just downstream of the 

translational start site) and a region of downstream intronic sequence and insert a 

translational termination signal followed by an 1RES element linked to the reporter 

cDNA. The deleted region contains the signal peptide for C53, which targets the 

protein to its correct location in the cell, and was chosen as it gives the best chance of 

creating a null mutation whilst disrupting as little genomic sequence as possible 

(intronic or exonic) which may disrupt expression of the reporter constructs.

Two reporters were considered in this study, the conventional p-gal reporter and the 

less commonly used d2EGFP reporter. P-gal reporter constructs are commonly used 

in trangenesis and ‘knock-in’ experiments and are proven to be useful for following
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in-vivo gene expression. However, the expression profile of C53 suggests rapid 

changes in gene expression are occurring. The p-galactosidase protein is stable for 

approximately 48 hours in mammalian cells so rapid changes in gene expression 

would not be seen using this reporter. GFP is another reporter that has been shown to 

be effective at reporting gene expression and has the advantage of not needing 

exogenous substrates for its detection. d2EGFP is a destabilised variant of EGFP 

(modified GFP for higher expression in mammalian cells) that has a half life of 2 

hours so is a more effective at reporting rapd changes in promoter activity so is more 

appropriate for the expression profile of C53. However, its success as a reporter is 

essentially dependent on the strength of the promoter that is controlling its 

expression as it lacks the property of signal amplification inherent in substrate to 

product conversion by enzymatic reporters (Nolan et a l, 1988; Lorincz et a l, 1996).

With this in mind, two targeting experiments were designed and carried out that used 

both the conventional P-gal reporter and the d2EGFP reporter.

The C53 targeted mutation was confirmed for both the C53-TV 1095m (p-gal 

containing) and C53-EGFP (d2EGFP containing) targeting constructs by southern 

blot. The correct targeting event was confirmed using both 5’ and 3’ external probes 

on diagnostic restriction digests of genomic DNA, and highlighted the expected 

restriction products. Expression of reporter constructs was tested on adult tissues 

isolated fi"om heterozygous N1 animals and heterozygous and homozygous N lFl 

embryos dissected from the uterus at various stages of development. d2EGFP could 

not be detected at any stage of development, nor in the tissues of the adult, 

suggesting the C53 promoter was not strong enough to drive expression of C53 to
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high enough levels to be detected by confocal microscopy. This problem must have 

been enhanced with the use of the de-stabilised d2EGFP that would be degraded in 

the cell at much faster rates than conventional EGFP. Although EGFP has been 

modified for higher fluorescence in mammalian cells, at the levels of expression seen 

for C53, it proved to be ineffective. P-gal expression could be seen in the embryonic 

yolk sac of both heterozygous and homozygous embryos, but could not be seen in the 

liver of the 12.5 dpc embryos (see figure 5.16). No P-gal expression was seen in 

heterozygous adult tissues. The expression of C53 according to the p-gal ‘knock-in’ 

was significantly different to that seen by whole-mount RNA in situ hybridisation.

This may be due to a number of factors. Firstly, the half-life of the p-galactosidase 

protein means its expression profile may not necessarily follow RNA expression;

Secondly, modification of the genomic locus may have altered the expression profile 

of C53 by deleting or modifying regulatory regions that are present in or around the 

deleted region; Thirdly (relevant for both P-gal and EGFP), in N1 animals, the strong 

promoter attached to the neomycin resistance cassette is still present in the genomic 

locus, so could be adversely affecting the endogenous C53 expression profile. It 

would be interesting to re-investigate the use of the reporters after cre-mediated 

deletion of this cassette in later generations, but was not possible during the time- 

scale of this study. This investigation has highlighted the problems that can be 

encountered when using reporter constructs, and although some valuable data can be 

gleaned from their use, the strategy needs to be carefully thought out and expression 

data needs to be confirmed using alternative methods.
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Bgal analysis

9.5dpc

1 mm
10.5dpc

12.5dpc

Figure 5.2 fi-gal expression analysis of +/- C53 TV1095M embryos. 9.5dpc (lateral view, anterior to 
the top, dorsal to the right) expression can be seen clearly in the embryonic yolk sac. In section at 
10.5 dpc expression continues in the yolk sac and can be seen in the region of the forming pharynx. At 
12.5dpc again expression can be seen in a the yolk sac and pharynx but cannot be seen in b the 
embryonic liver.
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5.3.3 C53 null is embryonic lethal

Correct targeting of the C53 locus was determined by southern blot analysis and 

confirmation of null was confirmed by RT-PCR analysis on RNA isolated from 

embryonic yolk sac and liver. The C53 targeted mutation is viable in the 

heterozygous state but is embryonic lethal in the homozygous state. Lethality occurs 

somewhere between 14.5dpc and birth. Anaemia becomes apparent at 1 l.Sdpc and 

by 14.5dpc homozygous embryos are visibly anaemic and growth retarded.

C53 is expressed strongly in the embryonic blood, the yolk sac and the liver of the 

early embryo and the phenotype is consistent with a lack of functional red-blood 

cells causing the anaemic state. During embryogenesis, the yolk sac is the first organ 

to produce functional blood cells that circulate throughout the embryo, when the 

vasculature of the yolk sac and embryo join at 8.5dpc, and provide an early wave of 

hematopoiesis before definitive blood cells are produced in the region of the Aorta- 

Gonads-Mesenephros (AGM) and migrate to the liver at lO.Sdpc (Dzierzak and 

Medvinsky, 1995). FLKl is a receptor tyrosine kinase that is expressed during 

endothelial cell differentiation (Yamaguchi et al, 1993; Shalaby et al, 1997) and its 

expression is not perturbed in C53 null embryos, suggesting the vasculature in these 

embryos is functional, a-fetoprotein (AFP, see Zaret, 1998) is expressed by 

differentiated hepatocytes, and its expression looks normal in C53 -/- embryos 

suggesting the formation of the liver is not inhibited in C53 mutants.

It is a priority to discover the haematopoietic defect that is caused through the C53 

loss of function mutation. It is obvious from the overt phenotype that anaemia is
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occurring in the C53 -/- embryos, which eventually leads to lethality, but what is 

causing the loss of functional blood cells. It would be useful to look at markers of 

haematopoietic progenitors and differentiated blood cells lineages by RNA in situ 

hybridisation, to look for the prescence or absence of haematopoietic cells.

Fluorescence activated cell sorting (FACS, see Weaver, 2000; Galbraith et al, 1999) 

is also a good method to look for the prescence or absence of cell surface markers in 

samples of blood, and would be a powerful tool with which to identify specific blood 

cell types in the C53 -/- embryo, especially by using the d2EGFP mouse line to 

identify cell types that accumulate GFP (although expression levels may still be an 

issue). Another method for identifying cell types of the haematopoietic system is the 

colony forming unit (CFU) assay. The assay involves the dis-aggregation of yolk sac 

or liver tissue, and the resulting cell suspension is then plated out into combinations 

of specific growth factors to look for the presence of certain haematopoietic 

progenitors and differentiated cell types. A combination of approaches could be used 

to identify the point at which hematopoiesis is failing in the C53-/- embryos. The 

point of lethality (14.5dpc or later) seems to suggest early hematopoiesis is 

functioning sufficiently to support the growth of the embryo, and it is only when the 

second phase of hematopoiesis is required from the embryonic liver (post 12.5dpc) 

that the haematopoietic system can no longer support embryo growth. This might 

purely be a function of embryo size, the defect may still be present early on but lower 

amounts of functional haematopoietic cells can still support the grovrth of the 

relatively small embryo, or it may be a defect specific to hematopoiesis in the 

embryonic liver.
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The link between C53 and zinc transport gives clues towards the potential defect 

caused by the C53 targeted mutation. The micro-nutrient zinc is required for the 

structural integrity of nearly 2000 transcription factors (Prasad et al, 2001), any 

number of which could be intimately involved in hematopoiesis (perhaps the most 

well known of these are the GATA factors, for review see Weiss and Orkin, 1995).

Zinc is also directly involved in apoptosis (Kolenko et al, 2001), and can be caused 

by an intra-cellular drop in zinc levels. The loss of a (potential) zinc transporter like 

C53 could lead to disruption of homeostatic control of intra-cellular zinc levels, 

which could in turn lead to apoptosis.

In this chapter we have shown that the C53 targeted mutation leads to embryonic 

lethality in the homozygous state, and demonstrates that the protein is essential for 

functional hematopoiesis to occur in the mouse embryo. Embryos die sometime 

between 14.5dpc and birth from severe anaemia and (directly or indirectly) 

widespread apoptosis. The investigations in chapter 4 led to the hypothesis that C53 

may be a new member of the ZIP family of zinc transporters, a family that has been 

shown to be involved in the homeostatic control of zinc levels in cells (Cao, 2001). It 

is interesting to hypothesise here that the potential decrease in zinc transport created 

by the targeted mutation of C53 could be the reason for embryonic lethality, and 

could cause any number of downstream affects, such as the loss of transcription 

factors which require zinc for their function (in the haematopoietic lineage) or an 

increase in apoptosis which has been shown to be induced by a drop in intra-cellular 

zinc (Kolenko et al, 2001).
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Chapter 6 -  In-vitro differentiation of C53 null ES cells.

6.1 Introduction

6.1.1 7/f vitro differentiation of ES cells

The establishment of embryonic stem (ES) cell lines has opened up many new 

experimental approaches in mammalian developmental biology. ES cells are 

pluripotent and are derived from the inner cell mass of mouse blastocysts (4.5dpc 

embryo). When maintained on fibroblasts in the presence of Leukaemia Inhibitory 

Factor (LIE), ES cells retain their pluripotency and are able to generate cells of all 

lineages, and can even contribute to the germline after being introduced into host 

balstocysts. Mutations can be introduced into these cells by homologous 

recombination resulting in mice with specific genetic alterations (see chapter 5).

In addition to these unique properties in vivo, ES cells are able to spontaneously 

differentiate into various cell lineages under the appropriate conditions in culture 

(Doetschman et al, 1985; Risau et al, 1988; Miller-Hanse et al, 1993; Rohwedel et 

al, 1994; Brain et al, 1995). Differentiating ES cells has proved to be a powerful 

tool with which to investigate lineage commitment, and offers several advantages.

First, it is possible to investigate the properties of precursor cells, which cannot be 

performed in vivo as it is nearly impossible to isolate early stage precursor 

populations from developing embryos. Second, differentiation of ES cells in which 

both alleles of a specific gene have been disrupted by targeted mutagenesis often 

provides an alternative and sometimes parallel approach for investigating the impact
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of a given null mutation (e.g. scl null, Elefanty et al, 1997) especially if the mutation 

leads to early embryonic lethality (e.g. v̂ tv proto-oncogene, Zmuidzinas et al, 1995).

For in vitro studies, ES cells can be maintained conventionally on feeder layers in the 

presence of LIP. Differentiation of ES cells grown under these conditions is simple, 

and can be achieved by a number of methods. By far the most straightforward is to 

simply remove the ES cells from the feeder layer and LIE containing media and 

replate the cells in cultures containing methyl-cellulose on bacterial grade petri 

dishes (Wiles, 1993). In these conditions, the ES cells are unable to adhere to the 

surface of the dish, and subsequently generate a sphere shaped colony of cells known 

as an embryoid body (EB). Alternatives to this method include plating the ES cells 

directly onto stromal cells layers or in ‘hanging drops’, and are primarily used when 

certain cell lines inefficiently form EBs when placed directly into methyl-cellulose.

EBs generated using any one of these culture conditions can be assayed at various 

stages of their development for the presence of certain lineages or for analysis of 

gene expression.

