GENE TRAP IDENTIFICATION OF mbrg-1: A NOVEL MAMMALIAN GENE
ENCODING A BROMODOMAIN CONTAINING PROTEIN

by

Wuhua Jing

A thesis submitted to the

Faculty of Graduate Studies and Research

McGill University

In Partial Fulfillment of the Requirement for the Degree

of

Doctor of Philosophy

Department of Medicine

Division of Experimental Medicine

McGill University, Montreal, Quebec, Canada

June, 1995

Copyright © Wuhua Jing 1995



Dedicated to Mom and Dad
for your selfless and unconditional love



RAGIEIEEE - R TME - EfRENE



Abstract

A gene trap approach was used to screen for genes that, on the basis of their
temporal and spatial expression patterns, may play important roles in nervous
system develocpment. In this strategy genes expressed in embryonic stem (ES) cells
are tagged by insertion of a reporter construct. In one such clone the trapped gene,
mbrg-1, was expressed throughout the developing and mature nervous system. In
chimeras the expression pattern of the trapped gene revealed a spatially restricted
pattern of cell mixing and migration in the cerebral cortex and spinal cord. Fusion
protein encoded by this gene trapped locus was localized to the nucleus, suggesting
that the endogenous gene may play a role in the function or organization of
neuronal nuclei. The exon sequences of the endogenous gene present in the fusion
transcript were cloned from the fusion transcript by 5' RACE, and overlapping
cDNA clones were subsequently obtained from mouse embryonic (E12.5) and brain
(P8) cDNA libraries. One cDNA clone of 1574 bp encodes a putative phosphorylated
protein of 349 amino acids. In this sequence an 85 amino acid bromodomain,
conserved across multiple species was identified. Most proteins with this motif
have been shown to be either an essential part of transcription complexes or
function as transcription activation adaptors. The transcript encoding the
bromodomain containing protein was expressed ubiquitously, while only the
alternatively spliced isoform disrupted by the gene trap insertion was abundant in
differentiated neurons. Thus, this investigation also revealed the existence of
unique splicing machinery apparently shared by all neurons. This novel murine
bromodomain encoding gene is conserved among other mammals, and, by

fluorescent in situ hybridization analysis was localized on mouse chromosome 2.



Résumé

La technique de "gene trap” a été utilisé pour selectionner des génes qui, en fonction
de leur expression spatio-temporale, pourraient jouer un rdle important dans le
developpement du systéme nerveux.

Grice a l'insertion du géne reporter LacZ, cette approche permet de marquer des
geénes qui sont exprimés dans les cellules souches embryonnaires (ES). Les chimeres
générées a partir d'un clone LacZ positif ont présenté la particularité d' exprimer ce géne
(mborg-1) dans le systéme nerveux embryonnaire et adulte. L'analyse histologique de
cerveaux de ces chimeres a permis de mettre en évidence que I'expression du géne ciblé était
restreinte a des régions specifique du cortex cerebral et de la moelle épiniere.

La protéine de fusion codée par ce géne cible a été localisé dans le noyau, suggérant
que le géne endogéne pourrait &tre impliqué dans la fonction ou l'organisation du noyau
neuronale. Les séquences d'exons du géne endogéne ont été clonés & partir du transcrit de
fusion par "5' RACE", par la suite des clones d' ADNc ayant des séquences homologues avec
le géne endogene ont été obtenus a partir de banque d' ADNc d'embyon de souris (E12.5) et
de cerveau (P8). Un de ces clones ADNc code pour une protéine phosphorylée putative de
349 acides aminés. L'analyse de cette derniere séquence a permis d'identifier une séquence
bromodomaine de 85 acides aminés, bien conservée chez plusieurs espeéces. Or, il a été bien
établi que la plupart des protéines contenant une telle séquence representent un élément
essentiel dans le complexe de transcription ou bien fonctionnent comme des adaptateurs
activant la transcription. Dans le présent travail, on montre que le transcrit codant pour la
protéine bromodomaine s'exprime de fagon ubiquitaire, alors qu'une forme tronquée,
interrompue par l'insertion de la construction LacZ, est abondante dans les neurones. De
plus, cette étude met en évidence la présence d'un mécanisme d'épissage unique qui serait
commun 2 tous les neurones. Enfin, ce géne codant pour un nouveau bromodomaine murin
est conservé chez d'autre mammiféres et l'analyse par hybridation fluorescente in situ a
pgrmis de localiser le géne mborg-1 sur le chromosome 2.
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Introduction

1.1 Mammalian developmental gene identification

Mammalian development is a complex process involving spatial and
temporal regulation of numerous gene products and complex cell-cell
interactions. Previous genetic approaches used to further the understanding
of mammalian development have largely been based on classical mutational
analysis and molecular genetic analysis (Rossant and Joyner, 1989). In
particular, efforts have been made to identify genes that play important roles
in mammalian development, where many of the critical genes are yet to be

found.

1.1.1 The classical genetic approach

Classical mutational analysis, in which spontaneous or experimentally
induced mutations are phenotypically examined and the genetic alterations
that cause the developmental defect are subsequently characterized, has been
an extremely successful tool in studying invertebrate development. Notably
for Caenorhabditis elegans and Drosophila melanogaster, the availability of
numerous natural strains carrying chromosomal deletions, the ability to
breed large numbers, the relatively small and accessible genome, and the fact
that embryos develop ex utero, have made large-scale screening for relevant
mutations a powerful means to identify genes that play a significant
developmental role. A large number of developmentally important genes
. have been isolated on the basis of their mutational phenotypes in this
manner. The most ideal mammalian candidate amenable to developmental
analysis, the mouse, whose early embryology is fairly well understood

(Rossant, 1986), has approximately twenty times the genome size of fruit flies,



a much longer gestation period, delivers fewer offspring, and its embryos
develop in utero. Thus, initiating large-scale screening for mutations affecting
embryonic development in the mouse is neither economically nor
experimentally practical.

Investigations of some spontaneous or experimentally induced mouse
mutants known to interfere with normal murine development has led to an
understanding of the molecular basis of these mutations (Magnuson, 1986).
Recent developments in gene cloning and mapping techniques have
facilitated the identification of candidate genes for existing mouse mutants
(Table 1). Many of these mouse mutants have served as models for human
genetic diseases. Correlation of the phenotypic properties of the mutant locus
and the known biochemical properties and/or expression pattern of a closely
linked gene provides a basis to further investigate the relationship between
the mutant locus and the candidate gene. The best examples, whereby mutant
mouse genes were cloned based on mutational phenotypes are: W, un,
Splotch (Sp2H), Sxr, and T mutations. The molecular lesions have been
localized within the c-kit (Geissler et al., 1988b), Pax 1 (Balling et al., 1988), Pax
3 (Epstein et al., 1991), Sry (Gubbay et al., 1990), and Brachyury genes
(Herrmann et al., 1990), respectively. Molecular characterization of mutant
genes is generally carried out either by a deterministic approach from the
phenotype to the genotype via genetic mapping and positional cloning
(Herrmann et al., 1990; Gubbay et al., 1990), or by molecular characterization of
previously identified genes mapped in close proximity or allelic with the

mouse mutants (Balling et al., 1988)

1.1.1.1 Positional cloning and genetic mapping



One of the most important tools in molecular cloning is the
availability of genetic markers or cloning tags required to identify
homologous sequences in or near the genomic loci. In the absence of these
markers, molecular characterization can only be accomplished by genetic
mapping and chromosome walking. Despite certain successes, difficulties in
isolating genomic probes close to the mutant loci and unpredictable genomic
rearrangements often present in mutant alleles have presented daunting
challenges to this approach. In addition, the labor required and resources
needed to carry out physical mapping and positional cloning also create
barriers.

In a classical deterministic approach, from the phenotype to the gene,
Herrmann and co-workers (1990) used a combination of molecular and
genetic techniques to clone the gene for the mouse T mutation. Genomic
probes isolated by microdissected spread metaphase chromosomes or by
chromosome walking and jumping, were used to map the T locus through
analysis of several alleles of the T mutation. Genomic and ¢cDNA clones
containing the T gene were then identified. Different mutant T alleles were
found to be generated by either deletion or insertional mutation affecting
functional splicing. The T gene was found to encode a novel protein which is
highly conserved among vertebrates and is required during mesoderm
formation and notochord morphogenesis. These processes are defective in
the T mutation.

In the sex-reversed mutant, Sxr, a small part of the short arm of the Y
chromosome is translocated onto the pseudoautosomal region at the distal
end of the long arm of the Y chromosome (Vergnaud et al., 1986). This part of
the short arm was found to be sufficient to confer maleness and can be

transferred to the X chromosome during male meiosis by crossover of the



pseudoautosomal region shared by the X and Y chromosomes (Goodfellow et
al., 1986). The resulting Sxr XX male offspring contains the Sry gene (a gene
from the sex-determining region of the Y chromosome), within the
translocated short arm chromosome. A mutated Sry gene has been seen in
the XY female. Gubbay and co-workers (1990) isolated a 3.5 kb genomic
fragment of the Sry gene by size-selected cloning using a human Y
choromosome-specific probe (Sinclair et al., 1990). The mouse Sry gene was
shown to share sequence homology with the human SRY gene. It was
expressed at a developmental stage suggesting that it plays a role in Sertoli cell
fate determination during male gonadal development. It was found to be a

member of a family of at least five mouse genes, all of which encode putative

DNA binding proteins.

1.1.1.2 Association of cloned genes with mutant loci

Most mouse mutants have been characterized by direct association of
mutant loci with previously cloned genes. Advances in molecular cloning
and mapping of genes have Provided important genetic markers to access the
mutant loci and target the molecular defects of mutant alleles.

The murine dominant-white spotting (W) mutation has pleiotropic
effects on embryonic development of melanoblasts, primordial germ cells and
hematopoietic stem cells. Homozygous W mutant mice are sterile, have
severe macrocytic anemia and coat color abnormalities with extensive white-
spotting (Geissler et al., 1981). Both the W locus (Geissler et al., 1988a) and the
c-kit proto-oncogene (Yarden et al., 1987), a transmembrane tyrosine kinase
receptor (RTK), map in close proximity on mouse chromosome 5. Geissler
and coworkers (1988b) localized mutations in two spontaneous mutant W

alleles, W44 and WX, in regions of c-kit cDNA encoding amino acids 240 to



342 and 342 to 791, respectively. These results suggest that c-kit is the gene
product of the W locus, consistent with the possibility that c-kit may play an
important role in mediating signal transduction pathways in the
development of hematopoietic, melanogenic and germ cell lineages. The steel
(S1) locus on mouse chromosome 10 shares a similar mutant phenotype with
the W locus and its gene product has been identified as the ligand for c-kit
RTK (Williams et al., 1990; Copeland et al., 1990; Flanagan & Leder., 1990).

The mouse Pax 1 gene, a member of the mouse Pax gene family, was
originally isolated on the basis of its sequence homology to the Drosophila
genes containing the paired box (Deutsch et al.,, 1988). Using restriction
fragment length polymorphism (RFLP) in recombinant inbred strains, Balling
and co-workers (1988) mapped the mouse Pax 1 gene close to a recessive
mouse mutation, undulated (un) on chromosome 2. Pax 1 was exclusively
expressed along the entire sternum and vertebral column (Deutsch et al.,
1988), structures distorted in mouse un homozygotes. The molecular defect of
the un mutant was identified as a point mutation by the polymerase chain
reaction (PCR) and sequencing, leading to a Gly-Ser replacement in a highly
conserved part of the pair-box of the Pax 1 gene (Balling et al. 1988). This
single amino acid exchange dramatically decreases the DNA-binding affinity
of the un Pax 1 protein and alters its DNA binding specificity (Chalepakis et
al.,, 1991). A point mutation was also found in the dystrophin gene in the
mouse mdx mutant, an animal model of X-linked human Duchenne
muscular dystrophy. The single base pair substitution within an exon causes
premature termination of the polypeptide chain encoded by the dystrophin
gene and renders the myopathic phenotype in the mdx mutant (Sicinski et al.,
1989). Another mouse Pax gene, Pax 3, was identified as a candidate gene for

the mouse mutant splotch (Sp), which exhibits spiné bifida and encephaly. A



32 nucleotide deletion was found within the conserved paired homeodomain
of the Pax 3 gene in mouse mutant splotch (Sp) and the deletion generates a
truncated protein as a result of a newly created termination codon Epstein et
al., 1991).

These studies demonstrate that murine genes only known by the
phenotype of a mutation are accessible to cloning. The list of candidate genes
identified for mouse mutants continues to grow (Table 1). However, it is also
obvious from these investigations that cloning genes responsible for the
mouse mutant phenotypes by conventional genetic approaches remains a
difficult and tedious task. Although each newly cloned gene can be mapped -
and tested for the availability of a mutant, the matching of the cloned genes
and the existing mutants is likely to be fortuitous. Only a very small
proportion of available mouse mutations have been characterized at the
molecular level. It is also very difficult to determine the primary mutant
defect by phenotypic examination alone. Most pre-existing mutants therefore
have been identified when cloned genes were found to be allelic with
developmental mutants. In addition, the number of spontaneous or
radiation-induced mouse mutants affecting developmental processes (Lyon,
1989) is limited. The vast majority of the estimated 100,000 genes present in
the mouse genome have not been identified. Nevertheless, the classical
genetic approach from the phenotype to the gene has the obvious advantage
in that phenotypic analysis of the mutant loci would yield clues to the
biological properties of the cloned gene product. However, the development
of gene targeting by homologous recombination has offered a direct means of
generating null mutations by interrupting endogenous gene expression at

will (Capecchi, 1989). Thus, genes isolated by various methods are amenable



Table 1 Mouse mutants and their characterized molecular defects

Mutant locus
Shiverer (shi)

albino (c)
Jimpy (jp)
sparse fur (spf)

Whie spoting (W)
undulated (un)
mdx

brown (b)

Tdy

T
steel (S1)

Snell Dwarf (dw)

retinal degeneration

(rd)

osteopetrosis (op)

Splotch (Sp2H)
Small eye (Sey)
patch (Ph)
Trembler
waved-1 (wa-1)

extra-toes (Xt)
Bcg

waved-2 (wa-2)
nude

Shaker-1 (sh 1)
reeler (rl)

Gene Chromosome location
MBP 18
tyrosinase 7
PLP X
ornithine X
transcarbamylase

c-kit S
Pax 1 2
Dystrophin X
tyrosinase-related 4
protein 1

Sry Y
Brachyury 17
Kit ligand 10
pitl 16
cGMP S
phosphodiesterase

CSF-1 3
(c-fms ligand)

Pax 3 1
Pax 6 11
PDGF-aR 5
PMP-22 11
TGF-a 6
Gli3 13
Nramp 1
EDGF 11
whn 11
Type VII myosin 7
reelin 5
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to functional analysis using the knock-out technology, although a
prerequisite for this complementary approach is the cloning of the

endogenous genes to be targeted.

1.1.2 Molecular genetic approaches

1.1.2.1 Mammalian genes isolated based on conserved sequence homologies
One of the most common molecular genetic strategies used for
identifying new genes that control mammalian development, is the analysis
of mammalian genes isolated on the basis of their sequence homology to
conserved sequence motifs within genes known to regulate developmental
processes in other organisms, notably Drosophila and C. elegans (Kessel and
Gruss, 1990). Three major murine gene families containing conserved
sequence domains of the Drosophila homeobox, paired-box and the human

and nematode POU-box containing genes have been isolated in this fashion.

1.1.2.1.1 Murine Hox genes
A homeobox is a 183 bp nucleotide sequence encoding a DNA binding

domain of 61 amino acids (Gehring et al., 1994). A high degree of
conservation of homeobox containing genes has been found between
different organisms. In Drosophila the homeobox containing genes include
three major classes of developmental gene families: the maternal effect genes,
the segmentation genes and the homeotic genes. The mouse homeobox-
containing genes, the Hox genes, were originally identified on the basis of
their sequence homologies to the Drosophila homeotic gene antennapedia
(Antp) and were found to be organized into four gene clusters believed to
arise from duplications. They are located on mouse chromosome 6 (Hox A),

11 (Hox B), 15 (Hox C) and 2 (Hox D), respectively (Krumlauf, 1994).