6.1.2 Differentiation of haematopoietic lineages

Within EBs, the formation of the haematopoietic system is the most thoroughly 

analysed developmental program with the development of eiythroid, myeloid and 

lymphoid lineages being reported (Doetschman et al, 1985; Keller et al, 1993;

Chen, 1992; Nakano et al, 1994; Pacacios et al, 1995). The in vitro development of 

the haematopoietic system has many beneficial characteristics. Firstly, under optimal
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conditions, haematopoietic development is highly efficient and reproducible (Keller 

et al, 1993). Second, the development of the various haematopoietic lineages occurs 

without the need for added growth factors with the exception of those present in fetal 

calf serum (PCS). This suggests the environment vvdthin the embryoid body 

efficiently supports hematopoiesis and is produced by the EBs themselves, as genes 

encoding various growth factors and their receptors are expressed early in embryoid 

body development (Keller et al, 1993; Schmitt et al, 1991; McClannahan et al,

1993). Third, and the most important, are the findings that the earliest stages of 

haematopoietic development wdthin EBs follow an ordered sequence of events 

similar to those in the developing embryo (Keller et al, 1993; Schmitt et al, 1991; 

McClannahan et al, 1993). This is perhaps seen most strikingly through 

investigations into the transient early establishment of the primitive erythroid lineage 

(seen through the expression of embryonic globins), which is followed by the 

development of the definitive erythroid cells (seen through expression of the adult 

globins), a situation that is accurately recapitulated during EB differentiation (Keller 

etal, 1993).

As mentioned earlier, the differentiation of ES cells carrying targeted mutations 

provides an alternative approach that is complementary to the analysis of knockout 

mice, and has been shown to be particularly effective when looking at the 

haematopoietic lineages (Elefanty et al, 1997; Weiss et al, 1994; Tsai et al, 1994).

C53 is expressed during haematopoietic development. An in vitro model using C53 

null ES cells could be used to investigate gene expression throughout haematopoietic 

development, and would be a complementary approach to the targeted mutation that 

has been generated. During this investigation, C53 null ES cell lines were produced
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through a second round of gene targeting using a different selection marker from that 

used in the targeted mutation, and null cells were enriched by double selection using 

two antibiotics. The C53 null ES cell lines could then be differentiated into embryoid 

bodies, and the formation of cell types and lineages could be investigated through 

gene expression studies.

6.2 Results

6.2.1 Creation of C53 null ES cells

It has been reported that, in certain cases, enrichment of ES cells homozygous for the 

neomycin gene can be achieved by simply increasing the G418 concentration in a 

culture of ES cells heterozygous for neo (Mortensen et al, 1992; Yenofsky et al,

1990). The mechanism by which homozygosity is achieved is poorly understood but 

permits homozygous ES cell lines to be selected from a heterozygous cell line in a 

higher concentration of G418. This has the advantage of not needing to put the cells 

through another transfection procedure, which can affect the karyotype of the ES 

cells. Initially a heterozygous C53-EGFP ES cell clone was subjected to a number of 

increased G4I8 concentrations, colonies were picked and screened for null ES cell 

clones, but was unsuccessful in isolating null cells.

Subsequently it was decided to re-target the heterozygous C53-EGFP ES cell clone 

using the P-gal containing C53-TV1095M targeting construct which has been 

modified to contain a hygromycin (hygro) resistance cassette to replace the neo 

cassette. Production of the hygro containing vector can be seen in figure 6.1.
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Figure 6.1 Construction o f C53-TV1095m-Hygro. A C53-TVIl)95m digested with P ad  (partial) and 
Srfl (blunt) is vector in ligation reaction in B where Hygro resistance cassette in an Arm vector is the 
fragment, flanked by P ad  and Pmel (blunt). C Resulting product is C53-TV1095m-hygro targeting 
vector which can be linearised with Fsel.

Vector DNA was linearised and a heterozygous C53-EGFP cell line was 

electroporated with the C53-TV1095m-hygro targeting construct. Transfected ES 

cells were put under double selection using G418 and hygromycin at the appropriate 

concentrations for 10 days. 200 colonies were picked, archived and screened for 

double-targeted clones by southern blot (see figure 6.2).
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Figure 6.2 \  Southern data for confirmation o f 5 ’ targeting in null ES cells. Black Arrows — Double 
targeted ES cells, allele containing C53-EGFP = 8Kb and allele containing C53-TV1095m-hygro = 
1 IKb. Star -  C53-TV1095m-hygro undergoes homologous recombination with the C53-EGFP allele 
resulting in heterozygous C 5 3-TV1095m-hygro ES cells. B 5 ’ and 3 ' confirmation o f targeting in 9 
homozygous ES cell clones picked and expanded for further investigation.

6.2.2 Differentiation of C53 null ES ceils in methyl-cellulose medium

To study the consequences of a C53 deletion, gene expression profiles were 

compared in two control cell lines (one C53 +/- cell line and one wt +/+ cell line) and 

three C53 null (-/-) cell lines that were differentiated into EBs in methyl-cellulose 

cultures. EBs were harvested after 4, 6 and 8 days differentiation and RNA was
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prepared. Gene expression in the ES cell lines was compared using RT-PCR in a 

semi-quantitative manner, which involved accurate quantitation of RNA and 

limitation of PCR cycle numbers to 30. Four sets of genes were investigated: genes 

involved in mesoderm induction and haematopoietic specification, cell surface 

molecules, transcription factors, and genes expressed in differentiated erythroid and 

myeloid cells. Primers used can be found in Figure 6.3 and results from RT-PCR 

analysis can be seen in figures 6.4-6.6.

134



Chapter 6 In Vitro differentiation

Gene Size

(bp)

T

(°C)

5’ Primer 3' Primer Reference

Mesodermal Markers

Brachyury 947 52 TGCTGCCTGTGAGTCATAAC TCCAGGTGCTATATATTGCC Keller etal 1993

SMAD-1 570 55 CCAGGCGGCATATTGGAAAAGG ATCTCAATCGAGCAGGGGGTGC Hoodless etal 1996

BMP-4 570 55 ACTGTGAGGAGI1ICCATCACG TCnATTCTTCTTCCTGGACCG Johansson etal 1995

Transcription Factors

Scl 396 55 TATGAGATGGAGATTTCTGATG GCTCCTCTGTGTAACTGTCC Begley etal 1991

GATA-1 404 60 GGAATTCGGGCCCCTTGTGAGG

CGAGAGAG

CGGGGTACGTCACGCTCCAG

CCAGATTCGACCC Tsai etal 1989
GATA-2 720 60 CGGAATTCGACACACGACCCGA

TACCCACCTAT

CGGAATTCGCCTACGCCATGGC

AGTCACGATGCT Weiss etal 1994

PU.1 615 55 TGGAAGGGI11ICCCTCACC TGCrGTCCTTCATGTCGCCG Wulf etal 1993

Receptors

CD-34 618 55 GrrACCrCTGGGATCCCTTCAG

GCTC

GTCCAGAGGTGACCAATGAAT

AAG McClanahan etal 1993

flk-1 398 60 TAGGTGCCrCCCCATACCCTGG TGGCCGGCTCTTTCGCTTACTG Fennie etal 1995
c-kit 765 50 TGTCTCTCCAGTTTCCCTGC TTCAGGGACTCATGGGCTCA Keller etal 1993

EPO-R 356 62 TTGACGCTGTCTCTCATrCTGG CAATACCAAGTAGGTUTCCTGG Kuramochi etal 1990

Erythroid and Myeloid genes

A-globin 334 55 CTUrCTGGGGAAGACAAAAG

CAAC

GGTGGCTAGCVCAAGGTCACC

AGCA Weiss etal 1994

B-globin 578 55 CACAAXCCAGAAACAGACA CTGACAGATGCTÜTCTTGGG Keller etal 1993

lysozyme 344 60 TGCAGGATGACATCCTGCAGC GCTGTCCTGACTGACAAGGGAG Cross etal 1988

c-fms 354 55 GCGATGTGTGAGCAATGGCAGT AGACCGI11IGCGTAAGACCTG DeKoter etal 1998

Controls

C53 220 55 ATCGCCCTTCTGGCTGTTCTACC CAGCAGCAGCCCGGCCACTGC -

HPRT 249 55 GCTGGTGAAAAGGACCTCT CACAGGACTAGAACACCTGC

GGATACAGGCGAGACTTTGT-
Probe

Keller etal 1993

Abbreviations -  BMP- Bone Morphogenic Protein; Epo-R -  Erythropoietin Receptor; MPO -  
Myeloperoxidase; A-globin -  alpha globin; B-globin -  beta major globin; HPRT -  
Hypoxanthine phosphoribosyl transferase; Size -  size of predicted PCR product; T -  
Annealing temperature.

Figure 6.3 RT-PCR primers
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Days Differentiation 

0 4 6 8  0 4 6 8  0 4 6 8  0 4 6 8  0 4 6 8

Control

Mesoderm

HPRT

Brachyury

SMADl

BMP4

Figure 6.4 RT-PCR o f control (C53 and HPRT) and mesoderm-a.ssociaied genes in control and null 
ES cell lines. C53 null ES cells show no C53 expression upon differentiation. Expression o f the pan- 
mesodermal marker Brachymry, the ventral mesoderm inducing gene BMP-4 and its downstream 
signalling molecule SMAD-1 are shown at 0, 4, 6, and 8 days differentiation in +/+, +/- and three 
independent -I- cell lines.
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Days Differentiation 

0 4 6 8  0 4 6 8  0 4 6 8  0 4 6 8  0 4 6 8

globins

Receptors

/+ + / - - / -

B-maj glob

a-globin

EPO-R

CD34

Flk-1

C-Kit

- /+ + /- - / - - / - - / -

Figure 6.5 RT-PCR o f differentiated erythroid genes and cell surface markers in control and null ES 
cell lines. Expression o f the erythroid associated globins and major haematopoietic cell surface 
receptors are shown at 0. 4, 6, and 8 days differentiation in +/+, +/- and three independent -/- cell 
lines.
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0 4 6 8

Days differentiation 

0 4 6 8  0 4 6 8  0 4 6 8 0 4 6 8

m m m

Transcription
Factors

I
# #  W  W  # #  W  # #  W  W  W

Myeloid
specific

Scl

GATA-1

GATA-2

PU.1
:■ . if. .n W#

Lysozyrr

C-fms

Figure 6.6 3 RT-PCR o f transcription factors and differentiated myeloid genes in control and null ES 
cell lines. Null ES cells indicate inappropriate expression o f the transcription factors Scl, GATA-2, 
and PU. I and the myeloid specific genes lysosyme and C-fms suggesting a de-regulation o f 
hematopoiesis.

For all RT-PCR reactions HPRT was used as the control and to accurately quantify 

the amount of starting material (figure 6.4). Expression of C53 was not seen in C53 

null cell lines upon differentiation (figure 6.4). The expression of C53 in 

undifferentiated ES cells comes from contamination of mouse embryonic fibroblast 

feeder layers, which have been shown to express C53 (data not shown).
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EBs derived from all cells lines recapitulated the temporal expression pattern of 

genes required for the correct formation of the ventral mesoderm (figure 6.4). The 

earliest mesoderm marker, Brachyury, expressed in the early primitive streak at 

6.5dpc (Wilkinson et al, 1990) was induced equally in all cell lines analysed, 

peaking a 4 days differentiation and then declining. BMP-4 is detected, first in the 

6.5dpc-7.5dpc posterior primitive streak and later in the posterior ventral mesoderm 

(Winnier et al, 1995). BMP-4 levels increase fi’om day 4 of differentiation, whereas 

one of its major downstream signalling molecules, SMAD-1, is present in uninduced 

ES cells. The expression of the VEGF receptor tyrosine kinase flk-1 was upregulated 

on day 4 of differentiation (figure 6.5) which paralleled the induction of BMP-4 and 

antedated the expression of most haematopoietic genes. A number of other cell 

surface molecules that are expressed on early haematopoietic cells are co-expressed 

on other cell types, notably CD34, c-kit  ̂and the Epo receptor (Young et al, 1995;

Bemex et al, 1996; Anagnostou et al, 1994). Expression of Epo-R and c-kit has also 

been detected in undifferentiated ES cells (Schmitt et al, 1991; McClanahan et al,

1993) and their expression in this study was approximately equal independent of C53 

status (Figure 6.5).

The expression of the globins, as markers of differentiated erythroid cells, also seem 

to be unaffected by the absence of C53, an interesting result considering the highly 

anemic nature of C53 null mice. Consistent with the apparently normal globin gene 

expression, GATA-1 expression also seems to be unaffected by loss of functional 

C53. GATA-1 is a member of the GATA family of transcription factors that have 

emerged as important transcription factors in haematopoietic cells (Weiss and Orkin,
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1995). GATA-1, the founder member of the family, has emerged as an important 

player in lineage specific transcription, in particular in the erythroid lineage.