Paralogous genes are defined as those encoding similar proteins from
different clusters. These genes were identified, aligned and grouped into
subfamilies. The physical location of each Hox gene cluster along the
chromosome appears to correlate with the spatial order of its anterior border
of expression with a few exceptions (Hoxa-1 and Hoxb-1). During
neurectoderm development, the anterior boundaries of expression of
progressively 5' located Hox B genes reside successively posteriorly in the
developing hindbrain (Wilkinson et al., 1989; Murphy et al., 1989) except for
Hoxb-1 that are expressed more posteriorly than other Hox B genes, even
though it is the most 3' genes in the Hox B complex. In the developing limb
bud, the 3' Hox D genes are expressed earlier and more proximally whereas
the 5' Hox 4 genes are expressed later and more distally (Dolle et al., 1989),
thus raising speculation that the expression pattern is correlated with the
existence of a morphogen released by the zone of polarizing activity (ZPA).
The segmental pattern of expression of a significant number Hox genes
indicate that they may be involved in pattern formation during mouse

embryogenesis, analogous to the function of Drosophila homeotic genes.

1.1.2.1.2 Murine Pax genes

The murine Pax multigene family (Gruss and Walther, 1992) shares a
conserved sequence domain, the paired-box, with the Drosophila paired-
boxing containing genes that include three Drosophila segmentation genes
(Bopp et al., 1986). In addition to the paired-box, some murine Pax genes also
contain a second motif, the paired-type homeobox, both of which encode
proteins that contain the helix-turn-helix structures. Interestingly, this
protein domain has been shown to render proteins with DNA binding

properties. Eight members of the mouse Pax gene family (Pax 1 to Pax 8) have



been identified and are grouped into at least four classes. Each class is defined
by genes within the class sharing identical intron/exon structure and
extensive sequence homology of their pair-boxes, as well as the presence or
absence of additional sequences outside of the paired box, notably the paired-
type homeobox (Walther et al., 1991). Each class may therefore be composed of
paralogous genes, similar to the murine Hox gene family. In contrast to the
murine Hox genes, however, the mouse Pax genes have not been found to be
clustered. Members of the Pax genes are expressed in a distinct spatiotemporal
pattern during mouse embryogenesis, especially along the neuroaxis during
development of the mouse nervous system. Notably, Pax 3 and Pax 6 are
expressed differentially along the dorsal-ventral axis of the primitive neural
tube. Pax 3 is expressed in roof plate and neural crest cells while Pax 6 is
expressed in the basal and intermediate plates of the neural tube and later in
the developing eye. Two mouse mutants, splotch (sp) and small eye (Sey),
have been characterized by mutations in Pax 3 (Epstein et al., 1991) and Pax 6
(Hill et al., 1991), respectively (see table 1). This is consistent with the
embryonic expression pattern of Pax 3 and Pax 6. Mutations in the Pax 3 gene
disrupt the formation of central nervous system structures and neural crest
derivatives, and homozygous sp mutants therefore display spina bifida and
encephaly as well as dysgenesis of spinal ganglia and Schwann cells, whereas
mutations in the Pax 6 gene interfere with eye formation in homozygous Sey
mutants. These two mouse mutants are believed to be animal models

representing human Waardenburg syndrome and Aniridia, respectively.

1.1.2.1.3 Murine POU box related genes
The POU box containing genes were first isolated by virtue of their

ability to bind to octamer sites (ATGCAAAT) in enhancer and promoter
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elements. They were identified as transcription factors in rat (Pit-1) (Ingraham
et al., 1988), human (Oct-1, Oct-2) (Clerc et al., 1988) and C. elegans (unc--86)
(Finney et al., 1988) and are defined as POU family by the sequence homology
shared within the POU domain (Herr et al., 1988). The POU domain is a 150-
160 amino acid region consisting of a POU type homeodomain of 60 amino
acids linked to a POU specific domain of 75-82 amino acids located on the
amino-terminal side. While both the homeodomain and the POU specific
domain are involved in DNA binding, the POU specific domain seems to
carry much of the binding site specificity (Ruvkun and Finney., 1591).

Several murine homologues of the POU family have subsequently
been identified using cDNA probes derived from POU specific domains. The
murine POU box containing genes are divided into six classes according to the
sequence homology between the POU homeodomains and POU specific
domains, as well as similarities of the linker sequence between them (Wegner
et al., 1993). The expression pattern of the mouse POU gene family is rather
interesting. Unlike the mouse Hox and Pax genes, there is no obvious
regularity in the expression pattern of the POU gene family. However, most
POU genes are differentially expressed during embryogenesis. Murine Oct-4
expression is first detected in the inner cell mass of the pre-implantation
embryos and in pluripotent embryonic stem cells, and is subsequently
downregulated following stem cell differentiation and eventually confined to
the germ cell lineage (Scholer et al., 1989%a; 1989b; 1990a; 1990b). Thus, Oct-4
may be involved in specifying the undifferentiated cell phenotype and act as a
master gene in controlling the initial events governing a cascade of
developmental processes. Oct-6 expression is detected in specific neurons in
the developing and adult brain as well as in early embryogenesis, and appears

to be associated with rapid cell proliferation (Suzuki et al., 1990). Oct-6 is
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believed to play a role in the progressive determination of the premyelinating
and myelinating phases of Schwann cell differentiation (Monuki et al., 1989;
1990). Interestingly, Oct-2 is expressed in olfactory neuroepithelium
(Latchman et al., 1992). The olfactory system, including the mitral cells of the
olfactory bulb and olfactory neuroepithelium, is the only part of the
mammalian central nervous system where growth and differentiation of
sensory neurons continue throughout adult life (Graziadei and Monti-
Graziadei, 1983). The olfactory neuroepithelium is constantly renewed by
proliferating progenitor cells. Therefore Oct-2 might play a role in the
proliferation processes of this region of the nervous system.

The murine Pit-1/GHF-1 gene also contains the POU box, and is first
transiently expressed in the neural tube and later reactivated in the pituitary
just before anterior pituitary differentiation (Dolle et al., 1990). The Pit-
1/GHF-1 protein has been shown to bind to octamer sites upstream of the
growth hormone and prolactin genes (Ingraham et al., 1988., 1990) and
appears to be involved in anterior pituitary development. Indeed, the mouse
Snell dwarf (dw) mutants lacking growth hormone, prolactin and thyroid-
stimulating hormone, contain a point mutation in the Pit-1/GHF-1 gene. The
point mutation results in a single amino acid exchange from Try to Cys in the
POU domain, and the mutated protein is no longer able to bind to its target
sequence (Li et al., 1990).

In summary, these studies have shown that isolating genes based on
sequence homologies offers a valuable complementary approach to identify
mammalian genes that play important roles during development. The
expression pattern of these genes and correlation of mutations in some of
these genes with existing mouse mutants have yielded important clues as to

their developmental function. Continued efforts in identifying regulatory
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elements and in generating gain-of-function mutations using transgenic
mice, combined with gene targeting via homologous recombination to
produce null mutations, should help further elucidate the regulation of the
developmental pattern of expression, and the biological functions of these

developmentally important genes.

1.1.3.1 Mammalian genes cloned by insertional mﬁtagenic markers

The generation of mutations in genes that control developmental
processes can be achieved by insertional mutagenesis (Gridley et al., 1990;
Soriano et al., 1987). Mouse insertional mutants have resulted from natural
proviral elements affecting the mouse genome. However, various
experimental methods have been used to generate new insertional mutations
in mice. These have included experimental retroviral infection of mouse
embryos (Schnieke et al., 1983; Spence et al., 1989) and microinjection of DNA
into fertilized eggs (Woychik et al., 1985; 1990; Jaenisch, 1988). Insertional
mutations in the DNA of transgenic mice have provided a means to tag
mutations of developmental genes in mammals, thus allowing molecular
access to and analysis of such recovered mutations. A number of genes that
control developmental processes have been cloned by fortuitous insertion

into genes by either a retrovirus or a DNA marker in transgenic mice.

1.1.3.1.1 Endogenous proviral insertion

The mouse genome is estimated to contain between 500 to 1000 copies
of endogenous retrovirus proviral elements, similar to the transposable P
elements in Drosophila. (Stoye and Coffin, 1988). Some of the insertions
produced by the proviral elements are accompanied by mutations. Thus,

integrated retroviral elements provide a tag to identify and eventually clone
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closely associated and mutated genes. A number of such mutant loci have
been identified (Meisler, 1992) and a few have been characterized. |

The recessive dilute (d) coat color mutation carried by many inbred
mouse strains presents a light coat color due to a melanocyte abnormality and
is usually associated with a neurological defect. One of the dilute alleles (d7)
has been identified as a result of the integration of an ectropic leukemia
provirus (Jenkins et al.,, 1981), and the gene of the dilute locus has been
characterized to encode a novel type of myosin heavy chain, which is
differentially expressed in embryonic and adult tissues and is highly abundant
in the nervous system (Mercer et al., 1991). The gene product of the mouse
agouti locus, which controls eumelanin (brown-black) pigmentation in mice,
has been found to encode a novel 131-amino-acid protein containing a signal
sequence (Bultman et al., 1992; Miller et al., 1993). This novel protein was
found to act as an antagonist of the rhelanocyte—stimulating hormone (MSH)

receptor and blocks a-MSH induced eumelanin synthesis (Lu et al., 1994).

1.1.3.1.2 Retroviral Insertion’

Jaenisch and coworkers have produced a series of transgenic mouse
lines by retroviral infection of preimplantation mouse embryos with
Moloney murine leukemia virus (Jaenisch 1976, 1977, 1980; Jaenisch et al.,
1981). Of the 48 transgenic lines analyzed, two (Mov-13, Mov-34) were found
to be homozygous embryonic lethal (Jaenisch et al., 1983; Soriano et al., 1987).
Molecular characterization of the Mov-13 transgenic line showed that Mov-13
proviral sequence integrated within the first intron of the a1(I) collagen gene
(Schnieke et al., 1983). This insertion resulted in a tissue specific
transcriptional (Hartung et al., 1986) and translational block (Kratochwil et al.,
1989) of the a1 (I) collagen gene.
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Molecular analysis of Mov-34 integration indicated that the Mov-34
proviral sequence was inserted into the 5' side of an abundantly and
ubiquitously transcribed gene and disrupted its expression. The endogenous
gene was characterized (Gridley et al., 1991) and shown to contain seven exons
and lack a TATA or CAAT box in its promoter sequence. It is predicted to
encode a novel 321 amino acid protein with unknown function.

Zhou and coworkers (1993) isolated a candidate gene, nodal, for a
retrovirally induced insertional mouse mutation. This recessive mutant is
prenatal lethal and seems to be defective in the process of mesoderm
induction. The candidate gene, nodal, was found to encode a new member of
the transforming growth factor-beta (TGF-B) superfamily and is required in
the formation and maintenance of the primitive streak in early
embryogenesis (Conlon et al.,, 1994). Thus, nodal may function as an
important signaling molecule essential for mesoderm induction and
subsequent axial pattern formation during development.

Retroviral integration induced insertional mutations in mice can also
be used as valuable human disease models. Adult transgenic homozygous
mice for the Mpv17 integration, produced by exposing mouse embryos to a
recombinant retrovirus, display progressive glomerular sclerosis and develop
nephrotic syndrome and clinical renal failure. DNA sequences flanking the
provirus were used as a probe to clone the cDNA of the mutated gene. The
endogenous gene was found to encode a novel putative membrane associated
protein of 176 amino acids and is expressed at high level in kidney, which is
devoid of the endogenous transcript in homozygous animals (Weiher et al,,
1990). Thus, studies of the gene disrupted in the Mpv17 mutant may provide
an important tool to investigate mechanisms leading to clinical renal

disorder in man.
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1.1.3.1.3 Transgenic Insertion

A growing number of insertional mutations have been produced in
the process of generating transgenic mice by microinjection of DNA
constructs into zygote pronuclei. Transgenes are inserted into, and as a
consequence, mutate the genomic loci in transgenic mice at the site of
integration. The chromosome mapping of insertional mutants and cloning of
insertionally mutated endogenous genes has been greatly facilitated by the
ability to use transgenic sequences as linkage markers and cloning probes.
Woychik and coworkers (1985; 1990) characterized and mapped one of the first -
insertional mutations produced by integration of the transgenic construct
MMTV-myc into the limb deformity locus. The limb deformity gene was later
cloned and identified as a large gene complex capable of generating a number
of alternatively spliced messenger RNA transcripts encoding nuclear protein
isoforms called formins (Woychik et al., 1990; Jackson-Grusby et al., 1992).

Two genes controlling the development of normal asymmetry of the
viscera have been identified by transgenic insertional mutations. Yokoyama
and coworkers (1993) discovered a recessive mutation caused by insertion of a
tyrosinase transgene in chromosome 4 that resulted in a reversal of left-right
polarity (situs inversus). Schreiner and coworkers (1993) identified an
insertional mutation, Legless, in the pHT1 transgenic line (McNeish et al,,
1988), which also disrupts the normal development of asymmetry of the
viscera. The legless gene has been characterized and mapped to chromosome
12 (Singh et al., 1991). Sequences flanking both the tyrosinase and pHT1 |
transgenic insertion site were cloned, and both genes are predicted to play
important roles in controlling embryonic turning and visceral left-right

polarity (Klar 1994).
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Certain disease genes were identified by transgene induced insertional
mutations. The best example is the polycystic kidney disease gene (PKD)
cloned by Moyer and coworkers (1994). The structure and expression of the
PKD gene are directly associated with the transgene mutated locus. This gene
was found to contain sequences motifs conserved in several cell cycle
controlling genes. The mutant locus for microphthalmia (mi) was also cloned
and characterized through use of the transgene as a molecular marker
(Hodgkinson et al., 1993). The gene encodes a novel member of the basic-
helix-loop-helix-leucine zipper (PHLH-ZIP) protein family of transcription
factors, and is expressed in the developing eye, ear and skin, structures
affected by mi.

These studies demonstrated that insertional mutagenesis is a valuable
method for identifying previously unknown mouse loci. Although hundreds
of transgenic mouse lines have been produced, relatively few transgene
induced insertional mutations, however, have been characterized and
mutant loci cloned. This is because many foreseeable problems can arise to
complicate the process of molecular characterization. Transgene insertion
often cause deletions or rearrangements at the site of insertion. Furthermore,
the presence of repetitive sequences around the insertion site can make it
difficult to isolate single-copy flanking sequences. Interestingly, close to 50%
of visible insertional mutations generated by transgene integration were
found to be allelic with many well categorized classical mutant loci (Meisler
1992). The reason for such a high frequencey of re-isolating classical
mutations is unclear. The classical loci may provide preferential integration
sites for transgene insertions. If this is true, the number of new insertional
mutations generated by transgene integration may reach a point of saturation.

This is unlikely because even though there are preferential sites for retroviral
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integration within a single gene (Natsoulis et al., 1989; Robinson and Gagnon,
1986; Rohdewohld et al., 1987), there is no evidence that there are preferred
sites for transgene insertion in the genome. Therefore, one possibility is the
limitation of our ability to detect the visible abnormality of insertional
mutations. That almost half of the visible insertional mutations are
associated with classical mutant loci may simply be due to the fact that the
phenotypes of these classical mutant loci have been well documented and
well characterized. Thus, while the phenotypes of transgene-induced
insertional mutations resembling the classical mutatant phenotypes are
relatively easy to associate, many of the transgene generated mutations may
be beyond our ability of detection. Furthermore, disruption of an endogenous
gene by insertional mutation may not cause any observable phenotypes due
to redundancy of analogous gene functions. Thus, the sensivity of detecting
insertional mutations based only on mutant phenotypes may present a
challenge to using this approach to access most of the developmentally

important genes.

1.1.4.1 Trapping strategies

The first of the trapping strategies, the enhancer trap, was initiated in
Drosophila as a screen method to identify genes on the basis of their
expression pattern rather than mutant phenotype (O'’Kane and Gerhing, 1987;
Bier et al., 1989; Bellen et al., 1989). Analogous trapping strategies have since
been applied to the mouse to identify enhancers, promoters, and genes that

may play important roles during murine development.

1.1.4.1.1 Enhancer Trap
1.1.4.1.1.1 Eukaryotic gene regulation
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In eukaryotic cells, temporal and tissue-specific gene expression is
believed to be controlled by cis-acting regulatory elements which interact with
specific transcriptional factors in response to extracellular inducers (Mitchell
and Tjian, 1989; Dyan, 1989). Cis-acting regulatory elements can be identified
either by analyzing the effects of mutations introduced into the cis-acting
regulatory DNA sequences on gene expression, or by studying interactions
between cis-acting elements and transcription factors revealed by footprinting
and gel retardation assays (Maniatis et al., 1987; Mitchell and Tjian, 1989). The
promoter element ensures accurate and efficient transcription upon
interaction with trans-acting protein factors (Dyan and Tjian, 1985), whereas
the enhancer acts to increase the rate of transcription (Serfling et al., 1985). In
contrast to promoter elements, which often reside immediately 5' of the
transcription initiation site and only function in correct orientation,
enhancers can exert their effects many kilobases 5 upstream or 3'
downstream away from the transcription start site, independent of
orientation (Grosveld et al.,, 1987), and can also be located in introns.
Although different promotefs often show a common pattern of organization,
composed of a TATA box that binds to RNA polymerase, and one or more
upstream promoter elements (Maniatis et al., 1987) , enhancer sequences are
not conserved and vary from one gene to another (Serfling et al., 1985). Both
enhancer and promoter elements confer developmental and spatial

regulation of gene expression during development.