Erythroid precursors lacking GATA-1 fail to differentiate past the proerythroblast 

stage either in vitro (Weiss et al, 1994) or in vivo (Fujiwara et al, 1996) indicating 

the GATA-1 transcription factor is required for correct erythroid lineage 

specification, which seems to occur in the in vitro system described here.

Interestingly, the second member of the GATA family of transcription factors,

GATA-2, seems to be mis-expressed in C53 null (and to a certain extent +/-) EBs, 

along with the transcription factors Scl and PU.1. GATA-2 is expressed in a broad 

distribution among haematopoietic cells, with particularly prominent expression in 

early precursors (Leonard et al, 1993; Visvader and Adams, 1993; Dorfinan et al,

1992; Tomoko et al, 1996). GATA-2 -/- mice die at approximately lO.Sdpc with 

severe anemia (Tsai et al, 1994). Scl is a member of the basic helix-loop-helix 

(bHLH) family of transcription factors which is expressed in the intra and extra 

embryonic mesoderm at 7.5dpc, in the yolk sac at 8.5dpc and thereafter in the adult 

haematopoietic tissues (Silver and Palis, 1997; Visvader et al, 1991). Gene targeting 

has demonstrated that scl is required for the development of both primitive and 

definitive hematopoiesis aswell as for correct remodelling of the yolk sac vascular 

plexus (Robb et al, 1995; Shivdasani et al, 1995). PU.1 is a tissue specific ets- 

family member that is expressed in various lineages of the haematopoietic system 

(Klemsz et al, 1990; Hromas et al, 1993) and is encoded by the proto-oncogene Spi- 

1. Gene targeting studies have demonstrated PU.1 is required for the development of 

both myeloid (macrophage and granulocyte) and lymphoid (B and T) lineages (Scott 

et al, 1994; McKercher et al, 1996). All three genes are therefore important
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regulators of hematopoiesis and seem to be expressed much earlier during 

differentiation than in wild type controls, suggesting a de-regulation of 

haematopoietic differentiation is occurring in C53 null EBs.

The mis-expression of Lysozyme and c-fms (figure 6.6) illustrates that the de

regulation may be most prominent during the differentiation of myeloid lineages. A 

well characterised marker for the differentiation of the myeloid lineage is the 

lysozyme gene which is expressed in macrophages and their precursors. The gene is 

first active at the myeloblast stage and transcriptional activity increases gradually 

with macrophage maturation (Bonifer et al, 1994). The proto-oncogene c-fms (Sherr, 

1990) is a single sub-unit receptor tyrosine kinase that acts as the receptor for 

macrophage colony stimulating factor (M-CSF). M-CSF stimulates survival, 

proliferation and maturation of committed monocyte progenitors and is required for 

the development of macrophage and monocyte-derived lineages (Stanley, 1985).

Both genes are expressed in un-differentiated C53 -/- ES cells (particularly lysozyme 

which shows strong expression in un-differentiated C53 -/- ES cells and expression 

to a lesser extent in C53 +/- ES cells) and are expressed earlier upon differentiation 

than wild type controls.
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6.3 Discussion

We have characterised the expression profiles of ES cells bearing wild type or 

mutant C53 genes allowed to differentiate in vitro for up to 8 days and established a 

temporal sequence for the induction of genes important in hematopoiesis.

Equilibration of the quantity of RNA used in the RT-PCR reaction, limitation of PCR 

cycle numbers, and the use of two control (+/+ and +/-) cell lines ad three 

independent C53 -/- cell lines reasonably permits a comparison of gene expression 

between groups of differentiating ES cells.

6.3.1 Induction of haematopoietic genes in control ES ceils

In wild type or C53 +/- ES cells, the first 4-6 days of in vitro differentiation 

represented the sequential induction of genes that correlate with the embryonic 

process of mesoderm induction and the formation of aggregates of yolk sac 

hemangioblasts. In control ES cells, an increase in flk-1 expression paralleled the 

induction of BMP-4 and transcripts of scl and GATA-2 followed and progressively 

increased in abundance from day 4. It is only after day 6 that a second cohort of 

haematopoietic transcription factors are expressed (GATA-1 and PU.1) that are 

associated with more committed progenitors, alongside globins and myeloid specific 

genes.

Our studies are generally in agreement with other studies of haematopoietic gene 

expression during the in vitro differentiation of ES cells. For example, similar to our 

study, it has been shown previously that Brachyury expression peaks at 4 days
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differentiation and is then downregulated, and is expressed prior to GATA-1 and the 

globins (Keller et al, 1993). Also, in an evaluation of cytokine and receptor gene 

expression during ES cell differentiation it has been shown that significant levels of 

c-kit and the Epo receptor are seen throughout ES cell differentiation (Schmitt et al,

1991; McClanahan et al, 1993) and that increasing CD34 levels are seen from day 7 

onwards (McClanahan et al, 1993), similar to our findings.

6.3.2 Gene expression in C53 -/- embryoid bodies

A major objective of this study was to define the expression patterns of key 

haematopoietic genes during the differentiation of C53 -/- EBs. The results indicate 

that C53 -/- ES cells are competent to undergo the earliest stages of differentiation 

into mesoderm and express mesoderm related genes in the same temporal pattern as 

controls (e.g. Brachyury, BMP-4, SMAD-1). A number of cell surface molecules 

expressed on haematopoietic cells also seemed normal in this study, namely flk-1, c- 

Jdt, CD34 and Epo-R. Also, and particularly interesting for this study, is the 

observation that globin gene expression seemed normal in C53 -/- EBs, and 

consistent with this GATA-1, a lineage specific transcription factor particularly 

important for the development of erythroid cells, also seems to be unaffected. It is 

important to note that adult globin (a and p globin) gene expression does not 

necessarily indicate the presence of functional definitive erythroid cells. Indeed, 

when GATA-1 -/- ES cells are differentiated in a system similar to the one used here, 

erythroblasts were blocked in differentiation at the pro-erythroblast stage and there 

was little perturbation of gene expression and GATA target genes were normally 

expressed (Weiss et al, 1994). This raises the possibility that although globin genes
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are being expressed in this study, functional definitive erythroid cells may not be 

present (as is suggested by the anemic nature of the C53 -/- targeted mutation).

The most striking differences in gene expression between C53 -/- EBs and controls 

was in expression of the haematopoietic specific transcription factors GATA-2 and 

Scl, and in genes associated with myeloid lineage differentiation, namely PU.1, 

lysozyme and the M-CSF receptor c-fms. GATA-2 shows particularly high levels of 

expression in enriched populations of haematopoietic stem cells (Orlic et ai, 1995) 

and in vitro analysis of GATA-2 deficient embryonic stem cells suggests the 

necessity of GATA-2 for the survival of early haematopoietic cells (Tsai F Y and 

Orkin SH, 1997). It has been shown in developing human erythroid progenitors that 

the quantitative GATA-1/GATA-2 balance appears important during erythroid 

differentiation (Leonard et ai, 1993; Jane and Cuimingham, 1996). In both systems, 

human erythroid progenitors were characterised with high levels of both GATA-1 

and GATA-2, but upon terminal differentiation GATA-2 levels are markedly lower 

although further increases in GATA-1 are observed. In other studies, ectopic 

expression of a conditionally active GATA-2 protein in transformed chicken 

erythroblasts and in primary erythroblast clones blocked erythroid differentiation in 

vitro (Breigel K et ai, 1993). Consistent with this data, it has been shown that 

extremely high levels of GATA-2 expression is seen in murine bone marrow cell 

fractions highly enriched for pluripotent haematopoietic stem cells with lower levels 

of expression noted in more mature subsets (Orlick et ai, 1995). Together, these data 

suggest that GATA-2 acts preferentially on more primitive haematopoietic cells and 

its down regulation may be necessary for terminal differentiation to occur. In the
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system presented here, a down-regulation of GATA-2 is seen during differentiation 

of C53 -/- ES cells, consistent with a down-regulation during terminal differentiation. 

However, expression of GATA-2 is also apparent much earlier during differentiation 

(indeed, expression can be seen in un-differentiated C53 -/- ES cells) which may 

upset the GATA-1/GATA-2 balance which has been shown to be important for the 

correct differentiation of haematopoietic lineages. The same mis-expression is seen 

for Scl and PU.1 in this system, both genes are expressed earlier during 

differentiation of C53 -/- ES cells than compared to wild type controls. Scl is a B- 

HLH transcription factor that has been portrayed as a ‘master regulator of 

hematopoiesis’ (Green, 1996) that lies at the apex of a pyramid of transcription 

factors controlling haematopoietic lineage commitment (Shivdasani and Orkin,

1996). Mis-expression of such an important transcription factor would presumably be 

enough to upset progression through the haematopoietic cascade. PU.1 has been 

shown, both through gene targeting (Scott et al, 1994; McKercher et al, 1996) and 

in vitro (Scott et al, 1997; Olson et al, 1995), to be a key regulator in the 

differentiation of the myeloid lineage. RT-PCR analysis of embryoid bodies 

generated by differentiation of PU.1 -/- ES cells indicates that some early myeloid 

genes can be expressed in its absence but expression of late myeloid genes is 

blocked. Dissection of c-fms (a marker of differentiated monocytic phagocytes) 

proximal promoter activity reveals that it is trans-activated by PU.1 (Reddy et aU

1994), so the mis-expression of PU.1 in differentiating €53 -/- ES cells is 

presumably what causes the concurrent misexpression of myeloid specific markers 

such as c-fms and lysozyme, although why there is a decrease in expression of such
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markers at 4 days differentiation needs to be resolved and is probably because of the 

complex hierarchy in the developing haematopoietic system.

In this chapter an in vitro model of hematopoiesis, using differentiating ES cells, has 

been used to generate gene expression profiles for molecules that are known to be 

important in directing the progression through the haematopoietic developmental 

cascade. Such well-established systems are useful to look for changes in gene 

expression during complex developmental pathways, and the amount of material 

needed for in vitro studies is neither as limited nor as expensive as vvith in vivo 

derived sources. However, in vitro models are only pathfinders, quick and easy ways 

to approach complicated questions and a good parallel approach to use alongside the 

data gleaned from a targeted mutation. Here we show, through gene expression 

studies, that C53 -/- ES cells are competent to undergo the earliest events that are 

associated with mesoderm formation in the mouse embryo, events that are crucial in 

the formation of the earliest haematopoietic precursors. However, progression 

through the haematopoietic developmental cascade involves tightly controlled 

patterns of gene expression that are orchestrated by a complex set of transcription 

factors. In this study, we have shown that a number of the central players in this 

cascade (GATA-2, Scl and PU.1) are mis-expressed in differentiating C53 -/- ES 

cells. It has been shown in chapter 5 that C53 is essential in vivo for the correct 

development of the haematopoietic system in the mouse embryo, an observation 

which may be explained by de-regulation of transcriptional control that is suggested 

by the in vitro studies described here.
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Chapter 7 -  Representational Difference Analysis (RDA) of 
cDNA from C53 -/- and +/+ embryonic yolk sac and liver

7.1 Introduction

7.1.1 Identfifying differences in mRNA expression by representational 
difference analysis of cDNA

The ability to determine mRNA expression differences between cell lines and tissues 

is a powerful tool in modem biological research, as many cellular decisions 

concerning survival, growth and differentiation are reflected in altered patterns of 

gene expression, and the ability to quantitate transcription levels of specific genes 

has always been central to any research about gene function (Zamorano et a l, 1996). 

Several recent and rapid PCR-based methods, including subtractive suppression 

hybridisation (SSH), representational difference analysis (RDA) and differential 

display (Diatchenko et al, 1996; Liang and Pardee, 1992; Lisitsyn et a l, 1993; 

Hubank and Shatz, 1994) have been proposed for the cloning of genes which are 

differentially expressed between two tissues. These methods have been validated and 

successfully applied to various research problems. More recently cDNA microarrays 

and oligonucleotide arrays have also been developed and used to quantitate 

differential gene expression by hybridising a complex mRNA derived probe onto an 

array of PCR products or oligonucleotides representing specific cDNAs (Schena et 

al, 1995; Lockhart et a l, 1996; DeRisi et a l, 1996). Microarrays allow the 

expression of thousands of genes to be monitored simultaneously between many 

tissues. However, even arrays of thousands of known genes are likely to miss key
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differentially expressed genes, as only a fraction of all potentially expressed genes 

can be currently arrayed onto glass slides. Furthermore, oligonucleotide arrays rely 

on primary EST/gene sequencing data that is not available at reasonable cost. Thus, 

there is still room for the cloning of novel genes involved in a myriad of cellular 

processes and pathways. Therefore, differential cloning techniques which allow the 

rapid cloning of a library of differentially expressed genes that can be rapidly and 

exhaustively screened are desirable and should allow maximal focus on the tissue of 

interest and include genes that are not yet available on the public database.

Representational difference analysis (RDA) is a powerful technique for the cloning 

of differences between genomes (Lisitsyn et a l, 1993) and has been adapted to 

enable the isolation of genes with an altered expression between tissues or cell 

samples (Hubank and Schatz, 1994). RDA is a PCR-based subtractive enrichment 

procedure that will identify both up- and down-regulated genes that are differentially 

expressed between two cDNA populations. Representitive cDNA fragments from 

each population are first generated by restriction endonuclease digestion of cDNAs 

followed by PCR amplification. The resulting mixtures, termed ‘amplicons’, are then 

subjected to successive rounds of subtractive cross-hybridisation followed by 

differential PCR amplification. This leads to progressive enrichment of cDNA 

fragments that are more abundant in one population than the other. RDA has the 

distinct advantage of needing only limited amounts of starting material (Welford et 

al, 1998) and has also been shown to effectively enrich for rare transcripts (O’Neill 

and Sinclair, 1997).
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7.1.2 cDNA-RDA of genes expressed in C53 -/- and +/+ embryonic yolk sac 
and liver.

Efforts in cloning developmentally important mutants have often focused on 

identification and cloning of transcripts based solely on their expression profiles (see 

Chapter 3). Traditional approaches to cloning differentially expressed genes, such as 

subtractive hybridisation, have required large amounts of RNA making them 

unsuitable for studies of embryonic development. Several PCR-based screening 

methods have circumvented the need for large amounts of starting material and RDA 

seems to identity a smaller proportion of false positives and can identify even very 

rare transcripts.

Here we describe the use of RDA to identify genes that are up regulated and down 

regulated in C53 -/- embryonic liver and yolk sac as compared to +/+ controls. C53 

null embryos die at around 14.5dpc from anemia and in vitro studies have shown that 

C53 loss of function leads to a de-regulation of transcriptional control during 

hematopoiesis. Here, RDA has been effectively used to produce libraries of genes 

that are differentially expressed. The libraries include known and potentially novel 

genes, and the data they contain should give valuable clues about the downstream 

effects of C53 loss-of-function. Selections of the genes contained in the libraries 

were assessed for differential expression between the C53 +/+ and -/- tissues by 

quantitative RT-PCR on the original RNA samples using SYBR Green I fluorescence 

technology. The use of fluorescent hybridisation probes (Lee et a l, 1993) has 

enabled real time monitoring of PCR amplification reactions. The concept of the

150



Chapter 7 RDA

threshold cycle (Ct) is at the heart of accurate and reproducible quantitation using 

fluorescent based RT-PCR (Higuchi et a l, 1993). Fluorescence values are recorded 

after every cycle and represent the amount of product amplified to that point in the 

amplification reaction. The more template present at the beginning of the reaction, 

the fewer number of cycles it takes to reach a point in which the fluorescent signal is 

recorded as significant above backgroimd (Gibson et a l, 1996). This point is defined 

as Ct and will always occur during the exponential phase of amplification. Therefore, 

quantitation is not affected by any reaction components becoming limiting in the 

plateau phase (which results in bias against the more abundant templates and makes 

quantification based on measurements of overall product yield intrinsically 

unreliable) and allows the Ct value to be translated into a quantitative result. The use 

of hybridisation probes in quantitative RT-PCR is now well established. However, to 

date all hybridisation probe formats (Taqman [Holland et a l, 1991 ; Livak et al,

1995] Molecular Beacons [Tyagi and Kramer, 1996] and Lightcycler probes etc.) 

require synthesis and optimisation of a specific probe for each gene of interest, which 

can be problematic and expensive (Kreuzer et al, 1999). An alternative method to 

monitor DNA amplification, independent of its sequence, involves the high affinity 

double stranded DNA (dsDNA) binding dye SYBR Green I. This has negligible 

fluorescence in the absence of dsDNA so in theory can be used with any primer pair 

providing that no non-specific products are amplified. The potential benefits of using 

SYBR Green I dye to continuously monitor PCR amplification have been 

demonstrated (Wittwer et a l, 1997; Morrison et a l, 1998). and has bee used here as 

a quick and straightforward method with which to confirm the presence of molecules 

that are up regulated and down regulated in C53 RDA subtracted libraries.
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7.2 Results

7.2.1 RDA with C53 +/+ and -/- embryonic yolk sac and liver

RDA was performed essentially as in Hubank and Shatz, 1994. RNA samples were 

isolated from -/- and +/+ yolk sac (8.5dpc) and liver (14.5dpc) and tested for quality 

using the Agilent 2100 Bioanalyzer (Capillary Gel Electrophoresis), which indicated 

the RNA was of sufficient quality to use in the RDA procedure (see figure 7.1). First 

strand cDNA synthesis was then performed. To isolate genes up regulated in the -/- 

yolk sac, cDNA from the -/- yolk sac was used as the tester and cDNA from the +/+ 

yolk sac was used as the driver. Conversely, to isolate genes down regulated in the - 

/- yolk sac the reverse tester and driver combinations were used. The same 

combination of cDNAs was used to investigate the regulation of genes in the 

embryonic liver. Two rounds of RDA were used to generate DP2 (Difference 

Product 2) in all instances because this has previously been shown to be sufficient to 

remove unwanted background and to enrich for differentially expressed fragments 

(O’Neill and Sinclair, 1997). Figure 7.2 shows agarose gels from PCR amplification 

of tester and driver populations alongside DPI and DP2. The gels indicate that 

specific DPNII fragments have been enriched for by the subtraction procedure.
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Figure 7.1 Agilent 2100 Bioanalyzer analysis o f RNA isolated from C53 +/+ and -/- embryonic yolk 
sac and liver. A Capillary gel electrophoresis o f RNA samples showing distinct I8S and 28S 
ribosomal bands. B Electropherograms o f capillary’ gel data clearly shows sharp peaks representing 
18S and 28S rRNA and the 55 rRNA band at 25 seconds is also retained, indicating the RNA is o f 
good quality and has little degradation.
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Figure 7.2 Agarose gels from PCR amplification ofT-Tester and D-Driver cDNA populations 
compared to DPI and DP2 for all subtractions. Clear enrichment for certain DPN11 fragments is 
clearlv seen.

7.2.2 Sequence analysis of subtraction products and confirmation of 
differential expression by quantitative P C R

Difference products from all subtractions were characterised by DNA sequence 

analysis. After purification by agarose gel electrophoresis, DP2 was cloned into 

pBSKIl vector and 200 colonies were picked and sequenced. Sequence data was 

imported into a bio-informatics program that clusters common sequences and designs 

primer pairs for SYBR Green 1 analysis. Genes were chosen from the clustered 

sequences and confirmed for differential expression by SYBR Green I analysis on 

original RNA samples that have been archived. SYBR Green I is a quantitative PCR 

system that uses the SYBR Green I fluorescent dye in the PCR reaction mixture.
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S YBA Green I dye binds preferentially to double stranded DNA, and the amount of 

dye incorporated can be quantitated accurately after each PCR cycle, resulting in a 

fully quantitative PCR system. RT-PCR was carried out in duplicate on genes from 

the clustered sequences using this system and confirmed the presence of 

differentially expressed genes. Readings fi-om SYBR Green I RT-PCR reactions 

were analysed by the SYBR Green I software and presented graphically. Examples 

of the graphical output of SYBR Green I software can be seen in figure 7.3, and 

shows the amplification of controls are unchanged between +/+ and -/- RNA samples 

whereas genes that are up regulated and down regulated show a noticeable change, 

with up regulated genes being amplified early and down regulated genes being 

amplified late. SYBRman output can also be read as a Ct value, the number of cycles 

it takes to reach a point in which the fluorescent signal is recorded as significant 

above background (Gibson et a/., 1996). The Ct value can be directly compared 

between C53 +/+ and -/- samples as one cycle difference in Ct value corresponds to a 

two-fold difference in starting template. The results for genes confirmed to have 

differential expression according to quantitative RT-PCR are illustrated in figures 7.4 

and 7.5. Results indicate that the RDA procedure for the embryonic yolk sac was less 

effective at isolating differentially expressed genes than the same experiment on 

embryonic liver.
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Figure 7.3 Duplicate examples of the graphical output from SYBRman analysis. A Control RT-PCR 
with gapdh shows no change in amplification between +/+ and -/-. B Examples of up down regulation 
in expression (Ey2 globin) where amplification in -/- samples is delayed as compared to +/+ and 
down regulation (Y-1 globin) where amplification in +/+ samples is delayed compared to
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Figure 7.4 Chart illustrating fold difference in expression for genes isolated in RDA between C53 
+ + and -/- Liver. Purple -  Controls, Light Blue -  up regulation, Dark Blue -  Down Regulation. All 
reactions were carried out in duplicate. Error bars indicate standard de^nation.
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8.5dpc Embryonic Yolk Sac RDA - Fold difference in gene  express ion  in 
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Figure 7.5 Chart illustrating fold difference in expression for genes isolated in RDA between C53 
+/ + and -/- Volk Sac. Purple -  Controls, Dark Blue -  Down Regulation. All reactions were carried 
out in duplicate. Error bars indicate standard deviation.
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7.2.3 Genes up regulated and down regulated in C53 null tissues.

The RDA procedure seemed to be more successful for the embryonic liver than the 

yolk sac in this study. In the embryonic yolk sac, controls showed no change in 

expression between +/+ and -/- tissues. Genes that were down regulated included 

members of the globin gene family (the adult a-globin, and the embryonic Zeta- and 

Ey2- globins) and one of the major neuro-transmitter degrading enzymes 

Monoamine Oxidase A (MAO A).

The embryonic liver showed a much wider range of differences in gene expression 

than was seen in the embryonic yolk sac. Again, controls showed no difference in 

expression between the C53 +/+ and -/- tissues. Perhaps most interesting of all is the 

up regulation of embryonic globins in the -/- liver tissue samples. The embryonic 

globins phi, Zeta, Ey2, and Eyl are all up-regulated to lesser or greater extents in the 

-/- liver as compared to +/+ samples, suggesting globin gene switching (which would 

have switched adult globin expression on at this stage) is not occurring effectively. 

Furthermore, expression of the myeloid specific marker Myeloperoxidase (MPO) 

and the type IIIL-1 receptor (IL-lr2) are also up regulated. Genes that are confirmed 

as being down regulated in the C53 -/- liver include a-globin (a major adult type 

globin), the erythropoietin receptor (EPO-R), and the major plasma protein Alphal- 

protease inibitor (AlPI).
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7.3 Discussion

7.3.1 The use of RDA to successfully identify differentially expressed cDNAs 
in C53 -/- tissues as compared to +/+

The determination of the expression patterns of genes and the correlation of this with 

the changes in cellular phenotype will provide insights into the genetic mechanisms 

involved in various developmental processes. The study of the haematopoietic 

system and its development and differentiation in the early embryo indicates that 

both processes are extremely complex and involve the interaction of a multitude of 

gene products. Abberant expression or mutations of these genes may lead to the 

elucidation of the processes that are involved in the functioning of the 

haematopoietic system. RDA provides a valuable tool for the determination of 

expression changes in genes and is sensitive enough to isolate genes present in only a 

small fraction of cells in a complex tissue (Edman et a i, 1997). We have therefore 

used RDA to identify and clone several genes that are differentially expressed 

between C53 -/- and +/+ embryonic yolk sac and liver.