1.1.4.1.1.2 Enhancer trap in transgenic mice
Since the success of enhancer trap strategy in Drosophila, efforts have
been made to employ the same strategy in transgenic mice to identify genes

that exhibit a temporal and tissue-specific pattern of expression during mouse
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development. The enhancer trap construct has a weak promoter joined to a
reporter gene (i.e LacZ). This weak promoter itself does not permit detectable
expression of the reporter gene without the enhancement of transcription
provided by an enhancer sequence (Kothary et al., 1988). Thus, the expression
of the enhancer trap construct is subject to the chromosome position into
which it is integrated (Butner and Lo, 1986) and is probably under the control
of an adjacent enhancer-like element. Allen and co-workers (1988) used a
construct of the E. coli LacZ reporter gene fused to a weak promoter from the
herpes-simplex thymidine kinase gene. They showed that, in a number of
transgenic mice produced, B-galactosidase staining was observed in two or
more disparate tissues, including the nervous system. In adults of one
transgenic line, expression of B-galactosidase was exclusively found in the
brain. The expression of B-galactosidase was first detected at 11 days of
gestation in cells in hind brain, neural tube and somites, and became
gradually confined to only certain areas of the brain at postnatal day 5. Thus,
the transgene was shown to display a spatially and developmentally regulated
pattern of expression in the mouse developing nervous system by the
enhancer trap strategy.

The same approach was used in other transgenic mouse experiments
using similar constructs. One transgenic line carrying a construct consisting of
the mouse heat shock promoter (hspé68) fused to LacZ was shown to express -
galactosidase in cells of the neural tube floor plate running the entire length
of the medial ventral neural tube in mouse embryo (Kothary et al., 1988). One
possibility here is that the pattern of f-galactosidase expression could be
indicative of that of the endogenous gene, whose cis-acting elements might
dictate the pattern of B-galactosidase expression in the developing mouse

nervous system. It was also demonstrated that this transgene caused an
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insertional mutation of the dt gene. The flanking region of the transgene
insertion has been cloned and used as probes to characterize the wildtype dt
locus (Brown et al., 1994).

Bonnerot et al (1990) also obtained seven transgenic mice using a
construct expressing LacZ from the hypoxanthine guanine phosphoribosyl
transferase (HPRT) promoter which normally directs ubiquitous expression of
the HPRT gene. In their experiments, six of the seven transgenic mice
expressed the LacZ gene, and each transgenic line was characterized by a
specific, highly reproducible pattern of LacZ expression that was spatially and
temporally regulated. Thus, the expression of the integrated construct must be
complemented by cis-acting elements of the endogenous genome which exert
dominant developmental control over the HPRT promoter. This study
provided further proof that enhancer trap is a valid and useful approach to
identify the regulatory elements of developmental controlling genes not only

in invertebrates, but also in mice.

1.1.4.1.1.3 Enhancer trap in ES cells

There are limitations to the enhancer trap approach using transgenic
mice by the conventional microinjection method. The major constraint is
that the number of integration events required is limited by the number of
transgenic mice obtained, as the yield of transgenic mice out of the injected
fertilized zygotes is usually low (2-6%) (Palmiter and Brinster, 1986). The
expression pattern of the trapped enhancer, as indicated by the B-galactosidase
reporter gene activity, can only be fully assessed when the transgenic mouse
lines are established. This may proof to be economically and experimentally

unfeasible.
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1.14.1.1.3.1 Embryonic Stem (ES) cells

Using transgenic mice, produced by the conventional microinjection
method, for enhancer trap analysis is limited due to the low frequency of
insertional events generated which can be readily detected. Selection for
insertional events in mouse embryonic stem (ES) cells provides one means of
increasing the ease of detection of the rare integration events. ES cells are
originally derived from the inner cell mass of mouse blastocysts and
established in culture. The mouse blastocyst is composed of the inner cell
mass (ICM) and the trophectoderm. The ICM is a clump of cells sequestered at
one pole of the mouse blastocyst, which eventually give rise to the mouse
embryo proper, whereas the trophectoderm, located at the periphery of the
blastocyst, contributes mainly to the extraembryonic tissue (Hogan et al., 1986).

ES cells are pluripotent and can be maintained in an undifferentiated
state when cultured on a mouse embryonic fibroblast feeder cell layer (Gossler
et al., 1986; Robertson, 1987), or in the presence of a soluble polypeptide factor.
This soluble polypeptide factor has been refered to, depending on its source of
isolation, either as differentiation inhibitory activity (DIA) (Smith et al.,1988),
myeloid growth factor human interleukin for DA cells (HILDA) (Moreau et
al., 1988) or myeloid leukemia inhibitory factor (LIF) (Williams et al., 1988)
(Figure 1).

Evans and Kaufman (1981) first successfully established ES cells from
the epiblast of delayed-implantation blastocysts. Almost at the same time,
Martin (1981) succeeded in culturing ES cells derived from immunosurgically
isolated ICM in medium conditioned by teratocarcinoma-derived embryonic
carcinoma (EC) cells. It was then established that ES cells can be manipulated
in vitro without delayed-implantation or EC-cell conditioned medium

(Robertson et al., 1983; Axelrod, 1984). However, in the absence of embryonic

22



Figure 1. Mouse embryonic stem (ES) cells and their experimental potential.
The ES cells are derived from the inner cell mass (ICM) of the blastocyst. They
can be maintained pluripotent in vitro and are amenable to a wide variety of
genetic manipulations. Clones originating from rare events, such as a
transfected DNA construct inserting into a specific gene, can be derived using
both positive and negative selection systems. Injection of ES cells from such
clones into normal blastocysts can give rise to chimeric mice in which the ES
cell component has contributed to germ cells as well as to all somatic tissues.
Some gametes produced by these chimeras can thus be derived from the ES
cell lineage, and some of the F1 progeny from matings between a chimera and
a normal mouse can carry exclusively the ES cell component, suggesting
successful germline transmission. Therefore, any mutations introduced to ES
cells and selected in vitro can be transmitted to offspring to evaluate their in

vivo consequences.
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fibroblast feeder cells (Doetschman et al., 1985; Gossler et al., 1986) or the
inhibitory polypeptide factor (Williams et al., 1988; Smith et al., 1988; Moreau
et al., 1988), ES cells spontaneously differentiate to form: 1) blood cell-
containing cystic embryonic bodies similar to the visceral yolk sac of the
embryo, when cultured in suspension, or 2) a variety of differentiated tissues,
when cultured on substrate (Robertson, 1987).

ES cells transfected by infection with retroviral vectors (Doetschman et
al., 1986; Robertson et al., 1986), or by calcium phosphate precipitation
(Doetschman et al., 1986; Gossler et al., 1986), or by electroporation (Gossler et
al., 1989) incorporate foreign DNA into their genome. These transfected ES
cells display a normal karyotype, maintain pluripotentiality, and are capable
of spontaneous differentiation in vifro indistinguishable from their
untransfected counterparts. When injected into the developing mouse
blastocyst, the transfected ES cells, like untransfected ES cells, can contribute to
all the adult tissues as well as the germ line of the resulting chimeras (Gossler
et al., 1986; Gossler et al., 1989).

Incorporated DNA constructs in ES cells are stably inherited through
mitosis and found in cells of all chimera tissues. ES cells carrying a foreign
DNA construct can also colonize germ lines and undergo successful meiotic
division to generate viable gametes, thus making it possible to transmit the
transgene to their progeny. For instance, cells obtained from tissues of the F1
progeny of ES cell derived chimeras transfected with a tk-neo” construct, as
well as from that of the F2 progeny of such F1 transgenic mice, remain G418
resistant in culture. By contrast, cells obtained from the F1 and F2 progeny of
non-transfected-ES cell-derived chimeras do not survive in the presence of
G418 (Gossler et al., 1986). Thus, the fact that foreign genes can be integrated

into the genome of ES cells and that most of these cells continue to display a
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high degree of in vitro and in vivo developmental potential, together with
the feasibility of massive screening of ES cells before generating chimeras,
provides a promising experimental system to identify potential regulatory
genes and to investigate the temporal and spatial regulation of embryonic

genes in mammalian development in vivo.

1.1.4.1.1.3.2 Enhancer trap in ES cells

The ES cell-chimera transgenic system has provided an important in
vitro to in vivo transition allowing molecular access to gene regulation of
complex mouse developmental events (Figure 1). It is possible to perform
large scale screening for relevant mutations or integration events in cell
culture, and to introduce genetically manipulated ES cell clones to chimera
and transgenic mice in order to assess the developmental expression pattern
of targeted genes in vivo. Gossler and co-workers (1989) have generated
several enhancer trapped ES cell clones, each of which displays a unique
pattern of expression in developing chimeras. From one of these enhancer
trapped ES cell clones, Soininen and collaborators (1992) have isolated a novel
mouse gene, Enhancer trap locus 1 (Etl-1), located in close proximity to a LacZ
enhancer trap integration site. This ES cell clone exhibits a spatially and
temporally regulated pattern of B-galactosidase staining in the developing
chimeras (Gossler et al.,, 1989; Korn et al., 1992), indicating that the
endogenous gene might be expressed in the same manner. Et/-1 was cloned
using the enhancer trap vector as a cloning marker, and was found to be
expressed prominently in the mouse central nervous system and epithelial
cells. It encodes a novel protein that shares significant sequence homologies
with several proteins from different species that are involved in Drosophila

homeotic gene regulation (Brahma) and yeast transcriptional gene activation.
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Etl-1 is the first mammalian member of this group of proteins identified and
may play a role in gene regulatory pathways during mouse development. Etl-
1 is also the first mouse gene cloned by using a lacZ enhancer trap approach,
thus validating the enhancer trap strategy as a means to identify genes that

control developmental.

1.1.4.1.2 Promoter trap

In enhancer trap, the pattern of B~galactosidase expression is believed
to have been directed by the cis-acting elements of an endogenous gene. Since
enhancers can function over a long distance, this host gene can be located
many kilobase pairs away from the inserted construct. Thus, the fact that B-
galactosidase is expressed is not necessarily an indication that an insertional
mutation has occurred. Even if an insertional mutation arises, the cis-acting
element responsible for B-galactosidase expression may not be associated with
that of the endogenous gene, which may have been disrupted by the
transgene. Moreover, cloning transcriptionally active genes by this approach
is difficult because enhancers can be located at considerable distance away
from and on either side of the site of the enhancer trap vector integration.

It is possible that B-galactosidase expression may result not from the
activation of a trapped enhancer but rather from a transcription read-through,
in which the enhancer trap construct would be expressed from an
endogenous promoter while the ATG codon of the reporter gene (B-
galactosidase) happens to serve as the translation initiation codon. Although
the latter case is expected to be rare, it deviates from the precise definition of
enhancer trap and should instead be termed promoter trap.

Promoter trap vectors contain only the coding sequences of a reporter

gene lacking its own promoter. Thus, the expression of a reporter gene can
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initiate only from an endogenous promoter. von Melchner and Ruley (1989)
designed a retroviral promoter trap construct in which the coding sequence
for a selectable marker, the Salmonella typhimurium histidinol
dehygrogenase (hisD) gene, was inserted into the 3' long terminal repeat
(LTR) of an enhancerless Moloney murine leukemia virus. Before
integration into the mouse genome, the elongated viral LTRs are duplicated,
placing the hisD coding sequences in the 5' LTR just 30 bp from the flanking
cellular DNA. The viral construct also contained a second selectable marker,
neomycin phosphotransferase (neo’) driven by the herpes simplex virus
thymidine kinase (tk) promoter. NIH 3T3 cells were infected by the retroviral
vector and cell clones resistant to L-histidinol or G418 were isolated.
Histidinol is thought to kill mammalian cells by acting as a competitive
inhibitor of histidine-tRNA aminoacyltransferase and, as a consequence,
sufficient levels of histidinol dehydrogenase may be required to confer
resistance (Hartman and Mulligan, 1988). While the efficiency of conferring
Hist was found to be 2500 fold lower than the efficiency of conferring neo?, in
each of the HisT cell clones, the his sequences in the 5' LTR gene was
expressed by transcripts initiated from an appending cellular promoter. The
sizes of the transcripts expressed from the adjacent cellular promoters in
different His” clones varied by as much as 100 bp. This is expected if the
proviruses are located at different distances from cellular promoters. The
upstream cellular promoter sequences were cloned by an inverse PCR
procedure and subsequently sequenced (von Melchner et al., 1990, von
Melchner and Ruley, 1990). Promoter elements isolated from two his” cell
lines were shown to be transcriptionally active and capable of activating a
linked reporter gene, chloramphenicol acetyltransferase (CAT). Subsequently,

the same group of investigators (Reddy et al, 1991) constructed another
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promoter-trap vector (U3LacZ) with a different reporter gene, E. coli LacZ. The
LacZ coding sequences were inserted into the 3' LTR instead of the hisD gene,
and cell clones expressing PB-galactosidase activity were identified by
histochemical staining and isolated by fluorescence-activated cell sorting. In
all cell clones examined, B-galactosidase transcripts were found to be initiated
from transcriptional promoters located in the flanking cellular DNA. In
addition, cell clones in which LacZ expression was induced and repressed in
growth-arrested and log-phase cells were isolated, thus suggesting that the
identified promoter elements may participate in cell cycle gene regulation.
Similar to enhancer trap investigations, the promoter trap strategy was
eventually tested in mouse embryonic stem cells since the ES cell-chimera-
transgenic mice system provides a powerful in vitro and in vivo transition
and allows a functional analysis of the isolated promoter elements during
mouse development. The U3His retroviral promoter trap vector (von
Melchner and Ruley, 1989) and a new U3Neo vector constructed by replacing
the His coding sequences with neo” in the U3His vector were used to infect ES
cells (von Melchner et al., 1992). Histidinol or G418 resistant ES cell clones
were isolated in which the coding sequences of the His” or neo” gene were
found to be located in or near the 5' exons of transcriptionally active genes.
Several of these ES cell clones carrying the promoter trap induced insertional
mutations which were passed into the germ line and two of these were
homozygous embryonic lethal. Interestingly, one of the genes disrupted by
the promoter trap insertion was identified as a previously cloned gene, REX-1
(Hosler et al., 1989), which is highly expressed in embryonic carcinoma cell
lines and is suppressed following cell differentiation. It contains four zinc

finger motifs and is thought to function as a potential transcription factor.
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Macleod and coworkers (1991) transfected the ES cells with a
promoterless neo’ gene (NASTI) by electroporation in an attempt to identify
and mutate genes that are actively transcribed in ES cells. Interestingly, they
found that the promoter trap construct preferentially integrated close to or
within a CpG island. Although the promoter trap approach selects for active
promoters, the fact that a high frequency of CpG islands were identified
suggests that there are a large number of CpG island containing genes active
in ES cells.

These studies demonstrated that promoter trap provides a rapid and
efficient means to isolate promoters active in different cell types and to clone
the corresponding cellular genes. Furthermore, an insertional mutation is
likely to have been generated by the integration of the promoter trap
construct in close proximity to an active promoter element. Thus, promoter
trap combines the advantage of enhancer trap in which the activity of the
tagged gene can be evaluated in a chimera or a transgenic animal by the
expression of the reporter gene, with the advantage of allowing a functional
analysis in homozygous trangenic mice as the promoter trap insertion may
more frequently be associated with an insertional mutation.

Peckham and coworkers (1989) discovered that in three embryonal
carcinoma (EC) cell lines infected with a retroviral construct, which carries
the selectable neo” gene in place of gag, pol, and env genes of Molony
leukemia virus but which retained the viral LTR and regulatory regions, the
viral transcripts were initiated from the 5' flanking cellular genome. This was
expected since retroviral genes are not normally expressed in EC cells due to
inadequate function of the viral LTR promoter in this cell type. Thus, the
transcriptional activation can either result from a cellular enhancer or a

cellular promoter. However, RNase protection assays revealed that the
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transcripts did not initiate from the normal viral initiation site, as might be
expected if the cellular enhancer had activated the viral promoter, nor‘ did it
result from an obvious transcription read-through, as might be expected if an
upstream cellular promoter had been utilized to transcribe the provirus.
Since the neo’ coding sequence is located downstream of the 5' LTR with a
inserted splice donor and a splice acceptor in between them, the expression of
neo’ could arise from either the spliced or unspliced transcripts. Indeed, in
two cell clones, comparison of genomic and ¢cDNA clones corresponding to 5'
cellular sequences, as well as the sizes of the neo” messages indicated that the
retrovrial construct was integrated into the first intron of the endogenous
genes. The RNAs were generated by read-through from active cellular
promoters, followed by splicing from cellular splice donor to the proviral
splice acceptor. Genomic sequences isolated from one cell clone seemed to
have identified a murine homologue of the yeast ribosomal protein gene L3,
responsible for trichodermin drug resistance. Thus, trapping strategies not
only can be used to identify cellular enhancer and promoter elements, but can
also be designed to generate fusion messages between endogenous gene and
the trapping construct, therefore isolating the endogenous gene coding

sequence directly. This strategy is called gene trap (Gossler et al., 1989).

1.1.4.1.3 Gene trap
1.1.4.1.3.1 Eukaryotic RNA splicing

The eukaryotic genome is composed of protein coding sequences
known as exons, which end up in mature mRNA, and the intervening
sequences designated as introns, which are spliced out during RNA
processing. Despite their complex organization and the significantly longer

length of introns compared to exons, the 5' and 3' exon-intron boundaries are
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highly conserved and usually named splice donor and splice acceptor sites,
respectively. After the DNA sequence of a gene is faithfully transcribed to
yield pre-mRNA, the pre-mRNA molecule undergoes a series of processing
events, including 5' capping, splicing and polyadenylation, thus generating a
mature mRNA molecule that is then transported to the cytoplasm. The
precise mechanism of RNA splicing is very complex involving many cis and
trans regulatory elements of the cellular splicing machinery. The general
scheme of RNA splicing is thought to be a two step process (Aebi and
Weissmann, 1987). The first step of RNA splicing involves the cleavage at the
5' exon-intron boundary in pre-RNA and the formation of a 5'-2'
phosphodiester bond between the guanosine of the 5' end of the intron and
the adenosine of the branch point. This branch point contains a highly
conserved nucleotide sequence about 30 bp upstream of the 3' end of the
intron. Thus, the first step RNA splicing event gives rise to a lariat
intermediate. The second step involves cleavage at the 3' exon-intron
boundary and joining of the two coding sequences, releasing the intron in a
lariat structure (Padgett et al., 1986; Green, 1986). The production of mature
mRNA thus requires the recognition of the splice donor site and splice
acceptor site by the cellular splicing machinery, and subsequent cleavage and

ligation to remove the intervening sequences and to join the protein coding

sequences.

1.1.4.1.3.2 Mechanism of gene trapping

The essential feature and unique advantage of the gene trapping
strategy is the production of a fusion transcript. The gene trap construct used
involves a reporter structural gene (eg. LacZ) without either the promoter or

the translation initiation codon but containing a splice acceptor site at its 5'
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end. If this construct is integrated into intron sequences in the genome in the
correct orientation, the splice donor site offered by the exon of an endogenous
gene and the splice acceptor site donated by the construct can undergo mRNA
splicing, resulting in a fusion transcript. If the fusion transcript is joined in
frame, a fusion protein product will be produced in which f-galactosidase
may retain its functional enzymatic activity (Silhavy et al., 1976; Casadaban et
al., 1980). Thus, the developmental profile of B-galactosidase could be highly

representative of that of the endogenous gene (Figure 2).

1.1.4.1.3.3. Gene trap as a screening procedure to identify new mammalian
genes

Brenner and co-workers (1989) designed a retroviral construct in which
a splice acceptor from the viral env gene was ligated to the 5' of the E. coli
LacZ gene in all three reading frames, thus allowing the formation of
translational fusions of the upstream endogenous exons with LacZ when the
construct is inserted into introns. In one construct an ATG translation start
codon was fused in frame with the LacZ gene to detect LacZ expression when
the retroviral construct was integrated into introns 3' to a nontranslated first
exon. The B-galactosidase expressing fibroblast cells were observed with all
three reading frame constructs, although the frequency of identifying blue
stained cells was 5-10 fold higher with the construct that contained an ATG
codon in frame with LacZ. The increased frequency of detecting PB-
galactosidase expressing cells with the ATG containing construct reveals a
tendency of the retroviral construct to integrate at sites near the beginning of
genes and the existence of untranslated first exons in many genes (Crick,
1979). B-galactosidase expressing cell clones were isolated by fluorescent

activated cell sorting, and each clone displayed a distinct pattern of
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Figure 2. Schematic diagram illustrating the random integration of the gene
trap construct into the genome of ES cells. In rare events in which this
construct is inserted into an intron of an actively transcribed gene in the
‘correct orientation, a fusion transcript is produced. If the fusion transcript is
joined in frame, a fusion protein with B-galactosidase activity, readily

detectable by a simple histochemical staining, can be generated.
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intracellular distribution of the B-galactosidase reaction product. This suggests
that the normally cytoplasmically synthesized B-galactosidase is linked to a
peptide sequence directing the subcelluar localization of the fusion protein.
Interestingly, analysis of B-galactosidase expression following serum
starvation has uncovered cell lines in which the LacZ gene was fused to genes
induced by growth arrest in the Go phase of the cell cycle.

Gossler and co-workers (1989) transfected ES cells with a nonretroviral
LacZ gene trap construct, which also contained neo” under the control of the
human B-actin promoter to screen ES cells that had incorporated the
construct into their genome. B-galactosidase activity was detected either in the
cytoplasm or the nuclei of ES cells, further indicating that a fusion protein
was produced. The endogenous protein domain of the fusion product was
likely to have provided the signal directing the subcellular localization of the
fusion protein (Silhavy et al.,, 1976). Selected ES cells that expressed j-
galactosidase were injected into mouse blastocysts to generate chimeras.
Whereas in some chimeric mice B-galactosidase was constitutively expressed
in all tissues, in a number of other chimeras, B-galactosidase showed a
spatially restricted pattern of expression, on some occasions occurring
exclusively in the developing mouse nervous system (Gossler et al., 1989).
The transgenic mice obtained after breeding these chimeras showed that the
expression pattern of B-galactosidase was inherited, indicating successful germ
line transmission of the transgene (Skarns et al., 1992). Endogenous exon
sequences upstream of LacZ in several ES cell lines were cloned by RACE-
PCR, and the fusion message was found to be produced by correctly using the
upstream splice donor site of the endogenous gene and the splice acceptor of
the gene trap construct. Novel ¢cDNAs corresponding to the trapped

endogenous genes were isolated, each of which detected a unique-sized
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endogenous transcript and exhibited a distinct pattern of developmental
expression in chimeras. The expression pattern of the B-galactosidase protein,
and that of the associated endogenous genes determined by in situ
hybridization, were found to be similar. Several gene trap insertions have
been transmitted into the germline and have resulted in recessive insertional
mutations (Skarns et al., 1992).

Efforts have been made to improve the gene trap vector to increase the
frequency of trap events over random integration. A novel gene trap vector
was constructed (Friedrich and Soriano, 1991) in which the neo” was placed in
frame at the 3' end of a LacZ gene. The new construct, -geo, is expected to
yield G418 resistant cell clones also containing f-galactosidase activity. More
than 95% of the ES cell gene trap transformants by either a plasmid or
retroviral B-geo transfection were both G418 resistant and expressed B-
galactosidase protein. This novel construct was equally capable of generating
insertional mutations that could be passed into the germline. Niwa and co-
workers (1993) designed a LacZ gene trap construct in which the
polyadenylation signal of the neo” was removed so that it needed to trap an
endogenous polyA signal for expression of neo” gene. The frequency of gene
trap events were found to be five times higher with this construct. The 5' and
3' flanking regions of the integrated constructs in several ES cell lines were
cloned. While all of the 5' flanking genomic sequences were discovered to be
novel endogenous promoters, the 3' adjacent sequences were composed of
the 3' end of the neo” gene and the polyA tail, separated by unknown
sequences in between. Although the intervening unknown sequences do not
contain the consensus sequence of the mammalian polyadenylation signal,
the polyA tracts for the neo” gene are clearly derived from the endogenous

gene. Interestingly, a large deletion or rearrangement spanning over more
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than 10 kb around the 3' integration sites were detected in two gene trap cell
lines. Since the expression of the gene trapped locus only requires that the 5'
flanking region remain intact, genomic organization in the 3' flanking region
was never previously examined (Skarns et al., 1992). Such large deletions and
rearrangements of genomic sequences occurring 3' to the integration are
significant because the insertional mutant phenotypes observed may not only
be due to the disruption of the trapped gene, but could also be attributed to
disruption of a gene adjacent to the trapped gene locus.

Thus, the gene trap approach provides a powerful means to isolate
numerous unknown genes that function in mouse development. Genes
actively transcribed in early mouse embryogenesis are randomly pre-screened
at the ES cell stage and genes of interest selected on the basis of when and
where they are expressed in chimeric and transgenic mice. The introduction
of the LacZ reporter gene has greatly simplified the analysis of the expression
profile of the trapped endogenous genes, since the expression pattern of the
fusion message accurately reflects the expression profile of the endogenous
gene (Skarns et al., 1992). Gene trap vectors are expected to generate spliced
fusion transcripts between the reporter gene and the endogenous gene
present at the site of integration, thus allowing such tagged genes to be readily
analyzed at the molecular level. All insertions of the gene trap construct
should result in a mutation in the host gene, therefore permitting the
assessment of the function of endogenous genés. In that sense, the gene trap
method in ES cells can be regarded as gene-targeting to unknown genes, as

opposed to gene targeting of known genes.

1.2 The bromodomain containing genes
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The bromodomain is a 85 to 87 amino acid sequence motif found in
proteins encoded by genes present in species as diverse as human, mouse,
hamster, Drosophila, C. elegans and yeast (Lygerou et al., 1994, Figure 5B).
Proteins containing bromodomains have either one or two copies of the
motif. When two bromodomains are present in the same protein, they are
either in tandem succession or separated by sequences unrelated to the
conserved motif. The sequence homologies among different bromodomains
vary between 25-80%, with an average of 50-60% identity between two
bromodomains within the same protein. Five amino acids are invariant and
others are highly conserved among different bromodomains. The location of
the bromodomain(s) within a protein is variable, and the secondary structure
prediction indicates that the bromodomain may fold into two o helices
followed by reverse turns (Haynes et al., 1992). Although the functional
significance of the bromodomain is not clear, studies of individual members
of bromodomain containing genes in different species have suggested that it
may be involved in protein-protein or protein-DNA interactions during the

process of transcription activation.

1.2.1 Yeast bromodomain containing genes
1.2.1.1 Yeast genes with both a bromodomain and a helicase/ATPase domain
The first group of genes found to possess bromodomain(s) was the
yeast SWI gene family. SWI genes were originally identified as regulators of
HO, a gene involved in mating type switches (Peterson and Herskowitz, 1992).
One of the SWI genes, SWI2, was shown to be involved in transcriptional
activation of HO, and later found to be identical to SNF2, a nuclear protein
required for the transcriptional activation of the SUC2 gene in response to

decreased glucose levels (Laurent et al., 1991). Sequence analysis of the
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SWI2/SNF2 has revealed the presence of a bromodomain, as well as a
domain conserved among a variety of proteins with determined or presumed
helicase activity (Laurent et al., 1992; Peterson and Herskowitz, 1992). Helicase
activity has been implicated in chromatin decondensation during DNA
replication (Gruss and Sogo, 1992). The helicase domain in SWI2/SNF2
contains seven subregions, which are highly conserved (Henikoff, 1993)
among a variety of known or putative helicase from different organisms
including E. Coli, viruses, yeast, Drosophila, mice and humans (Gorbalenya et
al., 1988, 1989; Hodgman, 1988; Linder et al., 1989; Okabe et al., 1992; Soininen
et al., 1992; Troelstra et al., 1992; Delmas et al., 1993; Schaeffer et al., 1993). Two
of these seven regions match the consensus sequence of the bipartite NTP
binding motif common to ATP or GTP dependent enzymes. In SWI2/SNF2,
these two regions have been shown to hydrolyze ATP actively and are
required for transcriptional activation (Laurent et al.,, 1993). SWI2/SNF2
functions as a complex with other SWI and SNF proteins to facilitate
activation by gene-specific regulatory proteins. (Laurent et al., 1991; Laurent
and Carlson, 1992). Although the bromodomain is conserved in many
transcriptional regulators, including SWI2/SNF2, and may mediate protein-
protein interactions among transcriptional activators (Haynes et al., 1992), it
did not appear to be essential in conferring the transcriptional regulation
function of SWI2/SNF2 (Laurent et al.,, 1993). Thus, the SWI and SNFE
proteins seem to form a multimeric complex that mediates transcriptional
regulation, and each SWI or SNF protein constitutes an indispensable
subunit of the complexes. A direct association of the SWI/SNF complex and
the nuclear localized glucocorticoid receptor (GR) has been demonstrated, and
SWI/SNF factors have been shown to be required for the in vitro and in vivo

positive transcriptional regulation of GR (Yoshinaga et al., 1992). The purified
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SWI/SNF complex was found to consist of 10 subunits and activate the ATP-
dependent binding of GAL4 to nucleosomal DNA (Cote et al., 1994).

Several yeast SWI2/SNF2 homologues have been identified, one of
which, STH1, was cloned by screening a yeast genomic library with a
SWI2/SNF2 probe. STH1 was shown to be highly homologous, but distinct
both in structure and function to SWIi2/SNF2. The STH1 nuclear protein
contains a helicase domain and a bromodomain that are 72% and 46%

identical to that of the SWI2/SNF2 protein, respectively. It exerts an essential

funchon for yeast mitotic growth.

1.2.1.2 Yeast genes with bromodomain(s) only

Besides the SWI/SNF trasncription complex, The SPT genes, originally
identified as suppressors of insertion mutations caused by Ty elements, also
form another transcription complex and closely interact with TATA binding
proteins (Eisenmann et al., 1992). One member of the family, SPT7, was
shown to contain a highly conserved bromodomain. The recently identified
BDF1 gene, was originally cloned from a temperature sensitive mutant that
fails to activate a reporter construct containing the small nuclear RNA
(snRNA) gene at non-permissive temperatures. The BDF1 protein contains
two copies of bromodomains without the helicase motif and regulates the
snRNA gene by transcriptional activation (Lygerou et al., 1994). Another yeast
protein that contains the bromodomain without the helicase motif is GCNS5,
which was first identified as a positive transcriptional regulator of amino acid
biosynthetic genes (Georgakopoulos and Thireos, 1992). It was later discovered
that GCN5 forms part of the transcriptional complex and is essential in
promoting the activation domain of other transcription activators. Deletion

of the bromodomain reduces the activity of the activation domain of GCN5
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(Elfring et al., 1994). Thus, brm appears to be the closest functional homologue
of SWI2.

1.2.2.2 Drosophila genes with bromodomain(s) only

The Drosophila female sterile homeotic (fsh) gene is a maternal effect
gene involved in establishing embryonic segments and specifying their
identities. The fsh gene interacts synergistically with the homeotic gene
Ultrabithorax (Ubx) and with the positive homeotic gene regulator frithorax
(trx) in giving rise to homeotic transformations. The cloned fsh ¢DNA is
expressed in ovaries and early embryos and encodes a protein that contains
two bromodomains (Haynes et al., 1989). Interestingly, The bromodomian
within the fsh protein shares unusually high sequence homology (80%) to
that of the human Ring3 protein, which is encoded by the Ring3 gene in the
human major histocompatibity complex II (MHC II) locus (Beck et al., 1992).
The Ring3 protein also contains two bromodomains. Although the function
of the Ring3 gene has yet been determined, the structural similarity between

fsh and Ring3 implies a potential functional correlation.