RDA analysis of samples from the liver was more effective in isolating genes that are 

differentially expressed in this study. RDA is a complex procedure that can be 

adversely affected by a number of factors. However, by far the most important factor 

is RNA quality, which was analysed at the beginning of the procedure using 

Capillary Gel Electrophoresis and indicated the RNA from the embryonic yolk sac 

was of sufficient quality. The difference in success may be due to the complexity of 

the tissue, the embryonic liver is an extremely complex organ compared to the yolk
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sac, but is probably due to the mutation that has been generated in this study (See 

Chapter 5). From the targeted mutation it is clear that lethality occurs after 14.5dpc, 

suggesting the defect most likely occurs in the embryonic liver rather than the yolk 

sac.

RDA analysis of gene expression in the embryonic liver revealed a number of 

interesting changes corresponding to C53 loss-of-ftmction. Quantitative RT-PCR, 

used to confirm differential expression, was carried out on controls, all of which 

showed equal expression levels in both C53 +/+ and -/- liver. The most striking 

defect was in the expression of the embryonic globins. Erythropoiesis in vertebrates 

is characterised by sequential changes in erythropoietic site, erythroblast 

morphology, and hemoglobin synthesis and can be followed through the switching of 

expression between the embryonic (Eyl, Ey2, Beta HI and Zeta) and adult (alpha 

and beta) globin chains. Control of globin chain switching is primarly transcriptional, 

with expression of the erythroid transcription factor GATA-1 (believed to be a 

principal regulator of genes expressed in erythroid cells, see Fujiwara et a l , 1996) 

remaining at a low level during embryonic erythropoiesis (8-1 Idpc) relative to that 

found in fetal liver (12-15dpc, see Whitelaw et a l, 1990). GATA-1 is controlled by 

distinct regulatory mechanisms during primitive and definitive erythropoiesis 

(Onodera et a l, 1997). The rise in GATA-1 mRNA in the liver parallels and 

precedes the rapid accumulation of adult beta-globin mRNA as definitive 

erythropoiesis begins to occur and globin chains switch from Eyl and Ey2 to Beta 

HI and then to Beta. Globin gene switching in the alpha-globin cluster (Zeta to 

alpha) is not as strictly co-ordinated as the beta-globin cluster (Whitelaw et al.
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1990). The increase in expression of the embryonic globin chains in C53 -/- liver 

suggests a defect in the switch from embryonic to definitive erythropoiesis is 

occurring upon C53 loss-of-function. This suggests the de-regulation of transcription, 

which is apparent during in vitro studies (see chapter 6), may be occurring in vivo, 

resulting in the mis-expression of embryonic globins. Futhermore, a 2-fold down 

regulation of adult a-globin expression is also seen in the embryonic liver, 

suggesting the defect also leads to reduction in adult globin expression. Alongside 

the defect in globin gene expression, a 2-fold decrease in the expression of the 

erythropoietin receptor (EpoR) is also seen. EpoR is known to play an important role 

in erythropoiesis, especially of the adult type. In embryos lacking a functional EpoR, 

primitive erythrocytes are produced in normal numbers, they undergo terminal 

differentiation, and express nearly normal levels of embryonic globins, although they 

are reduced in size and their proliferation is severely retarded after 9.5dpc (Lin et al,

1996). In contrast, in the fetal liver, definitive erythropoiesis beyond the late 

progenitor stage was drastically inhibited by the EpoR mutation, and virtually no 

definitive erythrocytes were produced in vivo, resulting in embryonic cell death by 

E l3.5 (Lin et a l, 1996). A decrease in EpoR expression would cause a defect 

specific to adult erythropoiesis, which is what causes embryonic lethality in C53 null 

embryos at 14.5dpc.

Other genes identified as being de-regulated in this study include Myeloperoxidase 

(MPO), the interleukin 1 type II receptor (ILl-ir2) and Alpha-1 Protease inhibitor 

(al-PI). MPO is expressed in primitive myeloid lineages and is up regulated in the 

C53 -/- liver, consistent with the observation that myeloid markers are up regulated
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and mis-expressed during in vitro studies. IL-ir2 is a non-signal transducing ‘decoy’ 

receptor for IL-1 which acts as a local membrane bound scavenger for IL-1 

(McMahan et a l, 1991) and is up-regulated 7 fold. al-PI is a serum protein which is 

expressed strongly in the mouse liver and whose expression is reduced in C53 -/- 

liver. Differential expression of these molecules is probably a function of the 

phenotype, and is probably due to secondary effects such as aberrant inflammation.

RDA analysis of gene expression in the yolk sac was less successful at isolating 

molecules with differential expression. Quantitative RT-PCR, used to confirm 

differential expression, was carried out on controls, all of which showed equal 

expression levels in both C53 +/+ and -/- yolk sac. Again, two members of the 

embryonic-globin gene family were down regulated in C53 -/- yolk sac, Zeta- and 

Ey2- globin. a-globin was also down regulated 2-fold, similar to liver RDA, 

suggesting globin gene switching, which may be beginning to occur at this stage, is 

defective. The only other molecule with significant changes in gene expression was 

the orthologue of Rat Monoamine Oxidase, a major neuro-transmitter degrading 

enzyme, which has not yet been cloned in the mouse.

RDA is a powerful technique for the isolation of differentially expressed genes, but it 

also has limitations in that not all of the differentially expressed genes are necessarily 

enriched for during the procedure. The lack of DPNII restriction sites in the message 

and the preferential amplification of some messages may result in the generation of 

less-than 100% coverage of expressed genes in the representations. It should be 

stressed that during this investigation it was not possible to exhaustively investigate
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the contents on the representations, which are effectively enriched, subtracted cDNA 

libraries. 200 clones were picked and sequenced and resulted in the numbers of 

differentially expressed genes shown here. If time and resources allowed, it would 

have been interesting to try to confirm more of the potentially differentially 

expressed clones by SYBA Green I analysis, and to clone more genes from the 

representations to try to identify and characterise more molecules whose expression 

is affected by C53 loss-of-function. Indeed, upon investigation it would be 

interesting to see if the rest of the globin gene family could be found in the 

representations, along with other potentially novel genes that are involved in the 

differentiation of the haematopoietic hierarchy. The identification of novel sequences 

in the libraries (many not illustrated here) underlines its complementarity to other 

gene identification approaches.
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Chapter 8: General Discussion

8.1 Screening of the Beddington dissected endoderm cDNA library 
using a combination of sequencing and expression analysis

In the field of developmental biology large-scale screens have been instrumental in 

discovering more about the molecules involved in pattern formation. The most well 

known screens used large-scale mutagenesis of invertebrates such as Drosophila and 

C.elegans to create huge arrays of mutants with various developmental defects 

(Nusslein-Volhard and Wieschaus, 1980; Meneely and Herman, 1979). In the 

vertebrate systems, mutagenesis has been used (Haffter et al, 1996; Driever et al, 

1996; Beddington, 1998) but limitations in throughput mean strategies that utilise ES 

cell technology (e.g. gene traps), expression analysis and cDNA library production 

are much more common.

The production of cDNA libraries allows the exact gene expression repertoire of a 

certain tissue (or indeed, any single cell) to be investigated at any one point in time. 

This investigation is a good example of where cDNA library production can be used 

effectively to investigate the genetic elements within a small group of cells or tissues. 

At 7.5dpc, the visceral endoderm, a tissue layer which envelopes the whole embryo 

at 6.5dpc, is being pushed anteriorward by the process of gastrulation, the production 

of mesoderm and definitive endoderm. The observation that the endodermal germ 

layer (definitive and visceral) along with the node (which has extended to the distal 

region of the egg cylinder by this stage) can be dissected away fi*om the ectoderm
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and mesoderm of the embryo led to the production of an invaluable resource, germ 

layer specific cDNA libraries. In previous studies subtractive hybridisation was used 

to enrich for genes expressed in a germ layer specific manner, allowing the 

identification of novel proteins likely to play an important role during gastrulation 

(Harrison et al, 1995).

In this study an alternative strategy was used for the identification of novel genes 

expressed specifically in the endoderm. cDNA clones from the endoderm cDNA 

library were sequenced and compared to sequence databases. The results from the 

database searches were clustered (identical sequences were grouped together) and the 

results were examined manually. This allowed the identification of novel sequences 

and concomitant removal of housekeeping and known genes, without the need for 

processes such as subtraction (which can result in the loss of potentially interesting 

transcripts). Once identified, novel mRNAs were analysed for restricted expression 

in the early embryo.

Expression analysis was carried out by WISH at 6.5, 7.5, 8.5, and 9.5dpc for each 

mRNA chosen fi-om the sequence analysis, stages that encompass gastrulation and 

the earliest stages of organogenesis. 12% of the mRNAs showed restricted 

expression at the stages investigated, which compares well with similar screens. A 

large percentage of the mRNAs were also restricted to the tissues of interest for this 

study. However, only one mRNA was isolated that was expressed asymmetrically in 

the visceral endoderm. This result may be due to the stage of the library, as you 

would expect genes that are asymmetrically expressed to be seen a little earlier (6.0-
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6.5dpc) during development just prior to the beginning of gastrulation. However, the 

identification of Hex and Dickopf-1 in the sequencing analysis (both are expressed 

specifically in the AVE at 6.0dpc) suggests such genes are present in the library and 

if the investigation was continued they would be identified. The library does, 

however, seem to be rich in mRNAs that are expressed specifically in the node, and 

may be a good resource with which to further characterise the genetic elements that 

make up the vertebrate ‘organiser’.

More importantly for this investigation, all of the clones investigated where new in 

developmental biology. It is interesting to consider that with the number of clones 

available, how much more information could be gleaned from such an investigation 

if the time and resources allowed. Indeed, with genome programs ongoing, and 

sequencing and bioinformatics becoming more and more powerful, it seems that in 

the future it may be possible to assign a potential function to most (if not all) cDNA 

clones from such a library.

8.2 Cloning and Characterisation of C53.

8.2.1 Bioinformatics gives clues about C53 structure and function.

The full-length C53 cDNA was cloned using 5’ RACE PCR. The predicated open 

reading fi-ame is 1389 nucleotides in length, encoding a protein of 463 amino acids. 

Continuing with the general strategy of this investigation, the sequence databases and
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homology searches that can be found on the world wide web were used to try to 

glean as much data about potential C53 function. Initially, homology searches 

suggested C53 was a new member of a family of proteins that contain ZIP (Zinc 

Transporter) domains. The main contributors to this family are form Arabadopsis, 

where the ZIP proteins are responsible for zinc uptake in the plant. Clues about 

vertebrate function from the same searches suggest the protein is homologous to 

molecules expressed in immune cells, predominantly human proteins expressed in 

the monocyte and myeloid cell lineages. Apoptosis of monocyte lineages has been 

shown to be an important defense against bacterial infection, and apoptosis can be 

induced by an intra-cellular zinc deficiency. More importantly, a member of the ZIP 

family of zinc transporters (ZIP2) has been shown to have increased expression in 

cells with depleted intracellular zinc, suggesting cells try to hemeostatically adjust to 

zinc depletion. It is interesting to speculate about the role of C53 in zinc transport in 

immune cells, however, it is important to confirm suggestions from bioinformatics in 

a biological system. It would be interesting to know if the expression of C53 is 

elevated in BCG-infected monocytes, and it would be a priority to see if expression 

was increased as a result of zinc depletion in apoptotic cells.

As well as clues about functional elements, bioinformatics can be used to suggest 

protein structure. There are a myriad of tools available to investigators who wish to 

looks for structural elements within proteins (which are not identified in simple 

homology searches) such as trans-membrane domains. During this investigation, 

three such programs were used (signalP, TMpred and TMHMM) and indicate that 

C53 is likely to be a trans-membrane domain containing protein. SignalP indicates
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the presence of a signal peptide that is cleaved off between positions 19 and 20 of the 

amino acid chain. The TM prediction programs give conflicting views, with TMpred 

(based on simple homology) suggesting seven trans-membrane domains, and 

TMHMM (a more complex program that has been designed to identify the presence 

of TM domains in novel sequences) suggests six trans-membrane domains. Again it 

would be a priority to conform these findings by, for example, the use of an antibody 

to give more clues about cellular location.

8.2.2 Expression suggests roles in early axes formation and haematopoietic

development

Whole mount in situ hybridisation was used effectively during this investigation to 

pinpoint the regions within the mouse embryo where C53 mRNA is expressed.

Expression begins at 6.0dpc, when C53 is expressed in the VE, a tissue implicated in 

both anterior (Martinez-Barbera and Beddington, 2001) and posterior (Belaoussoff et 

al, 1998) specification. Expression of C53 seems to be in two lateral stripes, although 

this needs to be confirmed using double in situ hybridisation with a probe for Hex or 

Dickopf-1. However, this observation may be down to the simple physiological 

nature of the embryos at this stage (v^th thicker tissue showing up as seemingly 

stronger expression) because at 7.5dpc it is clear that expression is seen throughout 

the visceral endoderm, the tissue that is eventually fated to become the embryonic 

yolk sac. At this stage, expression is also seen clearly in the node, or the ‘organiser’, 

which functions to specify and pattern the anterior posterior axis during mouse 

development. The trend, therefore, of expression in regions of axis specification
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continues. Around 8.5dpc, when the vasculature from the yolk sac joins with the 

embryonic vasculature, expression can be seen in the primitve blood cells within the 

embryo. Consistent with expression in regions of haematopoietic development, 

expression continues in the yolk sac and is strong in the embryonic liver at 10.5dpc.

The data suggests that C53 may have multiple roles during development, in the 

formation and patterning of the embryonic axes early and later in the development of 

the haematopoietic lineages. Northern blot analysis suggests the expression of C53 in 

the adult is specific to the kidney and lung (data not shown), from which the full 

length cDNA was cloned. However, this expression was not seen using p-gal 

analysis of adult tissues from heterozygous knockout mice, although P-gal 

expression did not faithfully follow C53 expression in the embryo (see Chapter 5 and 

Section 8.3).

8.3 The creation of the C53 targeted mutation

8.3.1 Construct design and targeting of ES cells.

Homologous recombination in ES cells has allowed investigators to produce 

carefully designed mutations of virtually any type. C53 has a complex genomic locus 

with 9 exons and 8 introns. The two most 5’ exons (exon 2 contains the ATG) and 

introns 1 and 2 were cloned and used in the targeting strategy described here to 

produce a null mutation. The strategy used homologous recombination to delete a 

small region 3’ to the ATG and insert a cassette which contains a translational 

termination signal followed by an 1RES and a reporter to follow gene expression.
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followed by a floxed (flanked by LoxP sites, targets for the Cre recombinase) 

neomycin resistance cassette. Outside the arms of homology is a negative selection 

cassette that will be lost upon correct homologous recombination. The constructs 

gave a targeting efficiency of approximately 1 in 100 in the conditions used in this 

study. The GFP containing vector had a slightly higher efficiency, probably because 

the region to be inserted into the genome (that was flanked by the homology arms) 

was 3Kb shorter. Clones of ES cells were picked and screened and correctly targeted 

clones were injected back into blastocysts and effectively underwent germline 

transmission.

It was important to design the strategy carefully, especially when considering the use 

of a reporter. The strategy created a null mutation, which heeded to be confirmed 

carefully by RT-PCR because of the ATG being in the second exon (it has been 

reported that exons can be skipped if they become too large, see chapter 5). The 

neomycin resistance cassette used in this study was flanked by LoxP sites. These 

sites would allow removal of the strong promoters that are used to drive expression 

of the selection marker, which have been shown to intefere with the expression of 

genetic loci up to 100Kb away (Pham et al, 1996). This would be a priority for 

further study, to ensure that the C53 loss of function phenotype does not occur as a 

result of interference of the selection cassette with closely linked genetic loci.

Although the primary aim of the investigation was fulfilled, the reporter constructs 

used did not follow C53 gene expression accurately (compared to WISH and
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Northern data). The first, d2EGFP, is a de-stabilised variant of the mammalian codon 

usage EGFP, which has a shorter half-life than the conventional P-gal reporter 

protein in mammalian cells and therefore gives a more accurate readout of the 

activity of a given promoter. It has been reported that the effectiveness of GFP (as a 

reporter) in mammalian cells is highly dependent on the expression level of the 

promoter used. In this investigation, the C53 promoter may not be strong enough to 

produce enough GFP fluorophores to be seen by the confocal microscope.

Furthermore, the use of a de-stabilised GFP would only confound the problem as the 

protein would be quickly degraded, reducing its ability to be detected. The second 

reporter, P-gal, is a much more commonly used reporter in mammalian systems, 

especially in developmental biology and has been shown to be effective on countless 

occasions. However, the expression pattern of P-gal should always be confirmed 

using RNA in situ hybridisation because of its long half life. The expression using p- 

gal in this investigation is not consistent with WISH data, and a priority would be to 

cany out WISH analysis on heterozygous C53 animals for both GFP and p-gal 

mRNA to try to resolve questions about their expression levels (is the mRNA for 

both reporter genes expressed) and their spatial pattern of expression (does the 

mRNA expression pattern for p-gal match its protein expression).

83.2 The C53 null phenotype.

Correct targeting of the C53 gene was analysed by southern blot and ablation of 

mRNA expression was confirmed using RT-PCR on RNA samples isolated from
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embryonic yolk sac and liver. The C53 mutation created in this investigation is 

embryonic lethal in the homozygous state, somewhere between 14.5dpc and birth.

Acute anemia becomes apparent at 11.5dpc and by 14.5dpc embryos are visibly 

anemic and growth retarded with widespread swelling consistent with apoptosis or 

necrosis. The phenotype suggests there is a defect in the haematopoietic lineage, as 

the vasculature looks normal in null embryos, as does the formation of the yolk sac 

and the specification and differentiation of the liver. There are many markers that 

could be used to confirm the presence or absence of various cell lineages of the 

haematopoietic system, but in this case it would be more informative to carry out 

colony forming unit (CPU) assays to discover the differentiation potential of cell 

populations from the yolk sac and liver of C53 null animals. From these assays it 

would be straightforward to detect the presence or absence of, for example, primitive 

and definitive erythrocytes. Furthermore, a simple way to test the functioning of the 

C53 haematopoietic system would be to test if cell populations from the C53 null 

liver could repopulate lethally irradiated mice. Similarly, the injection of null ES 

cells, which have been generated during Chapter 6, into blastocyts could be carried 

out to test which cell populations within the embryo the null ES cells will contribute.

The presence of null cells can be tested easily using the P-gal reporter. The nature of 

the defect needs to be defined before more direct predictions about the actual 

function of C53 can be alluded to.

The gene targeting experiment presented here will genetically alter a modified allele 

in all cells of the mouse fi*om fertilisation on, and generates an embryonic lethal 

phenotype in the homozygous state. It would therefore be interesting to use
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‘conditional’ gene targeting (i.e the modification of the C53 gene at a particular stage 

of development) in order to investigate C35 function at later stages of development 

and in the adult mouse. The most common methods for conditional gene targeting 

use either the Cre/LoxP (Gu et al, 1994) system (similar to the one described earlier 

which is used for the removal of the positive selection marker in conventional 

targeting experiments) or the bacterial based tetracycline (tet) inducible system (Shin 

et al, 1999). Both require the production of two separate mouse strains, which are 

generated and intercrossed. In the case of Cre/LoxP, one mouse strain expresses the 

recombinase in the desired temporal pattern in selected tissues or lineages; the other 

mouse line carries a gene segment (i.e the first two exons of C53) flanked by the 

recombinase target sites (LoxP). In offspring of the two strains cells expressing the 

recombinase delete the target gene segment. In the tet-inducible system, one mouse 

strain expresses a Transactivator (TA) protein that is responsive to the antibiotic 

tetracycline. The other line expresses the target cDNA (e.g. C53) under the control of 

a so-called tet-responsive promoter (tet-O). Crossing the two strains produces 

compound heterozygotes that contain both the TA and the target cDNA under the 

control of the tet-O promoter, which remains constitutively active in the presence of 

the TA. This powerful system allows compound heterozygous mice that develop in 

the absence of tetracycline to develop normally (as the TA keeps the tet-O promoter 

driving the C53 cDNA active), whereas those raised in the presence of tetracycline 

(simply added to the drinking water of mothers at a defined point during 

development) will do so with the target gene activity switched off (as tetracycline 

inhibits the activity of the TA). The system is made even more powerful by having 

two types of TA, one (tTA) binds the tet-O promoter (keeps it constitutively active)
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and is ‘switched off by tetracycline, and one (rtTA) does not bind the tet-O promoter 

(so it remains inactive) until tetracycline is present, so is ‘switched on’ by the 

addition of tetracycline (see figure 8.1). Both methods for producing conditionally 

targeted C53 mice could be considered in order to discover more about its function 

later in development or in the adult mouse.

+ tetracycline □

rtTA/tetO
rtTA

tetO C53 - tetracycline

C53 ‘O N ’

C53 ‘O FF’

B

tTA/tetO

+ tetracycline □

tTA

tetO C53
- tetracycline

8
C53 O FF’

C53 ‘O N ’

Figure 8.1 Schematic representing examples o f how to establish tetracycline responsive alleles o f 
C53. The rtTA and tTA transactivator genes (targeted to the C53 locus) and there products are 
represented in blue and light blue respectively. The €53 cDNA (red -  also targeted to the €53 locus) 
is under the control o f the tet-O promoter(dashed lines). Tetracycline is indicated by a yellow square. 
A compound heterozygotes in the rtTA system would have €53 ‘ON ' in the presence o f tetracycline 
and ‘OFF’ in its absence whereas in B compound heterozygotes in the tTA system would have €53 
‘OFF’ in the presence o f tetracycline and ‘ON’ in its absence.
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8.4 I n  v i t r o  differentiation of C53 null ES cells.

In this section of the investigation we describe an in vitro system that allows access 

to the stages of embryogenesis where mesoderm commitment occurs followed by the 

development of the primary embryonic haematopoietic system. Mouse ES cells are 

totipotent, nontransformed primitive ectoderm like cells derived from the iimer cell 

mass of 3.5dpc blastocysts that, if allowed to form aggregates in suspension 

(embryoid bodies, EBs), will spontaneously differentiate into various cell types. The 

creation of haematopoietic lineages within EBs has been studied extensively, and it 

has been shown that ES cells will efBciently generate haematopoietic cells in culture 

with a reproducible kinetic pattern and the developmental program (primitive 

ectoderm to mesoderm to haematopoietic cells) parallels the sequence of events that 

occurs in the mouse embryo.

In vitro differentiation of ES cells was used to characterise the gene expression 

profiles of ES cells bearing the wild type or mutant C53 genes (created by double 

targeting the C53 locus with constructs containing different selection markers). The 

data generated in controls is in agreement with other studies of haematopoietic gene 

expression during the in vitro differentiation of ES cells. In the double-targeted ES 

cells, the data indicated that the expression of genes associated with the earliest steps 

of mesoderm formation (Brachyury, BMP-4, Smad-1) was normal under the 

conditions of this investigation. Concomitantly, the expression of a number of cell 

surface molecules that are expressed in the surface of haematopoietic cells was also 

normal, as was the expression of the globin genes investigated and GATA-1. The
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most Striking differences between C53 -/- EBs and controls was in the premature 

expression of the haematopoietic specific transcription factors Scl and GATA-2, and 

the myeloid specific genes PU.l and lysozyme. Progression through the 

haematopoietic developmental cascade involves tightly controlled patterns of gene 

expression that are orchestrated by a complex set of transcription factors, a cascade 

that is disrupted by the loss of C53 expression.

The use of in vitro differentiation in culture is a convenient way to investigate gene 

expression changes in a controlled environment, especially when investigating a 

lineage that has been thoroughly characterised previously, and is a valuable method 

to use alongside gene targeting strategies. It would be of interest to further the 

investigations described here by dis-aggregating EBs and treating the cells with 

various growth factors to investigate the differentiation potential of the cells. 