1.2.3 Human bromodomain containing genes
1.2.3.1 Human genes with both bromodomain and helicase/ATPase domains
The human homologue of yeast SWI2/SNF2 and Drosophila brm,
BRG1 was cloned by Khavari et al. (1993) using a brm ¢cDNA probe to screen a
human Hela cell cDNA library. BRG1 turns out to be a nuclear protein that
shares extensive sequence homology within its DNA-dependent ATPase
domain and the bromodomain to that of the yeast SWI2/SNF2 and the
Drosophila brm. The DNA-dependent ATPase domain seems to be important

for the function of transcription activation. Point mutation of the conserved
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ATP binding site in BRG1 abolished its ability to complement transcriptional
activation in swi2- yeast cells, and also caused a dominant negative effect in
transcription activation in human cells. In addition, BRG1 can form a
complex with the retinoblastoma protein to induce cell cycle arrest (Dunaief
et al., 1994). However, no mutation analysis was done on the bromodomain
to assess its functional significance in mediating the transcriptional
regulation of BRG1. Another human counterpart of the Drosophila brm gene
was cloned by Muchardt and Yaniv (1993) and named hbrm. The hbrm
protein is distinct from BRGI1, and consists of a proline/glutamine-rich region
followed by a charged amino acid region (P/Q-charged domain), a conserved
helicase domain and a bromodomain. Both the P/Q-charged domain and the
helicase domain are essential for hbrm's function as a strong transcriptional
activator. They are required for hbrm's co-operativity with nuclear receptors,
such as the glucocorticoid receptor (GR), and to a less extent, the retinoic acid
receptor o (RAR«), in trancriptional activation of their respective target
promoters. In contrast, the bromodomain seems to be dispensable in the co-
operation between hbrm and nuclear receptors. However, the bromodomain
deletion mutant appeared to have a higher steady state protein level in
transfected cells compared to the wild type hbrm, and the mutant protein is
no longer restricted to the nucleus. Therefore, the bromodomain may not be
involved in transcriptional activation, but could regulate the turnover and

the nuclear transport of the protein.

1.2.3.2 Human genes with bromodomain(s) only
Several human genes that contain only a bromodomain but not the
helicase and ATPase domains have been discovered, most of which have

been implicated in transcriptional regulation of gene expression. The human
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CCG1 gene was identified as essential in regulating the progression from G1
into the S phase of the cell cycle by modulating the activity of a subset of genes
required for entry to S phase (Sekiguchi et al., 1991; Wang and Tjian, 1994). A
temperature sensitive mutant hamster cell line (¢5°13) that causes cell cycle
arrest at the G1 phase was used as a recipient of the DNA-mediated using
human gene transfer. The human CCG1 gene was cloned from the rescued ts-
13 transformants using human Alu sequence as a probe. The human CCG1
gene encodes a DNA binding protein that contains a bromodomain. In
addition, the putative protein has four potential phosphorylation sites for
casein kinase II and was phosphorylated by this enzyme in vitro (Sekiguchi et
al., 1991). It also contains two consensus sequences for cAMP-dependent
protein kinase and four for Ca**-calmodulin-dependent protein kinase
phosporylation sites. Interestingly, the CCG1 protein was later found to be
identical to the 250K subunit of the transcription factor IID (TFIID) complex
(Ruppert et al., 1993). This subunit is a potential binding site for activators,
and is essential in inducing activator-dependent transcription (Hisatake et al.,
1993). Furthermore, TFIID 250k was shown to be able to rescue the ts-13 cell
line and overcome the G1 arrest (Wang and Tjian, 1994). Intriguingly, a newly
cloned and mapped human retinoblastoma protein, p300, also contains a
bromodomain (Eckner et al., 1994). p300 was shown to mediate adenovirus

E1A oncoprotein induced transcriptional silencing effect on the SV40

enhancer. Binding of E1A to p300 allows S-phase entry of quiescent cells,

suggesting that p300 may be a negative regulator of cell growth (Moran, 1993).

The retinoblastoma protein (RB) has also been shown to potentiate

glucocorticoid-redeptor-activated transcription in collaboration with hBrm

(Singh et al., 1995). Thus, that a bromodomain containing protein can act as

either a cell cycle activator (CCG1) or inhibitor (p300) indicates that the
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bromodomain motif may function as an adaptor molecule that mediates the

activational or inhibitional regulation of transcription factors.

1.2.4 Mouse bromodomain containing genes

One of the mouse bromodomain containing genes, brgl, was cloned by
screening mouse cDNA libraries with a ¢cDNA probe derived from the
human bromodomain containing gene BRG1. A partial mouse brgl ¢cDNA
was obtained and found to be highly homologous to the Drosophila brahma
(brm) gene in regions of the bromodomain, the putative helicase domain and
the DNA dependent ATPase domain (Randazzo et al., 1994). The sequence
conservation in the bromodomain signifies that brgl may be involved in the
transcription activation of its downstream target genes. Interestingly, brgl is
widely expressed during early mouse embryogenesis and later differentially
expressed in different embryonic tissues. brgl RNA is especially abundant in
the mouse developing nervous system and vertebral column in areas where
developmental patterns have been well defined by murine Hox gene
expression. In light of brm playing a significant role in regulating the
Drosophila homeotic genes, brgl may function as a murine brm homologue
in regulating the murine homeobox containing gene during mouse pattern
formation. The expression pattern of the mouse Hox gene family is extremely
complex. Thus, it would not be surprising that Hox gene regulators are
composed of sophisticated multigene families that coordinate their functions.
Given the existence of multiple bromodomain genes in other organisms, if
their mouse homologues have any functional role in regulating Hox gene
expression during mouse morphogenesis and organogenesis, more murine

bromodomain containing genes are yet to be discovered to fulfill this

daunting task.



CREB is a transcription factor that binds to a DNA element known as
cAMP regulated enhancer (CRE). Once phosphorylated by protein kinase A,
CREB was shown to interact with a co-activator CBP, a binding protein of
CREB. The ¢cDNA of CBP was cloned from an expression library by virtue of
its ability to bind CREB, and was found to encode a nuclear protein containing
a bromodomain (Chrivia et al., 1993). A 133 amino acid domain (amino acids
1680-1812) in the C-terminus of CBP, which contains the zinc-finger structure
and is conserved in the yeast coactivator ADA-2, was shown to be essential in
CBP's function in transcriptional activation via interaction with TFIIB.
Interestingly, the bromodomain (amino acids 1108-1194) resides outside of
this transcriptional activation domain in the C-terminus. No deletion studies
were done on the bromodomain to asses its function in transcriptional
activation (Kwok et al., 1994). Lundblad and coworkers (1995) showed recently
that p300 was able to substitue for CBP in potentiating CREB-activated gene
expression, and this function was suppressed by adenoviral E1A. Since the
bromodomain was identified in both CBP and p300, this motif thus appears to
be a common feature of these transcription activators, although no data has
directly pinpointed a role of the bromodomain in transcriptional activation.

In summary, although many genes of different organisms encode
proteins that contain bromodomains, they seem to, structurally and
functionally, belong to different gene families. While a large number of
bromodomain containing proteins also possess helicase and ATPase motifs
(SWI2/SNF2, STH1, brm, BRGI1, hbrm, brgl), there are a few proteins in
different species having only the bromodomain (SPT7, GCNS5, fsh, Ring3,
p300, CCG1, CBP). Both types of proteins seem to be involved in regulating
transcriptional activation. But in proteins with both the helicase domain and

the bromodomain(s), the bromodomain is usually functionally dispensable in

45



transcription regulation, even though it has been implicated in regulating
protein stability and nuclear transport. Since helicase and ATPase domains
may function to unwind DNA helices and disrupt chromatin structure, these
proteins may be directly involved in transcriptional activation. The
bromodomain may be important for those proteins with only this conserved
motif to function as transcription regulators. In the case of CCG1 and CBP, the
bromodomain containing protein either forms a subunit of a large basal
transcriptional complex TFIID (CCG1), or it interacts directly with a basal
transcriptional factor TFIIB to facilitate transcriptional activation (CBP). Thus,
these proteins appear to mediate protein-protein interaction and modify
transcritptional regulation by acting as an adaptor for other transcription

activators.

1.3 The pattern of mammalian central nervous system development

The mammalian central nervous system is composed of an enormous
number of highly differentiated neurons and supporting glia cells. A
remarkable feature of neural development is the manner in which so many
different types of neurons are generated by following a strict spatial and
temporal sequence. Structurally diverse regions of the central nervous system
arise from an apparently homogenous neuroepithelium. Neuronal
precursors originate within the ventricular zone (VZ) near the lateral
ventricles (brain) or the central canal (spinal' cord). One important step in
neurogenesis is the migration of young neurons to their final sites of
differentiation and the formation of specific axonal connections with other
neurons. Cell migration and distribution is thus important in neural

development because cells eventually reside away from where they originate.
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1.3.1 The pattern of cortical development

The mammalian cerebral cortex is a highly laminated structure
consisting of multiple layers of distinctive cytoarchitectonic areas, and is
organized into various functional domains. The neocortex develops as a
series of waves of progenitor cells that migrate outward from the proliferative
VZ lining the cerebral ventricles. Each successive wave bypasses its
predecessors and finally resides external to them, producing the typical six-
layered mammalian cortex in an "inside-out” manner. Therefore, migration
seems to be an obligatory step to move young neurons from their birthplace
to their appropriate sites of differentiation. What migratory path these neural
progenitors follow to generate the laminated layers with highly differentiated
functional units is a matter of controversy. Two major patterns of neuronal
migration have emerged, one proceeding radially away from the VZ (Rakic,
1988) and the other tangentially parallel to the brain surface (Price, 1993).
Radial glial processes appear to guide radial migration (Rakic, 1971; 1972)
whereas axons from preexisting neurons seems to direct tangential migration
(Rakic, 1990).

The radial unit hypothesis put forward by Rakic (1988) derives from
numerous autoradiographic studies combined with structural analyses of
migratory behavior of cerebral neurons in a series of images. It postulates that
positional information for prospective neurons is already determined at the
level of VZ, the layer of precursor cells that generates cortical neurons and
glia. Neurons in the deeper layers are born and migrate before neurons in
more superficial layers. This hypothesis thus implies that very early in
neurogenesis, a small group of cells would become committed to their specific
positional fates. The final topographic locations of cortical neurons depends

on the spatial distribution of their ancestors in the ventricular zone, where
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positions of progenitors have been assigned on the "protomap". There is a
point-to-point correlation between the eventual cytoarchitectonic positions of
mature cortical neurons and the topographic representation of their ancestors
in the ventricular zone. This hypothesis thus predicts that postmitotic
neurons migrate in a strict radial fashion along the pre-formed radial glial
fibers to reach their final assigned destination, and each radial unit represents
a compartment consisting of clonally related progeny of one or more
neuronal precursors. These cells within the compartment migrate radially
and respect the boundaries of the urit. An alternative theory argues against
the idea of predetermined positional map (O'Leary, 1989). It postulates that
the architectural organization of the developing cortex possess a great deal of
plasticity rather than being rigidly decided in early neurogenesis. The pattern
of cortical development is greatly influenced by extrinsic factors such as the
innervating fibers from other regions of the brain near the end of
neurogenesis. Thus, the migration pattern of cortical neurons during
neurogenesis becomes a central issues, since the radial unit hypothesis
predicts a strict radial migration, whereas the latter theory foresees a
widespread tangential dispersion that disregards the radial boundaries.

The radial unit hypothesis is originally based on 3H-thymidine labeling
experiments in which cells were labeled at their last division and their
migrating behavior analyzed by a series of autoradiographic images: This
approach, however, only provides information on the pattern of a large
group of cells born at the same time, but not about the specific movements of
individual cells. Studies using mouse aggregation chimeras (Crandall and
Herrup, 1990; Fishell et al.,, 1990) provided support to the radial unit
hypothesis. Mouse chimeras are composed of two types of cells with

distinguishable genotypes. The ratio of the two different genotypes of cells in
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various regions of a chimeric tissue is expected to be the same, if there is an
extensive and random cell mixing during the development of that tissue.
This seems to be the case in the developing somatosensory barrel fields
(Goldowitz, 1987). The development of the chimeric cerebral cortex revealed a
different pattern (Crandall and Herrup, 1990; Fishell et al,, 1990). A high
degree of discrepancy in neuronal genotype ratios was observed in the
chimeric cerebral cortex (Fiehell et al, 1990), in particular, in spatial
distribution in the anterior-posterior, but not the medial-lateral dimension
(Crandall and Herrup, 1990). Clonally related neurons are thus organized into
radial patches perpendicular to the neuraxis, a finding consistent with the
radial unit hypothesis. Studies using prospective tracing methods such as
fluorescent dye injections or recombinant retroviral labeling that mark cell
lineages provided alternative supporting evidence. Grove and coworkers
(1993) labeled progenitor cells in the embryonic rat cortex using a retroviral
vector that expressed the E. coli B-galactosidase gene. They discovered that the
labeled progeny of cortical precursors form clusters. These clusters were
composed of a single cell type, either neurons or astrocytes in grey matter, and
oligodendrocytes or astrocytes in white matter, as revealed by
immunocytochemistry and intracellular dye labeling. Similar results were
obtained by Luskin and his colleagues (1988, 1993). When E12-E14 mouse
embryonic cortices were infected with a retroviral label and the spatial
distribution of their progeny examined at E18-PNO and PN7-PN23,
respectively, clonally related daughter cells (either neurons or glia) were
found to be arranged in a radial array (Luskin et al., 1988). Injecting the rat
cerebral cortex at the onset of neurogenesis also produced neuronal- and glial-
specific clones in the developing cortex and striatum (Krushel et al., 1993).

Furthermore, cells that made up the clusters were found to be of a particular
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type of neuron or glia (Luskin et al., 1993). A prominent postnatal clustering
of clonally related neurons were also found in the anterior part of the
subventricular zone (Luskin, 1993). In keeping with the radial unit
hypothesis, these results suggested that separate progenitors may exist for
different types of neurons or glia very early in neurogenesis, and lineage
determination may have occurred among heterogeneous neuronal
progenitors within the proliferative ventricular zone.

The strongest evidence for the presence of an alternative migration
pattern during corticalgenesis also came from studies employing retroviral
cell lineage marking (Austin and Cepko, 1990; Price and Thurlow, 1988;
Walsh and Cepko 1988). Using a retroviral vector carrying the E. Coli B-
galactosidase gene to label the precursors and subsequently visualize the
migration pattern of their progeny, Walsh and Cepko (1988) discovered that
clonally related cortical neurons did not rigidly follow a radial path. Rather
there is a substantial tangential migration crossing the boundaries of different
radial columns. The error that could be introduced in interpreting these
retroviral labeling experiments using a simple E. Coli B-galactosidase gene
indicator is two fold. On the one hand, two daughter cells derived from the
same progenitor can be mistakenly perceived as two different clones if they
migrate far apart (splitting error). In addition, daughter cells of two different
clones may cluster together and be wrongly viewed as members of the same
clone, when in reality they are derived from two different infected precursors
(lumping error). Therefore, a technique that would allow differential labeling
of each individual clone was required to address such a question. This much
needed innovation was indeed designed by Walsh and Cepko (1992). In their
modified retroviral labeling strategy, cells were marked with a library of

retroviral vectors containing distinct DNA inserts. Since different DNA
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inserts could be identified by polymerase chain reaction, progeny of each
labeled precursor could thus be traced by virtue of the distinct retroviral DNA
insert they carry. This method was thus able to identify clonally related
daughter cells whether they were clustered together or separated far from
each other. Walsh and Cepko (1993) infected the ventricular zone with a
library of 100 retroviruses in low titre so that only a few cell clones were
infected. The low viral titre infection was intended to reduce the probability
that cell clones carrying the same DNA insert actually result from multiple
infections of more than one progenitor with the same viral vector (Kirkwood
et al.,, 1992). They observed that three days following infection, the majority of
labeled cells remained radially aligned with little dispersion. After six days,
however, about half the cells underwent widespread tangential dispersion,
some migrated as far as 2 mm and some dispersed beyond the neocortex into
the neighboring olfactory bulb. These results thus suggested that there are two
modes of cell migration during cortical development. While radial
movement is prominent at the start of cortical development, tangential
dispersion appears to be the principle mode of cell allocation during late
neurogenesis. Thus, in contrast to the radial unit hypothesis, these
investigations revealed that clonally related neurons migrate rather freely
across functional boundaries, and specification of cortical domains occurs well
after neurogenesis.

The precise time sequence of cell migration, which could not be
addressed by the retroviral studies, was investigated by Fishell and coworkers
(1993). Cells in the VZ in whole-mount preparations were fluorescently
marked, and cell movement within the VZ of E15 murine telencephalon was
visualized by time-lapse video fluorescent microscopy. This method,

however, only allowed the migrating behavior of individual cells to be
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followed over much shorter periods than that permitted by the retroviral
technique. Nevertheless, they observed extensive horizontal cell movements
within the ventricular zone (VZ), although there were clear boundaries in
the VZ that these progenitors did not cross. Thus, despite the existing
restrictions in the pattern of cell migration within the proliferative zone, the
broad horizontal cell mixing could account for the widespread cell
distribution seen by Walsh and Cepko (1992; 1993). This is because horizontal
cell movement in the VZ could allow daughter cells from the same
progenitor to separate from each other on a horizontal plane and end up in
various final destinies even if a strict radial migratory path is followed by
each sibling. The majority of migrating cells in the overlying intermediate
zone was indeed observed to follow the radial path by time-lapse confocal
microscopy, although 20% of them were found to disperse tangentially
(O'Rourke et al., 1992).