Similarly, the cells generated from dis-aggregation could be tested for various cell 

surface molecules using fluorescent activated cell sorting.

8.5 RDA analysis of mRNA from C53 null embryonic yolk sac and 
liver.

The novel gene C53 has been shown in previous experiments in this investigation to 

be essential for the correct functioning of the haematopoietic system. Although using 

the in vitro differentiation of C53 null ES cells highlighted potential defects in gene 

expression that are known to be important for haematopoiesis, it would be interesting 

to investigate the global changes in gene expression that are caused by C53 loss of

178



Chapter 8 General Discussion

function, primarily because the gene in novel and downstream effects of C53 loss of 

function are essentially uncharacterised. Representational difference analysis (RDA) 

is a PCR based subtractive enrichment procedure. Originally developed for the 

identification of differences between complex genomes, it has now been adapted for 

the identification of differences in gene expression between various tissues or cell 

samples (cDNA-RDA) and is sensitive enough to isolate genes present in only a 

small fraction of cells in a complex tissue (Edman et al, 1997). We have therefore 

used cDNA-RDA to identify genes that are differentially expressed between C53 

wild type and null embryonic yolk sac and liver.

Confirmation of differential expression of genes (which are known to be expressed in 

the haematopoietic system) by SYBRman PCR indicates that the cDNA-RDA 

procedure has been successful. From the limited amount of genes that were cloned 

from the differentally expressed libraries, it was possible to gain data indicating that 

the primary defect in C53 null cells was in the erythroid lineage, with the mis- 

expression of embryonic globins probably through a de-regulation of GATA 

transcription. The libraries produced here, representing genes that are differentially 

expressed between C53 wild type and null cells, will become a much more valuable 

resource when the function of C53 has been fully characterised.
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Figure 8.2 Generalised model for the development o f hematopoietic development in the mouse, and where C53 
may be involved, from experiments carried out previously. Mesoderm production is thought to be unaffected by 
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8.6 General Conclusions

The investigation described here used a novel strategy to effectively isolate genes 

that are implicated in axis formation and the early patterning events that occur in the 

peri-implantation mouse embiyo. With sequencing becoming more straightforward, 

and sequence databases being added to by the day, it seems libraries of genes can 

now be characterised more thoroughly, simply through sequence and database 

analysis. Bioinformatics is also a powerful method with which to predict the 

structures that are present within proteins, a tool which will eventually overtake 

conventional methods of protein structure prediction.

The libraiy used in this investigation was constructed from the endoderm germ layer 

of the 7.5dpc mouse embryo (which contains tissues crucial for axis formation) and 

was characterised initially through the methods described above. However, the 

strategy aimed to link bioinformatics with functional data, to give an overall picture 

of the potential function of novel clones. Therefore, expression analysis was carried 

out on a wide range of stages that encompaseed 4 days of embryonic development, 

during which the most important aspects of gastrulation and organogenesis are 

occurring. 12% of all clones investigated were expressed specifically in the tissues of 

interest.

C53 is expressed in the visceral endoderm, the node, the embryonic yolk sac and 

liver. A targeted mutation was generated resulting in embryonic lethality between 

14.5dpc and birth from acute anemia in the homozygous state, suggesting a defect in
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haematopoietic development. Alongside the targeted mutation in vitro studies were 

used and demonstrated mis-expression of transcription factors crucial for 

hematopoiesis. A PCR based subtractive enrichment procedure (RDA) implicated 

C53 in erythroid differentiation by highlighting the de-regulation of erythroid 

specific genes in C53 null embryonic yolk sac and liver. The latter part of the 

investigation therefore demonstrated that the novel gene C53 is essential for the 

correct differentiation of the haematopoietic system in the mouse embryo. Further 

investigations need to be focused more directly on the haematopoietic lineages 

themselves, to try to decipher exactly when, and in which lineage, the defect is 

occurring.
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Section 1: Vectors 

General Vectors
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fl (+) origin 135-441
p-galactosidase a-fragm ent 460-816
multiple cloning site 653-760
lac prom oter 81 7-938
pUC origin 1158-1825
ompicillin resistance (bla) ORF 1976-2833

a m p i c i l l i n y ^

f l  ( +  ) ori

pBluescript II SK (+)
3.0 kb

p U C  ori

pBluescrip t II SK ( + / - )  M ultiple C lon ing  Site Region 
( s e q u e n c e  sh o w n  5 9 8 -8 2 6 )

Bss H II 
I

T7 Promoter Kp n

A p a  I 
E c o O 1 0 9  
D r a  II X h o

I

H i n c  II 
A c c  I 
S a l  I 
I

TTGTAAAACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGAC.
>   7 ^ - --------- T— T-----:----------------►

M 1 3  - 2 0  p r i m e r  b i n d i n g  s i t e  

B s p l 0 6  I

T7  p r i m e r  b i n d i n g  s i t e KS p r i m e r  b i n d i n g  s i t e . . .

H i n d  III 
I

E c o R V E c o R  I Pst S m o
I

B o m H  I S p e  I X b a  I 
I

N o t  I

I '
BstX
I

S a c  II S a c  I

. .GGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTC
.. 4-

. . . KS p r i m e r  b i n d i n g  s i t e SK p r i m e r  b i n d i n g  si te

T3 Promoter Bs s H II 
11

■ 3-ggl g-frogm ent

. . . CAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATGGTGATAGCTGTTTCC
M l  3  R e v e r s e  p r i m e r  b i n d i n g  s i t eT 3  p r i m e r  b i n d i n g  s i t e



/acZaATG 
M13 R everse Primer | Hindi

I
Kpn I S ac  I 

I
BamH I 
I

S/oe I

CAG GAA ACA GCT ATG A C : ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA 
GTC CTT TGT CGA TAC TG3 TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

BstX\ EcoR I

GTA ACG GCC GCC AGT GTG CTG GAA TTC GCC CTT#? 
CAT TGC CGG CGG TCA CAC GAC CTT AAG CGG G

EcoR I

G GGC GAA TTC TGC 
TTC CCG CTT AAG ACG

EcoR V BstX I Not I Xho I Nsi I Xba I Apa I
I I I I  I I  I

AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG 
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC

CCC TAT 
GGG ATA

T7 Promoter M13 Forward (-20) Primer
AGT GAG TCG TAT TAC AAT TCA 
TCA CTC AGC ATA AT 3 TTA AGT

CTG GCC GTC GTT TTA CAA CGT CGT GAC TGG GAA AAC 
GAC CGG CAG CAA AAT G IT  GCA GCA CTG ACC CTT TTG

Comments for pCR®2.1-T0P0®
3931 nucleotides

LacZa fragment; bases 1-547 
MIS reverse priming site: bases 205-221 
Multiple cloning site: bases 234-357 
T7 promoter/priming site: bases 364-383 
M l3 Forward (-20) priming site: bases 391-406 
fl origin: bases 548-985 
Kanamycin resistance ORF: bases 1319-2113 
Ampicillin resistance ORF: bases 2131-2991 
pUC origin: bases 3136-3809

^  Invitrogen
life te c h n o lo g ie s



Arm Constructs, courtesy of GSK, in pBluescript.

ARM CONSTRUCTS __________ _______________________ ____________________________

H i n d i
Z  D r a l l  A c c l i

Notl Nh<;l Pmel Fsel Kpnl Apa! Xhol Sail Clal Hindlll EcoRV EcoRl PstI SmaJ BamHI 5pci Xba! Eagl BstXl Sacll S a d  P a d  Avril Ascl^

HI, cl,
'u . . t  A cc! I D r a l l

Not! Nhel Pmcl Fse! S ad  Sad! B ^ I  Eag! Xba! Spcl Ba^pH! Smal Pst! EcoR! EcoRV Hindi! Clal Sail Xhjd Apa! Kpnl P ad  Avril Ascl

Arm3
H i n d !

D r a l l  Acc l  ' )
A9 el* SrM Ndel Kpnl Apal Xhol Sail ClaJ Hindlll EcoRV EcoRI PstI Smal BamH! Spe! Xbal Eagl BstXl Sad! S a d  Sfil CspI_________

Arm4

Tc?/' D,c„
Agel  Srfl Ndti Sac! Sad! BstXl Er.gi XI»! S p d  BamH! Sriis! / " jy  gcûKl EcoRV Hind!! Clal Sail Xho! Apal Kpn! Sfll CspI



TV1095M and vectors used to produce LNDTA-GFP

Oligos for adapting LNDTA(A).

Nhel Fsel AscI (Stop ) Xhol Pmel
CTAGCAGGCCGGCCGATGCAGGCGCGCCTAGATAÜATAÜCTCGAGTTTAAAC

GT CCGGCCGGCTACGT CCGCGCGGATCTATCTAT CGAGCTCAAATTTGGCGC



Lox neo DTA(A)

Spel

M13primer 
 >-

Clal HindlIjlEcoRVjEcoRI
J  J  .

Notl Nhel Pmel Fsel Pacl AvRII Ascl LoxP

BamHI 
EcoRV

BamHI Spel Xbal HindlII EcoRV Xhol
EcoRI

LoxP Agel Srfl/Smal Ndel SfiI/AflII Cspl

pgkneo MC-IDTA

Lox neo DTA (B)
BamHI Spel 

EcoRV
M13 primer

Clal Hindlll Xbal Spel BamHI

Notl Nhel Pmel Fsel Pacl AvRII Ascl LoxP

EcoRI EcoRV Hindlll EcoRV Xhol

LoxP Agel Srfl/Smal Ndel SfiI/AflII Cspl L
EcoRI

pgkneo MC-IDTA



pIRES Vector Information PT3266-5

Catalog #6028-1

ColEI
ori CMV IE

^MCSA
^  (1085-1107)

IVS

1RESpIRES
6.1 kb

SV40 
poly A M C SB

(1722-1748)

SV40 ori
P

SV40
on

N eo '

MCSA
T7 Promoter

1070 1080 1090 1100 1110

TAATACGACTCACTATAGGCTAGCCTCGAGAAnCACGCGTCGAGCA 1RES sequence..

MCSB

Nhe\ Xho\ fcoRI M!u\

T3 Promoter

1RES scuucncc

1720 1730 1740 1750 1 760 1770

CAACCCGGGATCCTCTAGAGTCGACCCGGGCGGCCGCTTCCCTTTAGTGAGGGnAATG  
X m aM  \ Xba\ Sal\ ÂÿnaT/ Not\

femHI

Restriction Map and Muitipie Cioning Site (MGS) o f piRES. Unique restriction sites are  in t>old. The Xma i/Sm a I sites 
can  be treated  a s  unique sites for cloning purposes.

Description:
pIRES is a mammalian expression vector that allows you to express two genes of interest at high 
levels by cloning them into multiple cloning sites (MGS) A and B. These MCSs are located on either 
side of the internal ribosome entry site (1RES) from the encephalomyocarditis virus (ECMV), which 
allows translation of two consecutive open reading frames from the same messenger RNA (1-3). 
The MCSs and 1RES sequence are downstream of the immediate early promoter of cytomegalovirus 
(P  g). The intervening sequence (IVS) between P  ̂and the MCS is an intron that is efficiently 
spliced out following transcription. SV40 polyaden^ation signals downstream of the MCS direct 
proper processing of the 3' end of the mRNA from your gene of interest. Bacteriophage T7 and T3 
promoters are located upstream and downstream of MCS A and B, respectively. pIRES uses the 
neomycin resistance gene (Neo ) to permit selection of transformed cells. Neo' is expressed from 
the SV40 enhancer/promoter, and a synthetic polyadenylation signal directs proper processing of 
the 3' end of the Neo' mRNA. The SV40 origin also allows for replication in mammalian cells 
expressing the SV40 T antigen.The vector backbone also contains the p-lactamase gene for 
ampicillin resistance and a ColEI origin of replication for propagation in E. co# and an fl origin for 
single-stranded DNA production.