Several inherent problems exist for the retroviral and fluorescent cell
labeling technique. Both methods only label a small number of cortical
progenitors at one time, thus allowing the migration trajectory of only a
fraction of cortical cells to be followed. Although dismissed as statistically
unlikely (Walsh et al., 1992), the posibility that spatially divergent cell clones
possessing the same viral DNA tag may arise from multiple infections with
the same viral vector can not be totally discounted (Kirdwood et al., 1992).
Furthermore, Retroviral labeling are most amenable for marking cells late in
neurogenesis (post E12.5 in the mouse and post E14.5 in the rat), the precise
migratory behavoir of precursor cells in early neurogenesis could therefore
not be revealed. Finally, although retroviral labeling could identify the final
divergent positions of sibling cells of a seemingly common progenitor, it

could not determine whether siblings follow different migratory paths, one
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radial and one tangential. Thus, to further our understanding of the cell
migration pattern during corticalgenesis, an alternative approach was needed.

A novel method of labeling cortical cells was devised by Tan and Breen
(1993), who took advantage of a transgenic mouse line carrying a LacZ
transgene on the X chromosome. Due to X chromosome inactivation in
female transgenic mice, approximately half of the cells express p-galactosidase,
thus appearing blue; and half do not, thus appearing white. Since X
chromosome inactivation occurs before corticalgenesis, the developing cortex
should have been a fine grained mosaic of blue and white cells. However,
Tan and Breen (1993) observed that in the developing cortex of female
transgenic mice, the blue cells were organized into radial stripes. These stripes
varied in position and width, suggesting a random mosaicism rather than
functional domains in the developing cortex. The presence of such multiple
radial stripes in the organization of the developing cortex indicates that cells
within the radial stripes must have followed a strict radial migration pattern
and were unable to cross radial boundaries freely. In addition to the striking
radial columns observed, a component of tangential dispersion of cortical
cells was also revealed by their study. About one third of cells in either the
blue or the white stripes are of the other color. These cells of the opposite
color must therefore have migrated from either the neighboring radial
columns or radial columns located some distance away. Thus, consistent with
the retroviral experiments by Walsh and Cepko (1993), there appears to be two
population of cells during corticalgenesis: one which migrates strictly radially,
thus generating radial stripes; the other that disperses tangentially and can
cross radial boundaries.

A question which remains unanswered by the retroviral and

transgenic investigations is the identity of the migrating cells. Since

53



oligodendrocyte progenitors are known to distribute widely and are not
essential in cortical patterning, it is thus important to determine whether the
radially or tangentially dispersing cells are neurons or glia. In a more
comprehensive follow-up study, Tan and coworkers (1995) identified that the
radially and tangentially migrating cells are either neurons or glia based on
morphological criteria and immunocytochemical double labeling. The radial
stripes seen in the transgenic cortex were not composed of descendants from
one single progenitor since both neurons and glia were found to make up a
single radial column. In addition, among the tangentially dispersing cells, the
ratio of neurons and glia was 2 to 1. In their original report (Tan and Breen,
1993), the extent of contribution of radial and tangential migration pattern to
the cell mixing in the radial stripes was found to be 2 to 1, as reflected by the
ratio of predominant colored cells to less prominent colored cells in a given
radial column. The same ratio was identified for neurons and glia (Tan et al.,
1995). Moreover, this ratio remained constant along the longitudinal axis and
in the medial and dorsal-lateral regions of the developing cortex, whereas no
obvious radial stripes were observed in the lateral most one third of the
cerebral cortex. These results indicate that there are clearly two distinct
patterns of cell migration during corticalgenesis. The radial dispersion seems
to be the prominent mode, since in most regions of the developing cortex,

two thirds of the cells within a given stripe are of the same color.

Furthermore, the same ratio was found for neurons and glia when they are

separately analyzed in a single radial column. That is, one third of all neurons

or glia in a given stripe are of opposite color. Nevertheless, there also exists

an indisputable tangential migration that accounts for one third of cells of

opposite colored cells found in a given radial column. Alternatively,

tangential dispersion could be considered as a prime mode of cell allocation.
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This is because only half of the two third majority-colored cells in a given
stripe may represent the radially dispersing clones. The other half (accounting
for another 1/3) has an equal chance as the one third of cells of the opposite
color to migrate tangentially and enter the seemingly radial stripes. Taken
together, during cortical patterning, there is a subpopulation of cortical
neurons and glia that migrate radiaily following the protomap as proposed by
Rakic (1988). Those cells may be important in imprinting the positional
information and laying down the foundation for different functional
domains, whereas the tangential migrating cells add additional complexity
and flexibility during the construction of the cerebral cortex.

X-chromosome inactivation in transgenic mice provides an attractive
experiment model to study cell mixing and mosaicism in various tissue
genesis. This system is similar to the use of mouse chimeras to study cell
lineage, with the advantage that X-chromosome inactivation is a naturally
occurring event within a normally developed mouse. More importantly, the
labeled and unlabeled cells in the transgenic mice are genetically identical and
therefore are equipotent in every biological aspect. However, a transgene
carried on the X-chromosome has been shown capable of partially escaping
from X inactivation and to be reactivated in a small subset of cells (Wu et al.,
1992). This phenomenon makes the interpretation of cell lineage analysis in X
inactivated transgenic mice more complicated. Therefore, construction of
chimeras for the study of cell lineage and pattern formation of different

tissues might possess an ultimate advantage over the X inactivated transgenic

system.

1.3.2 Pattern of spinal cord development
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The spinal cord arises from the neural tube, which in turn develops
from the neuroplate with an apparently homogenous neuroepithelium. The
neuroplate folds up to form a hollow neural tube that surrounds the central
canal. The rostral part of the neural tube gives rise to the brain, while the
caudal part develops into the spinal cord. The ventricular zone that encloses
the central canal is the origin of the central nervous system.

Like their cortical counterparts, spinal neurons are generated in the VZ
and eventually migrate to their final sites of differentiation. The migratory
pattern of spinal neurons and glia have been extensively studied in the
embryonic chick spinal cord. Leber and coworkers (1990) introduced
recombinant retroviral markers that contained the LacZ reporter gene into
the genome of dividing progenitor cells and followed the distribution of
single clone progeny both within the VZ and during migration. They showed
that while progenitor cells in the VZ are pluripotent and are capable of giving
rise to cells with multiple phenotypes, including neurons and glia, there was
a clear spatially restricted pattern of migration when precursor cells move out
of the VZ to their final sites of differentiation. The dispersion of clonally
related neurons was very restricted along the rostral-caudal axis, spanning
less than a quarter of a segment in length, although there was evidence of
wider longitudinal migration of glia in late spinal cord genesis (Leber and
Sanes, 1995). There was also a moderate degree of restriction of cell
movement along the dorsal-ventral axis, and clonally related cells were
confined to planar arrays (Leber et al., 1990). Most clonally related cells were
arranged in radial arrays when they started to move out of the VZ, indicating
that they initially followed a strict radial path. These clonal progeny then turn
sharply and migrate dorsal-ventrally or ventral-dorsally in parallel to the VZ

in a tangential pattern. Furthermore, there is a progressive restriction in the
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extent of cell dispersion within the VZ (Leber and Sanes, 1995). Spatially
restricted distributions of spinal neurons and glia indicate that during
development, progenitor cells in the spinal cord may not mix randomly. The
spatially confined cell clusters or longitudinal segments represent clonal
progeny of a single progenitor that occupy a spatially distinct compartment
with specific borders.

In contrast, Musci and Mullen (1992) reported an extensive cell mixing
during spinal cord development using aggregation mouse chimeras. In their
investigation, mouse chimeras were constructed from two distinct genotypic
strains, one with high and the other with low levels of f-glucuronidase. The
enzymatic reaction can be detected histochemically and the differential level
of enzymatic activity is thus determined to represent the genotype ratio.
When the genotype ratio of different regions of the spinal cord in adult
chimeras are compared, they discovered an average of only 4 to 5 percent
difference in left-right, cranial-caudal, and dorsal-ventral regions of the spinal
cord. These results suggest that during spinal cord neurogenesis there is a
significant degree of cell mixing, as reflected by the fine-grained mosaicism of
the spinal cord cells indicated by the genotype ratio in the chimeras. Several
inherent problems, however, exist in this study. The cell marker B-
glucuronidase used to distinguish between cells of different genotypes can
only be applied with relative confidence to large cells with diameters above 10
pm. Histochemical staining becomes ambiguous with smaller cells. Thus,
quantitation of B-glucuronidase levels was limited to cells greater than 10 pm
in the above study. Furthermore, although within a region the variation of
left-right, dorsal-ventral was only about 5%, the whole left-right, dorsal-
ventral differences within the cervical, thoracic, and lumbar regions were

statistically significant, with a maximum difference of 18% observed for both
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orientations. There were also significant rostral-caudal gradients observed in
five of the eight chimeras analyzed, with one reaching as much as 10% in
longitudinal genotype variations. Moreover, there were substantial regional
variations (up to 30%) when subregions of different spinal segments were
compared. Finally, as the authors pointed out, the genotype ratios were
calculated as a whole for a designated area. Thus, the fact that there were no
significant differences between regions did not necessarily mean that there
was a homogenous and random cell mixing, but rather that the variations
between subregions had averaged out to roughly the same proportions in the
regions.

The study conducted in this thesis utilized chimeras produced by
blastocysts injected with a gene trapped ES cell clone. The pan-neuronal
marker expressed by this ES cell clone provided a useful means to study the
pattern of generation of the nervous system. The question of the pattern of
cell migration during cortical genesis and early cell mixing during spinal cord

genesis was addressed in this investigation.

1.4 Statement of the problem

The classic genetic approach to development used so successfully in
invertebrates, especially Drosophila, has been possible mainly because a large
number of genes could be identified on the basis of their mutational
phenotypes. This in turn was possible because the Drosophila genome could
be readily mutated and large scale screening for relevant mutations could be
performed. Similar tools have not been available for those interested in
mammalian development where most of the critical genes are yet to be
found. Numerous strategies have been employed in an attempt to identify

genes that play important roles during mammalian development. However,
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most of the methods utilized so far have various limitations, largely due to
the enormously complicated mammalian genome and inaccessibility of the
post-implantation embryos in mammals. In this thesis the gene trap approach
(Gossler et al., 1989) was used and appears to overcome part of these long
standing problems. In this approach, genes of interest are selected on the basis
of their temporal and spatial expression pattern, rather than mutational
phenotypes. Since such genes are tagged by the expression of a fusion
transcript, this approach also allows them to be readily analyzed at the
molecular level. A successful trapping of a actively transcribed gene also
indicates a simultaneous creation of an insertional mutation in the form of a
fusion transcript. Combined with the ES cell-chimera-transgenic technology,
the expression pattern of the trapped genes can be readily determined in vivo.
Therefore, the gene trap method can be applied to any system to identify genes
that may play significant roles during the development of that system. This
strategy was used in this thesis in an attempt to screen for genes which, on the
basis of their expression pattern, play important roles during nervous system
development. A novel mammalian gene was characterized in this thesis
using the gene trap approach. This new gene appears to bear many of the
characteristics of a mammalian transcription regulator with a specific
expression pattern in the nervous system.

In addition to the primary objective of novel mammalian gene
identification, chimeras generated by injection of the ES cell clone that
expresses a pan-neuronal fusion protein, were used in this investigation to
address the question of the pattern of the nervous system development. The
controversy surrounding how neuronal precursor cells migrate to their final
destination during the development of cerebral cortex has been the focus of

intensive investigations. The current view suggests two modes of cell
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dispersion: migration following a strict radial path, or widespread tangential
dispersion. Retroviral labeling studies (Walsh and Cepko, 1992; 1993) have
shown quite convincingly that there exists a widespread tangential cell
dispersion during cortical genesis, whereas the radial columns seen in the X-
inactivated transgenic mice (Tan and Breen, 1993; Tan et al., 1995) have
provided evidence of radial cell migration associated with tangential cell
dispersion.

The pattern of spinal cord development has also been a subject of
intensive investigations with seemingly contradictory conclusions. Musci and
Mullen (1992) used aggregation chimeras to address the question of early cell
mixing during spinal cord genesis. They showed that there was a fine-grained
mosacism in the developing spinal cord of the chimeras, indicating a
extensive random cell mixing during spinal cord development. The results of
the retroviral labeling experiments conducted in the chick embryonic spinal
cord, however, arrived at a different conclusion. Leber and Sanes (1995)
demonstrated that there were apparent longitudinal segments and dorsal-
ventral patches of the retroviral labeled cells in the developing chick spinal
cord. These segments and cohort patches represent clonally related progeny of
a single progenitor cell. Thus, on the basis of this data, cell mixing during
early spinal cord development is not at all random. Clonally related cells are
distributed in a spatially restricted fashion and there is a great deal of
variation in cell distribution during the development of the spinal cord.

The gene trap derived chimeras used in this study provided an
alternative approach to test the current model of cortical and spinal cord
genesis. Mouse chimeras have provided a useful means to study cell lineage
and embryonic patterning during development. This is because each tissue of

a chimera, including the nervous system, is composed of two distinguishable
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cell populations. The pattern of distribution of the two cell populations allows
a retrospective analysis of the extent of early cell mixing and the subsequent
pattern of cell migration during organogenesis. Chimeras produced by the
gene trapped GT9.6 ES cell clone, in which the fusion transcript encoded by
the trapped gene locus is expressed pan-neuronally in the developing and
mature nervous system, provided a unique opportunity to investigate the
pattern of organization during the development of the cerebral cortex and the

spinal cord.
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Materials and Methods

2.1 The Gene trap construct

The gene trap construct pGT4.5 was originally built by Gossler et al.
(1989). In brief, a mouse En-2 (Joyner and Martin., 1987) genomic DNA clone
consisting of a 5' 1.8 kb EcoR I-Sst I fragment, which includes a 150 bp
homeobox-containing exon and upstream intron sequences containing the
splice acceptor site of the homeobox, was used. This was joined in frame to
the 5' end of a LacZ gene deleted of the 24 nucleotide sequence encoding the
first 8 N-terminal amino acids. The construct also contains neof driven by a
human B-actin promoter. The polyadenylation signals for LacZ were derived
from SV40, and a 3' 2.7 kb Bgl II-Sst I En-2 genomic fragment containing the 3'
untranslated region provided the polyadenylation signal for neof. The
construct has a unique Hind III site in the vector sequence which was used to

linearize the construct (Figure 3).

2.2 Embryonic stem (ES) cell culture

The CCE embryonic stem cells (ES cells, passage 9) were derived from
XY blastocyst-stage embryos of the 129/Sv/Ev strain. This strain is
homozygous for both the black and the agouti alleles (BB AA), used as coat
color markers of chimerism, and for the Gpi-I€ allele, used for tissue genotype
analysis (Robertson et al., 1986). The wild type agouti allele (AA) is dominant
and the hair from an agouti and black (AA BB) mouse is black with a
subapical band of yellow. The non-agouti allele (aa) is recessive, and a black
and non-agouti (BB 4a) mouse (e.g. C57Bl/6 inbred strain) is therefore plain

black.
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Figure 3. Schematic illustration of the PGT4.5 gene trap construct. The PGT4.5
gene trap construct (Gossler et al., 1989) contains a promoterless LacZ gene
without its translation initiation codon (ATG). It is ligated at its 5' end to a
splice acceptor (SA) sequence derived from the mouse En-2 gene. This
construct also contains a neo” gene as a selectable marker. The neo” gene is
driven by a ubiquitously active human f-actin promoter. The
polyadenylation signals for LacZ were derived from SV40, while a 3' 2.7 kb
Bgl II-Sstl En-2 genomic fragment containing the 3' untranslated region
provided the polyadenylation signal for neo”. The construct has a unique
Hind III site in the vector sequence and this was used to linearize the
construct. In those rare cases in which this gene trap construct inserts in the
correct orientation and frame into an intron of a gene actively transcribed in

ES cells, a fusion protein with B-galactosidase activity can be expressed.
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The male ES cell line was used because the XY composition is stable in
culture compared with XX lines which tend to suffer deletion or loss of one X
chromosome (Robertson 1983). Furthermore, injection of the XY CCE ES cells
into blastocysts results in either an appropriate (XY<->XY) or an inappropriate
(XY<->XX) combination of genotypes. In the XY<->XX combination the
pattern of sexual development of the chimera may be affected. A sex
distortion phenomenon that produces more male than female chimeras has
been observed for XY<->XX chimeras (McLaren 1976). Where sex conversion
has occurred and the resulting chimera is a phenotypically fertile male, it will
transmit its ES cell-derived genome only. In embryos with XY<->XX
combinations the fertile males show no transmission of genetic markers
carried by the XX component, providing strong evidence that XX cells are
incapable of forming functional sperm (McLaren, 1976). Males have the added
advantage of taking much less time to sire the same number of offspring as
females. This is important when a low percentage of germ cells arising from
the ES cell line is expected. The sex conversion effect will not occur if the cell
line used is XX.

The ES cells were cultured on STO fibroblast feeder layers (Evans and
Kaufman, 1981) which were stabely transfected with pSV2-neo” (Southern
and Berg, 1982) by Ca** phosphate precipitation or lipofection, and
mitotically inactivated by y-irradiation (4000 rads). The ES cell cultures were
re-fed with fresh ES cell culture media either daily or according to the acidity
of the medium, as indicated by the change of the medium color from purple
to yellow. Change in pH is due to the accumulation of the acidic metabolites
from the fast growing ES cells. The tissue culture media for ES cells contained
DMEM, 10% fetal bovine serum (Gibco), 10% calf serum (Hyclone), 10% LIF

supernatant (Genetics Institute), a nucleoside cocktail (Sigma), 0.1 mM B-
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mercaptoethanol (Gibco), 0.01 mM non-essential amino acids (Gibco), 2 mM
glutamine (Gibco), 50 units/ml of penicillin and 100 pug/ml of streptomycin
(Gibco), and the pH for this media is alkaline (Robertson, 1987).

2.3 ES cell transfection and cloning

The CCE ES cells, at passage 13 to 15, were electroporated with the
pGT4.5 construct according to Schwartzberg et al. (1989) with some
modifications. Cells were plated at a density of 3x100 cells per 10 cm plate, fed
every two days, and trypsinized with 0.05 % porcine derived trypsin (Gibco) 2
hours after the second feeding. Cells were counted using an Improved
Neubauer hemocytometer (Hausser). Briefly, 50 ul of a thoroughly trypsinized
cell suspension were collected using a micropipette and mixed well with 50 ul
of 0.4% trypan blue dye solution (Sigma). Dye exclusion indicated cell
viability. An aliquot of the well mixed cell suspension was transferred
immediately to the edge of the hemocytometer chamber covered with a
coverslip, and the cell suspension was let run out of the pipette and drawn
under the coverslip by capillary action. Cells lying within a square of 1 mm
were counted under an inverted light microscope (Leitz Laborlux D) at a
magnification of 200x . The cells in four such squares were counted and the
average of the four counts were calculated. The concentration of the sample is
derived as follows: ¢ = 2n/v where ¢ = cell concentration (cells/ml), n =
number of cells counted within a 1 mm? field, and v = volume (ml). For the
Improved Neubauer slide, the depth of the chamber is 0.1 mm, the volume of
the cell suspension contained within a 1 mm2 (v) is thus 0.1 mm3 or 10-4 ml.
The number 2 is derived from the dilution with an equal volume of trypan

blue dye. The formula is thus: ¢ = 2n x 104-
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Trypsinized cells were washed twice with phosphate-buffered saline
(PBS) which was free of Ca*+ and Mg**, and resuspended in PBS at a
concentration of 4x107 cells per milliliter. Cell suspensions containing 2x107
cells (0.5 ml) were mixed in an electroporation cuvette with 15-25 pg of
HindIlII linearized pGT4.5 DNA and electroporated at 220 v and 960 pF using a
Biorad Gene Pulser. After the pulse, cells were incubated at room temperature
for 10 minutes. Cells were then plated at a density of 5x106 onto 10 cm dishes
containing STO feeder layers. Cells were fed with ES cell culture media
containing 400 pg/ml of G418 the next day, and re-fed by changing the media
containing G418 every two days thereafter due to the slower doubling rate of
ES cells under drug selection.

A range of 40 to 60 sizable G418 resistant colonies appeared per 10 cm
dish 9 to 12 days after G418 selection. Cloning was then carried out in either of
the two ways. (1) Colonies were picked and placed into 24 well cloning trays
containing 0.05% trypsin. Each of the trypsinized colonies was split into two
wells in two different 24 well plates. Duplicate plates representing 24 colonies
were thus produced. One day after plating, one of the two duplicate 24 well
plates was tested for B-galactosidase activity using a histochemical reaction
(Sanes et al., 1986) in which Bluo-gal (BRL) is used as a substrate. In brief,
cultured cells were rinsed with PBS (pH 7.3) and fixed for 30 min. at 4°C with
0.2% glutaraldehyde in PBS. The cells were then washed with PBS and
overlaid with a histochemical reaction mixture containing 3.1 mM potassium
ferrocyanide, 3.1 mM potassium ferricyanide, 1 mM MgCI2 and 0.5 mg/ml
Bluo-gal in PBS. The Bluo-gal was dissolved in N,N-Dimethylformamide
(DMF) at 20 mg/ml and diluted into the reaction mixture. The cells were -
incubated in the reaction mixture overnight and the B-galactosidase positive

cells were identified as blue staining cells at 200x magnification under an
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inverted microscope. The B-galactosidase positive clones were then plated
from the replica 24 well cloning tray onto 6 cm plates, and subsequently
expanded and frozen to permit further molecular and developmental
analysis of the disrupted gene. (2) Colonies in each 10 cm dish were pooled
and split into two 10 cm plates, one of the which was tested for B-galactosidase
activity. Plates negative for B-galactosidase activity were discarded along with
their duplicates. Plates with duplicates containing B-galactosidase positive
cells were subjected to subcloning using 96 well cloning plates. Single cell
clones were passaged into two wells in duplicate 24 well plates and were

subsequently cloned as described above.

2.4 Blastocyst injection and generation of chimeric mice

C57Bl1/6, MF1 and CD1 (Charles River) mice were used as the source of
blastocysts. An important consideration in the choice of the mouse strain for
blastocysts is that the ES cell line being used to construct the chimeras must be
easily distinguishable, either visually or biochemically, from the host
blastocyst cell population. The MF1 and CD-1 are albino (homozygous for thec
allele; cc) and homozygous for the Gpi-1) allele, whereas the C57B1/6 inbred
strain is black, non-agouti (BB, aa) and homozygous for the Gpi-1 allele.
Thus, The presence of an ES cell derived contribution can be identified by the
presence of pigmented coat hair in the MF1 and CD-1 genetic background, and
by the presence of agouti hair in those mice derived from injected C57Bl1/6
blastocysts. |

B6C3 F1 mice were used for foster mothers. F1 hybrids are produced by
crosses of two inbred strains of mice (C57Bl1/6 X C3H in this case) and are
therefore heterozygous at all loci for which the inbred strains are

homozygous for different alleles. Thus, the F1 hybrids are genetically as
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uniform as the mice of the inbred strains. Furthermore, the heterozygosity
allows the F1 hybrids to maintain favorable alleles not held in common by
the two parent population, a phenomenon known as heterosis or hybrid
vigor. Therefore, the F1 hybrids are more tolerant to environmental changes
than inbred strains. They grow faster, survive to maturity in greater
proportions, live longer, and in turn reproduce earlier and more abundantly.
Hybrid litters are usually larger than inbred litters (Green, 1966). F1 hybrids
have proved to be better foster mothers than either inbred strains or outbred
stock. Eighty to ninety percent of operated F1 inothers maintained pregnancy
compared to the less than 50% pregnancy rate obtained in other strains.
Moreover, F1 females generally make better mothers after delivery of the
pups and the majority of operated embryos that come to term survive to
weaning age and give healthy, fertile animals (Robertson, 1987).

Blastocysts were obtained from the pregnant females (C57Bl1/6, MF1,
CD1) by timed matings. The time of natural mating was controlled by the
light cycle of the mouse room. The controlled regime of the light cycle is 12
hour light to 12 hour dark, and females pass through the oestrous cycle every
4-5 days. Ovulation of oestrous females occurs 3-5 hours after the onset of the
dark period and the males will copulate with oestrus females at about the
middle of the dark cycle. The oestrus host females over six weeks old were
selected by examining the color, moistness and degree of swelling of the
vagina shortly before the onset of the dark cycle. The selected females were
caged singly with one male. The following morning each female was checked
for the evidence of mating as indicated by the presence of a solid seminal
copulation plug in the vagina (including vasectomized matings for foster
mothers as described below). The plugged females were designated as day 0

post coitus. The day 3.5 blastocysts were obtained from the plugged females
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according to the following procedure. (1) Day 3.5 or day 2.5 pregnant females
were sacrificed by cervical dislocation, and uterine horns and oviducts on
both sides were removed and placed on a depression dish. (2) Uterine horn
and oviduct on either side were flushed with Brinster's BMOC medium
(Gibco). The day 3.5 blastocysts were recovered from the uterine horns, and
the day 2.5 morulae from the fallopian tubes. (3) The blastocysts and morulae
were located in a depression dish using a stereo dissecting microscope (Wild
M5A) and removed with a mouth controlled drawn-out pasteur pipette and
placed in micro-drops of Brinster's BMOC medium under light weight
paraffin oil (Fisher). Day 2.5 morulae were incubated at 37°C and 5% CO2 in a
micro-drop culture of Brinster's BMOC medium overnight during which
time they develop into fully expanded blastocysts.

ES cells at exponential growth phase were used for blastocyst injection.
All available cultures were inspected and a cell suspension from a culture
which displays a healthy cellular morphology was prepared. Cells were
trypsinized, and although every effort was made to obtain a single cell
suspension, doublets and triplets were commonly seen in the cell suspension.
Using a mouth controlled drawn-out pasteur pipette a small volume of the
freshly prepared cell suspension was transferred into the injection chamber.
The injection chamber contained blastocyst injection medium which is
DMEM supplemented with 20 mM HEPES and 10% FBS. The medium was
added to a depth of 2-3 mm. A layer of paraffin oil was overlaid on the surface
of the medium and the chamber was placed onto the microscope (Leitz
Labovert FS) stage. The fully expanded blastocysts (8 to 10 each time) were
collected into the same chamber which is connected to a cooling device
(Technology Inc., NJ) to maintain the chamber temperature at 10°C. Cooling

gives the cell membranes a degree of rigidity, providing appropriate resistance
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that allows easier penetration of the injection pipette. It also helps to prevent
stickiness associated with cell lysis which necessitates the frequent changing
of the injection instruments.

Between 8-12 cells were injected into the blastocoel cavity of each day
3.5 blastocyst. The cells (8-12) were selected individually and were collected
into the injection pipette. This was then pushed through the zona pellucida
and trophoblast layers into the blastocoel cavity of a blastocyst immobilized by
suction on the end of the holding pipette. The cells were expelled into the
blastocoel, and pipette was withdrawn and the blastocyst released from the
holding pipette.

The glass capillary tubing used to construct the pipettes is thin walled
(1.0 mm external diameter, 0.8 mm internal diameter) borosilicate glass
without a fibre (Clark Electromedical). They were pulled using an automatic
electro-magnetic electrode puller. The holding pipettes were constructed by
blunt flame-polishing using an Beaudouin microforge. The injection pipettes
were built by snapping the glass capillary by hand under a stereo dissecting
microscope, using a sharp scalpel blade and a spongy transparent silicon
rubber sheet. A 30° bend was introduced into both the holding and injection
pipettes by heating the bending point on the pipettes with a flame-polishing
filament using KOPF microforge. The bend enables the injection and holding
pipettes to be moved freely in the injection chamber in the plane of focus

After injection, the blastocoel cavity of the blastocyst collapses. The
microinjected blastocysts were cultured in Brinster's BMOC medium for 30
minutes and were transplanted immediately. In our experience, the re-
expansion of the injected blastocysts before transfer was not necessary and
often takes hours. The injected blastocysts that displayed lysis were discarded,

and the remaining injected blastocysts were surgically transferred to the
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Figure 4. Photograph illustrating mouse blastocyst injection with ES cells. A
mouse blastocyst, immobilized by a holding pipet, is perforated by a
microinjection pipette containing ES cells. Such manipulations were done in
a microinjection chamber connected to a fix-staged microscope (Leitz). Eight
to 12 ES cells were collected into the injection pipet and were expelled into the
blastocoel cavity. The injected blastocysts were then transplanted into the

uterus of a pseudopregant female and allowed to develop to term.

71

Q






uterine horns of day 2.5 pseudopregnant females. Pseudo-pregnancy was
induced by mating B6C3 F1 females to vasectomized B6C3 F1 males. Some
litters were delivered naturally 17 days after injection, and others were
delivered by caesarian section after 17 days. Only MF1 blastocysts were used to
obtain day 12.5 chimeric embryos from pregnant recipients sacrificed at day
12.5. Chimerism was scored by eye pigmentation in MF1 albino background at
embryonic day 12.5, or by coat pigmentation in MF1 and CD1 albino
background 4-5 days after birth, and by the presence of agouti coat color in the

C57B1/6 background on postnatal day 10.

2.5 Germline transmission of chimeras

Mouse germ cells differentiate from cells of the primitive ectoderm
and migrate from their origin to the genital ridges. The migration involves
some active movement of the germ cells, either along tracts of extracellular
matrix material or in response to chemotactic substances released by the cells
of the genital ridge. The genital ridge of the mouse embryo is also derived
from the primitive ectoderm, and in XX/XY chimeras, formed either as a
result of aggregating morulae or by blastocyst injection, it has a profound
influence on germ cell differentiation. XX germ cells in a predominantly XY
local environment begin to develop in the male direction but do not form
sperm, whereas XY cells in an XX environment can form oocytes (Hogan,
1986).

Morphological differentiation of the sex organ is caused by a localized
effect and is dependent on the relative contributions of XX and XY cells to the
fetal genital ridge. The pattern of integration of XY ES cells in a female
embryo affects sexual differentiation and determines the fate of the two cell

populations in terms of their ability to form functional germ cells. The ability
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of the injected ES cells to form sperm is governed by the sex of the host
embryo, and the number and position of the colonizing cells in the early
embryo. In the appropriate XY<->XY combination, cells from one of the two
strains that make up the chimera contribute to, at most, 3% of the sperm
(Mclaren, 1976). This low level may reflect the ratios of cultured cells to host
cells within the gonad or might result from the fact that in some embryos
with XY:XY strain combinations, cells of one genotype may predominate
within the sperm population. This has been reported for the dominance of
C3H germ cells in C3H<->C57Bl/6 chimeras (McLaren, 1976). It seems
therefore, at least in some strain combinations, that one or the other cell line
is often excluded from the germ cell population. What is more striking is that
in some male C3H<->C57BI chimeras, no relation is found between the strain
composition of the germ cells and that of the somatic tissues: in some male
chimeras the germ cells were all from one component, and the somatic tissue
largely from the other (McLaren, 1976). In the inappropriate XY<->XX
combinations three possibilities exist: (1) Low incorporation in which
insufficient Y-bearing cells are present to influence the sex phenotype. The
resulting chimeras are fertile females with XY cells able to form functional
ova, but, in the predominantly XX environment, incapable of producing
functional sperm. (2) A higher level of incorporation in which the Y
chromosome can exert a masculinizing influence on the differentiation of the
gonad. However, the XX cells from the host are unable to form functional
sperm. Therefore, a small percentage of the resulting animals have been
observed to be sterile hermaphrodites with the appearance of both sex organs
(McLaren 1976). (3) A high contribution of XY cells to the gonad above the

threshold causes the differentiation of a functional male reproductive system.
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These animals are phenotypically fertile males and produce a single class of
spermatozoa derived from the XY ES cells (Robertson, 1986).

To test the ability of the unmanipulated ES cells to colonize the germ
cells of the chimeras, chimeric males from C57B1/6 and CD1 host background
were set up to breed at 6 weeks of age with C57Bl/6 and CD1 females,
respectively. For gene trapped ES cell clones, chimeras from the C57B1/6 and
MF1 host background were set up with their respective sex partners.
Germline transmission was identified by the presence of agouti pigmentation

in the coat of F1 animals 10 days after birth.

2.6 B-Galactosidase histochemistry
2.6.1 Mouse perfusion and tissue preparation

Adult chimeric mice were anaesthetized with Avertin (8 mg/kg) and
perfused transcardially with 30 ml cold 0.5% paraformaldehyde, 2.5%
glutaraldehyde in 0.1 M PBS pH 7.2, using a 25-gauge butterfly needle. Tissues
were subsequently dissected out and immersed in the same fixative at 40C for
one hour. Day 12.5 embryos were obtained by caesarean section at 12.5 days
post-coitum. Embryos were removed from the uterus and dissected free of
fetal membranes under 0.1 M PBS pH7.2. Embryos were fixed by immersion
in a mixture of cold 0.5% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M
PBS pH 7.2 for 2 hours at 4°C. Following fixation, incisions were made along

the sagittal plane of the embryonic brain to increase penetration of stain.