(PR15770; published 23 May 2001)



pd2EGFP-1^ Vector Information PT3205-5 

Catalog #6008-1

MCS
(12-89)

BsêG I (807)

EcoOm  I
(3403)

d2EGFP

HSVTK pd2EGFP-1 poly A

SV40 ori

S f l l  I
(2126)

Not\{m)
Xba r  (959)

4 / / II (1187)

D r a in  (1421)

I ' J l  41 Dl O I t \  01 31

TA GCG CTA CCG GAC TCA GAT CTC GAG CTC AAG CTT CGA ATT CTG CA(̂  TCG ACG GTA CCG CGG GCC CGG GAT CCA CCG GTC GCC ACC ATG GTG 
Econm Bgin Xkol \ Hinsm EcMl Pst\ Sêl\ Kpn\ \ Apal \  BaaMi AgelSeel Accl AspJMl \ BtplHOl XmelEcnXll Sacll Smal

Restriction Map and Multiple Cioning Site (MCS) of pd2EGFP-1. Unique restriction sites are in bold. The Notl site follows 
the d2EGFP stop codon. The Xba  I site is methylated in the DNA provided by CLONTECH. If you wish to digest the vector 
with this enzym e, you will need  to transform the vector into a darrr host and m ake fresh DNA.

Description:
pd2EGFP-1 encodes a destabilized, red-shifted variant of wild-type GFP (1-3) which has been 
optimized for brighter fluorescence and higher expression in mammalian cells. (Excitation maximum 
= 488 nm; emission maximum = 507 nm.) d2EGFP-1 is derived from EGFP (GFPmutl; 4) which 
contains the double-amino-acid substitution of Phe-64 to Leu and Ser-65 to Thr. The coding sequence 
of the d2EGFP gene contains more than 190 silent base changes which correspond to human codon- 
usage preferences (5).

To construct d2EGFP, residues 422-461 of mouse ornithine decarboxylase (MODC) were fused to 
the C terminus of EGFP (6), This region of MODC contains a PEST amino acid sequence that targets 
the protein for degradation and results in rapid protein turnover. d2EGFP has a half-life of 
approximately two hours, as measured by fluorescence intensity of cells treated with the protein 
synthesis inhibitor cycloheximide (7) The two-hour half-life has also been confirmed by Western blot 
analysis using CLONTECH's GFP mAb (6).

pd2EGFP-1 is a promoterless d2EGFP vector. SV40 polyadenylation signals downstream of the 
d2EGFP gene direct proper processing of the 3' end of the d2EGFP mRNA. The vector backbone also 
contains an SV40 origin for replication in mammalian cells expressing the SV40 T antigen. A 
neomycin-resistance cassette (Neo') allows stably transfected eukaryotic cells to be selected using 
G418. The Neo'cassette consists of the SV40 early promoter, the neomycin/kanamycin resistance 
gene of Tn5, and polyadenylation signals from the herpes simplex virus thymidine kinase (HSV TK) 
gene. A bacterial promoter upstream of this cassette confers kanamycin resistance in E. coli. The 
pd2EGFP-1 backbone also provides a pUC origin of replication for propagation in E. coli and an fl 
origin for single-stranded DNA production.

(PR08374; published 30 August 2000)



LNDTA (EGFP)

Notl Nhel Fsel Ascl

Xhol

EcoRI

M lul

Xmal

Agel SrfI Ndel Sfil Cspl
BamHI 

Clal Spel

Hindlll Xbal

EcoRV BamHI H indlllBamHI BamHI

EcoRI Spel EcoRV EcoRV Xhol EcoRI

SV40

h- 2>c\o A 1-
- » t> tw - I IVC»



TV-1095M

Notl  N hel Pm el Fsel Pacl A vril AscI

BamHI

A gel SrfI N del Sfil CsplEcoRV
EcoRI EcoRV

EcoRI BamHI SailClal EcoRV Sacl EcoRI Pad Spel BamHI EcoRVBamHI EcoRI Hindlll

pBluescripl
SV 40 M C I-D T A  

Pmt

M l3 primer

Spel Apal Kpnl

This plasmid was constucted by creating a hybrid vector of Arm I and Arm3 (Arm 1.3) which contains a unique BamHI site flanked by SrfI and A scl sites. The 
BamHI fragment o f 1095 containing the IRESbgal etc. was inserted at this site, and then removed and inserted into Lox neo DTA(A) as an A scl/Srfl fragment, 
thereby replacing the loxPpgkneoloxP cassette o f Lox neo DTA(A). The restriction map of some polylinker sites is not complete, but the Notl, A scl, SrfI and 
Sfil sites are all unique. On discovery o f the loxP mutation in the original 1095 plasmid, the Pacl-Srfl fragment o f TV-1095 was replaced with that o f LN-DTA-AP  
to generate TV- I095M.



Section 2. Annotated C53 Full Length cDNA.

GAATTCGGCTTAAGCAGTGGTAACAACGCAGAGTACGCGGGGAGAGTTTCTTAGAGAAAGGAG

AGAGAAAGACAGACAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGAGAGAGAGAGAGAAGTATTTTGAATATATTTGAACCTCAGGGGCTGACATAGA

Int . l

CAGTAGS0GCTCCGCAGGAGGCTCCGAGAGGCCACACTGCCTATCGCCCTTCTGGCTGTTCTA

CCTCTTCAATGCCClSGAAGGtCtGAGACTGCAGAGCjGGGGGCACGGAGTGTCTCGCTAACTG
T

GGCCAGGCAGTGACGCGGGACCGGCGCACCCTCCCACCCCCACCCTAACGGCACTGACACCG

GGGCACCGGCGCGGGTCCCTGCATCAGCTAGCTCCGGAGCTGCGCGCTCCACG

Bt<

HTGjGCTCCGGGCCGGGCAGTGGCCGGGCTGCTGCTGCTGGCGGCCACCAGCCTGGGACACC

CCTCGGABlGGACCGGAGCTCGCCTTCAGfrGAGGATGTGCTGAGCGTGTTCGGCGCCAACCGG
S2

AGCCTGTCGGCCGCGCAGCTGGGGCGCCTGCTGGAGCGTCTGGGGGCTGCATCCCAGCAGG

EC047III Int.2

GAGCGCTGGACCTGGGCCAGCTGCACTTCAACC^TGTTTGTCAGCAGAAGACATCTTTTCTCT
N

TCATGGTTTCTCAAATGTCACCCAGATAACCAGCTCGAACTTCTCTGCCATCTGCCCCGCGAT
0

CTTACAGCAGCTGAACTTCCATCCCTGCGAGGATCTAAGAAAGCACAACGCAAAGCCCAGTCTT
P

Int.3

t c c g a É B t c t g g g g c t a t g g a t t c c t g t c a g t g a c a a t t a t c a a t c t g



GCCTCTCTCCTGGGATTGATTTTAACCCCCTTGATAAAGAAGTCTTATTTCCCCAAGATTTTAAC

Int.4

t t a t t t c g t g g g a c t c g c t a t t g g g a c t c t t t t c t c a a a c g c c a t t t t c c a g c t t a t t c c a g I

CATTTGGATTTAATCCCAAAATTGACAATTACGTTGAGAAAGCAGTTGCTGTGTTTGGTGGATTT

lnjt.5

t a c a t g c t t t t c t t t g t c g a g 3 3 a a c a c t t a a g a t g c t a c t g a a a a c a t a t g g c c a g a a t g a c c a

TACTCACTTCAGGAATGATGACTTTGGTTCTAAAGAAAAAACCCACCAACCCAAAACGTTACCAT

t g c c t g c a g t c a a c g g t g t g a c t t g c t a t g c c a a c c c c g c t g t c a c t g a g c c t a a c g g a c a c a
R

Int.6

a c a c t g t c a g c g t t g t a t c c c t c c ^ B g a t g g a a a a a c a g a g c c a a g c t c a t g t a c c t g t c t g a a

GGGGCCCAAACTGTCAGAAATAGGAACAATTGCCTGGATGATCACGCTTTGTGATGCCCTCCA

CAATTTCATCGACGGCTTGGCGATTGGGGCATCTTGTACTTTGTCTCTTCTTCAGGGGCTCAGT

Int.7

a c g t c c a t a g c g a t c c t g t g t g a g g a g t t t c c t c a t g a g t t 3 3 g g g a c t t t g t g a t c t t g c t c a

ATGCAGGAATGAGCACCCGGCAAGCCTTGCTGTTCAACTTCCTCTCCGCGTGTTCCTGCT

ACGTGGGACTAGCTTTCGGCATTTTGGTGGGCAACAATTTTGCTCCCAATATTATATTTGCACTC

Int.8

GCTGGAGGCATGTTCCTCTACATTTCTCTGGCg0ATATGTTTCCAGAGATGAACGACA

TGCTGAGAGAAAAAGTAACTGGAAGACAAACGGATTTCACCTTCTTCATGATCCAGAATGCAGG

GATGTTAACCGGCTTCACTGCCATCCTGCTCATC^CCTTGTACGCAGGAGACAljCGAATTGCAG
E

i^CCCGGAAGTGGAGTATAACGTCAACGCGGGAAGGCATTTAATAACAACACAGAAACATCTC

CATAGGGATTTTTGTTTTTTTAAAAGTATATCCTATTTAGTTAAAAGAGATTTTTTTTTTATTATTTT

CAACTAAAGGCTAAGGAATCTAATGACTGGTTTCAGATATGTAGAATAGGTGAAATTTGTTGTTA

AAATTTTTCCTTAAAAGGTTTTCGGTTTCAGACTGCAAAGGCTGGTGTATGGGGCCTTTGGTAAA

TACCTGGTTTTCAATATTTTATGCATATTAGAAAATTATCATGAAGCAAACACGTGCATTCACAAG

CAGACATACAGATCCAGAGAAAAACACAATCTGGGTCATGTAAGGTTTCAGAACTTGCTT



GGGTAAACAACAACAACAACAACAACAACAACAACAACAACAAAAACCTCAAGCGTTTTCAGAGT

GGTTTTCTTCCAATTAATGTGTTTGACTGCTTTTAAAGGCAGGTGCATCAAATGAGGAAGAAAAT

CAAGACAGACAGCTCCAGTGCATGCAGGACCGATCCCAGTGCCTTAACGAACCCCAGAAAGAT

AGCGCACAGCGTTTGTTCAGCTTTATGTCTCAGTTGGCGACCTGTAGGATTGTTTTGAAAGCTA

ATACAAAGTAACATGAATTAGGAAAGGATGAAAGGCTTGCTAGCCCAGCAAGGCTTGGGC

TCAGGGCTTGGTCCCTGAGTTATAAGCTTGAACACACCCTGCAGAAGACCAGAATTGCTTTGCT

ATGATTTATGCTGTGGTTCCAGCCAACAGAAATGCCTGAGGAGTATGCGAGACTGGTTAGAACT

CAGTCTTGCCATGCTCTGGGATTGCTTTGTCATGGTGGAGAATATGTTGGGTGGGAGAG

AGAAATTGAATGTAATTGTGAGCAATTTACTTTTTAAAAGATGAGCATAATTATTTAGCAGGG
D

GGAATTTCCTiiiifÆ.trGCAAAAATCACAGCTGGGCTGGGCTGTGTCAGAGACTGATGGTGGAGG
PolyA

AGCCATGTGCTCATTAGGGGTGATTGACAGTCAGCAGAGACGGCTTCTTTTATGTGCAGTGTGC

TTTGTTCCCATATGGTATACCGTTGGATGGAAAACCTCAGTATACTCTTTCTACCTTTCGTAAAAC

ACACAGCTCACTGAGTGTTTGAGCACGTTGTAGACGATCAGTCTGAATTGAACATCCTAATTTCA

ATTCACACTCCCAAGTAACTTAAAAAAAAGATGATTTGACAGTGATGAGAATTAGTAATAGAAGC

CAAGTTATCTCAGGAATTATGTTTTCCTATAAGCCCAAACACATTTTCATGTAATAACAGTGCA

GATTTGATAAACTTTAACATATATGTTTATGTGTATTCTCACTTTATGACTGACAATTAAAAAATAT

TATTTGACCAAACAGTAAAAGCTTTTGAAACC 3249

Primer facing 3’ 

Primer facing 5’ 

PolyA^ site

S Q  Intron/exon boundary

j|iTG /. TÎ00 Translation initiation / termination

ORF in BOLD