2.6.2 Bluo-gal histochemistry
Bluo-gal (Bethesda Research Laboratories, BRL) was dissolved in N,N-
Dimethylformamide (DMF) at 20 mg/ml and diluted into the reaction

mixture. Following a brief rinse in PBS, adult or embryonic tissues were

74



stained by incubating at 370C overnight with Bluo-gal, 0.4 mg/ml in PBS
containing 10 mM potassium ferricyanide, 10 mM potassium ferrocyanide
and 2 mM magnesium chloride. Stained embryonic brain and spinal cord
were dissected out from the embryos. The P-galactosidase positive cells in
both the embryonic and adult tissues were identified as blue staining cells at
25x magnification under a dissecting microscope (Leitz, Wild M5A).

To obtain 12 um thick cryostat sections, mouse adult or embryonic
brain and spinal cord were removed and transferred to 30% sucrose in 0.1 M
phosphate buffer pH 7.3 for an extra 2 to 3 days. Tissue samples were
embedded in 15% gelatin and the blocks were trimmed, frozen in isopentane
in liquid nitrogen and stored under isopentane at -809C until sectioning.
Twelve pm thick sections were cut in a Leitz cryostat (MGW Lauda) at -200C

and each section was mounted onto a TES (3-aminopropyltriethoxy-silane,

Sigma) coated slide.

2.7 B-Galactosidase immunocytochemisty
2.7.1 Mouse perfusion and tissue preparation

Adult chimeric mice were anaesthetized with Avertin (8 mg/kg) and
perfused transcardially with 10 ml of cold (4°C) PBS pH 7.2, followed by 100
ml periodate-lysine-paraformaldehyde (2% paraformaldehyde, 0.1 M lysine
and 10 mM NalOy in 0.1 M phosphate buffer, pH 7.2) (Mclean and Nakane,
1974). Mouse tissues were removed and immersed in the same fixative at 40C
for five hours, and were then transferred to 30% sucrose in 0.1 M phosphate
buffer pH 7.3 for an extra 2 to 3 days. Tissue samples were embedded in 15%
gelatin and the blocks were trimmed, frozen in isopentane in liquid nitrogen

and stored under isopentane at -809C until sectioning.
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2.7.2 Mouse B-galactosidase antibody

The mouse B-galactosidase antiserum directed against the pB-
galactosidase protein was kindly supplied from the Hybridoma Laboratory of
the Canadian Network of Center of Excellence (NCE) Neural Regeneration
and Functional Recovery Core Facilities by the late Dr. A. Cété. Both the
primary antiserum and secondary antibodies were diluted in 0.5 M Tris-HCI
buffer, pH 7.6 to which 1% normal horse serum (NHS) was added. The
primary mouse anti-B-galactosidase antiserum was diluted at 1:1000, while

the secondary biotinylated horse anti-mouse IgG (Vector) was diluted at 1:200.

2.7.3 Immunocytochemistry

Twelve um thick sections were cut in a Leitz cryostat (MGW Lauda) at
-209C and each section was mounted onto a gelatin coated slide. A drop of
cold formal sucrose fixative (7.5% sucrose and 4% formaldehyde in 0.07 M
phosphate buffer, pH 7.4) was deposited onto each slide and sections were
incubated in the fixative for 30 minutes. Following a 30 minute rinse in 0.5 M
Tris-HCl (pH 7.6), non-specific protein binding sites were blocked by
incubating the sections in 7% normal horse serum (NHS) at room
temperature for 30 minutes. The sections were incubated overnight at room
temperature in the primary mouse anti-p-galactosidase antibody. After
rinsing with 0.5 M Tris HCI for 30 minutes, sections were incubated in the
secondary biotinylated horse anti-mouse IgG (1:200) for an hour. Following
another 30 minute rinse with 0.5 M Tris-HCl, sections were incubated in
Avidin-Biotinylated HRP Complex (ABC) (Vector) for 1 hour. HRP activity
was detected using 1 mg/ml diaminobenzidine (DAB) with 0.03% H202 in 0.1
M Tris-HCI, pH 7.6, for 10 minutes. The sections were then rinsed in distilled

water and mounted in Farrant's medium (BDH).
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2.8 Molecular biology methods
2.8.1 DNA Probes

The LacZ probe, a 119 bp RACE-produced probe from endogenous
mouse genomic sequence and two other ¢cDNA probes were used for
Southern and Northern blot analysis, as well as for cDNA library screening.
The LacZ probe was a 3.1 kb full length E coli. LacZ gene sequence, whereas
the 119 bp endogenous probe contains the sequences 5' of the lacZ splice
acceptor site produced from the 5° RACE-PCR performed for the ES cell clone
GT9.6. The RACE-PCR product was cloned into a TA PCR cloning vector
(Invitrogen) and  sequenced. A 5 primer (5’
AGGAATTCTAAGTATTGACATTACACAG 3') and a 3’ primer (5’
ACCTGGAATTCGGAGCGAGTAGTAGA 3’) both containing a newly created
EcoR I site (underlined) with the 119 bp RACE-PCR product, were used to PCR
amplify the 119 bp endogenous sequence. This 119 bp PCR product , along
with the 3.1 kb LacZ gene sequence and the two cDNA probes, were used as
templates for random priming (Prime-it Kit, Strategene) to produce
radioactive probes.

The 735 bp ¢cDNA probe was obtained from ¢cDNAs cloned from the
screening of a mouse embryonic day 12.5 cDNA library, whereas the 1574 bp
c¢DNA probe was cloned from ¢cDNAs recovered from the screening of a
mouse postnatal day 8 brain cDNA library. The nucleotide sequences of the
119 bp RACE-PCR product, the 735 cDNA clone and the 1574 bp cDNA clone

are shown in Figures 23, 27, and 32, respectively.

2.8.2 Northern blot

2.8.2.1 Isolation of total RNA from ES cells and mouse tissues



Total RNA was isolated by the method of Chomczynski and Sacchi
(1987) with few modifications. Mice were killed by cervical dislocation, tissues
removed and frozen immediately in liquid nitrogen. ES cells or tissues were
lysed in solution H. Solution H was prepared by sequentially adding the
solutions listed below to a stock solution consisting of 25 mM sodium citrate,
pH 7.0, 0.5% w/v N-Lauryl-sarcosine, 4 M guanidium thiocyanate, and
mixing after each solution was added (volumes are per 100 ml stock solution):
0.72 ml B-mercaptoethanol, 10 ml 2 M sodium acetate pH 4.0 and 100 ml
diethyl pyrocarbonate (DEPC) H2O saturated phenol.

Tissue culture media was removed from 150 mm ES cell plates and the
cells were rinsed twice with PBS pH 7.0. For each 150 mm plate, 5 ml of
solution H was added and cells were scraped from the plate using a disposable
plastic scraper (Nunc) and transferred to a 50 ml polypropylene tube. The
frozen mouse tissue was weighed and added to 1 ml of solution H per 100 mg
tissue. ES cells and mouse tissues in solution H were homogenized with a
polytron (Brinkmann Instruments) until well mixed. The following steps
were performed with the samples on ice: To every 5 ml of homogenized
solution, 1 ml chloroform was added and the mixture was shaken vigorously
for 1 minute. Following a 15 minute incubation on ice, the mixture was
centrifuged at 12,000¢ for 20 minutes at 49C and the aqueous phase was
collected. One volume of isopropanol was subsequently added. The solution
was mixed by inversion and placed at -200C for one hour, and the RNA was
collected by centrifugation at 12,000g for 20 minutes. The RNA pellet was
washed with 70% ethanol and dissolved in DEPC treated HyO and frozen at
-800C.

2.8.2.2 Poly A+ RNA isolation
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Poly A* RNA was isolated by the method of Aviv and Leder (1972)
with some modifications. Total RNA was diluted to 0.4 pg/pl and incubated
at 659C for 10 minutes, cooled on ice, and brought to a final concentration of
0.5 M LiClL. Fifty mg of oligo-dT cellulose (Collaborative Research Inc.) per
mg of total RNA were resuspended in elution buffer (10 mM Tris-HCI pH 7.5
at 200C, 1 mM EDTA, 0.05% SDS). This suspension was poured into a 1 ml
disposable syringe loaded with glass fiber and the RNA was applied. The
column was washed with more than 10 volumes of binding buffer (20 mM
Tris-HCI pH 7.6, 1 mM EDTA, 0.1% SDS, 0.5 M LiCl) until the eluent A¢p
was below 0.1. Elution buffer was heated to 659C and 4 column volumes were
used to elute the Poly A+ RNA. The eluted RNA was precipitated by adding
1/10 volume of 3 M NaOAc and 2 volumes of 100% ethanol. The precipitated
RNA was collected by centrifugation at 10,000¢ for 15 minutes at 49C, washed
with 70% ethanol, air dried, and dissolved in a minimum of DEPC treated

H>O.

2.8.2.3 Formaldehyde Gel Electrophoresis of RNA

All RNA gels were run in an IBI Medium Gel apparatus suitable for up
to 10 samples. Typically, a 75 ml formaldehyde agarose gel was loaded onto
each apparatus. To prepare a 100 ml 1.2% formaldehyde agarose gel, 1.2 g of
agarose was boiled in 74 ml ddH20 and cooled to 650C. Sixteen ml of
formaldehyde and 10 ml of 10X running buffer (2 M 3-[N-
morpholino]propanesulfonic acid (MOPS) pH 7.0, 5 mM sodium acetate
(NaOAc), 1 mM EDTA), each prewarmed to 659C, were added. This solution
was stir-mixed and poured into the gel tray. RNA samples (up to 20 pg total
RNA) in 4.5 pl DEPC H0 were diluted with 2.0 pl 10X running buffer, 3.5 pl

of formaldehyde and 10 pl of formamide. The samples were incubated at 659C
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for 15 minutes and 2 pl of loading buffer (50% glycerol, 1 mM EDTA, 0.4%
bromophenol blue) were added to each sample prior to their application onto
the gel. The samples were electrophoresed overnight in 1X running buffer at
30V. The RNA was stained with 0.5 pg/ml ethidium bromide in TAE (40 mM
Tris-acetate, 1 mM EDTA) for 2 hours followed by destaining in ddH20 for 2

hours. The RNA was visualized under short wave ultraviolet light and

photographed.

2.8.2.4 RNA blotting
The formaldehyde agarose gel was blotted onto a positively charged

nylon membrane (Boehringer Mannheim) in 5X SSC solution for 2 hours
using a vacuum blotting apparatus (Tyler Research Instruments). Successful
blotting was checked by visualizing the RNA on the filter using a portable UV
light source. The filter was then UV cross-linked in a UV Stratalinker 2400
and stained with 0.02% methylene blue. To carry out RNA staining, the filter
was rinsed briefly in 1X SSC, and stained in 0.3 M NaOAc and 0.02%
methylene blue for 3 minutes without shaking. The filter was then dipped in
1X SSC very briefly, and ribosomal RNAs were visualized, marked and
photographed under white light. To remove the stain, the filter was washed
in 2X SSC containing 10% SDS at room temperature for 15 minutes with
shaking. RNA blot of P19 and RAC65 cells was generously provided by Stacy
Costa in Dr. M. McBurney's laboratory at University of Ottawa.

2.8.2.5 Nucleic Acid Hybridization

The filter was sealed in a bag and all buffers were introduced and
removed through a corner of the bag which was cut when necessary and re-

sealed. The filter was prehybridized in 15 to 25 ml of prehybridization buffer
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containing 0.5 M sodium phosphate buffer pH 7.2, 1 mM EDTA, 1% Bovine
serum albumin (BSA), 7% SDS and 200 ug/ml denatured salmon sperm DNA
(ssDNA) at 650C for a minimum of one hour. The prehybridization buffer
was removed and replaced with an equal volume of hybridization buffer
containing 30% formamide, 0.2 M sodium phosphate buffer pH 7.2, 1 mM
EDTA, 1% BSA, 7 % SDS, 200 ug/ml of denatured ssDNA and 1.5x107 to
9.0x107 CPM 32P-labeled denatured DNA probe. The filter was hybridized at
650C for 12 to 16 hours. The filter was removed from the bag and washed once
with 2X SSC, 0.1% SDS for 30 minutes at room temperature, and with 0.1X
SSC, 0.1% SDS for 30 minutes at 659C. The filter was wrapped in plastic Saran
wrap and autoradiographed at -800C for 24 to 48 hours. Autoradiography was
conducted in light-proof cassettes by exposure to X-Omat AR film (Kodak)

with the use of Cronex Quanta III intensifying screens.

2.8.3 Southern blot
2.8.3.1 Isolation of genomic DNA from ES cells and tissues

To isolate genomic DNA from ES cells, trypsinized ES cells from each
150 mm plate were washed with 5 ml PBS pH 7.3 three times and
resuspended in 1 ml PBS. ‘Rat and quail genomic DNA, which were used for
cross-species Southern blot hybridization, were extracted from rat tail and
quail muscle. Samples of rat tail and quail muscle (kindly provided by Dr. K.
Hastings, Department of Molecular Genetics, Montreal Neurological
Institute) were ground manually to small pieces by mortar and pestle. Cell
suspensions and ground tissue pieces were then transferred to a 50 ml falcon
tube and digested with 200 pg/ml Proteinase K dissolved in solution
containing 0.1 M EDTA, 10 mM Tris-HCl pH 8.0, 0.1 M NaCl, 0.5% SDS at 559C

for 3 hours with gentle agitation. An equal volume of neutralized phenol was
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added to the solution, and the mixture was shaken at room temperature for
30 minutes. Ten volumes of ethanol were added and the solution was mixed
by gentle inversion for 10 minutes at room temperature until a visible DNA
precipitate appeared. The DNA filamentous precipitate was removed using a
bent Pasteur pipette and was transfered into 20 ml 100% ethanol twice, 5
minutes each time. Following a brief air-dry, the DNA pellet was resuspended
in 200-400 pul ddH>0.

Genomic DNA of fruitfly, zebrafish, and snake were kindly supplied by
Dr. R. McGowen (Department oi Zoology, University of Manitoba), and
genomic DNA of human, yeast and nematode were generously provied by Dr.
D. Rosenblatt (Department of Medical Genetics, McGill University), Dr. H.
Bussey (Department of Biology, McGill University), and Dr. Martin Chalfie

(Columbia University), respectively.

2.8.3.2 Southern blot analysis

Ten pg of cellular DNA was digested to completion with an excess of
Kpn I restriction enzyme in the supplied buffer (Boehringer Mannheim). The
digests were precipitated with ethanol, resuspended in water and
electrophoresed in a 1% agarose gel at 30V overnight. The gel was blotted
using a vacuum blotting apparatus (Tyler Research Instruments) onto a
positively charged nylon membrane (Amersham) at a negative water
pressure of 20 to 25 inches. The surface of the gel was flooded with 25 ml of
0.25 M HCI and held under vacuum for 5 minutes to nick the high molecular
weight DNA. This solution was removed and 25 ml of 0.4 M NaOH was
applied in the same manner and the gel incubated for 5 minutes to achieve
neutralization. This solution was removed and the gel was submerged in 0.4

M NaOH to twice the height of the gel and transferred for 1 hour. The
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membrane was removed and briefly rinsed in 2X SSC and UV cross-linked as
described in the RNA protocol.

The membrane was prehybridized in 15 to 25 ml of hybridization buffer
(50% formamide, 10% dextran sulfate, 1% SDS, 1 M NaCl, 200 ug/ml ssDNA)
at 420C for a minimum of one hour. The hybridization buffer was removed
and replaced with an equal volume of fresh hybridization buffer containing
1.5x107 to 8.5x107 CPM 32P dCTP-labeled denatured DNA probe. The filter was
hybridized at 420C for 12 to 16 hours. The filter was removed from the bag and
washed once with 2X SSC, 0.1% SDS for 30 minutes at room temperature, and
with 0.1X SSC (0.5X SSC for cross species Southern blot), 0.1% SDS for 30
minutes at 650C. Subsequently, the filter was wrapped in plastic Saran wrap
and autoradiography was conducted in light-proof cassettes by exposure of the
wrapped blots to X-Omat AR film (Kodak) with the use of Cronex Quanta III

intensifying screens at -800C for 24 to 48 hours.

2.8.4 RACE-PCR

Rapid amplification of cDNA ends (RACE) was performed by the
method of Frohman (1990) with some modifications (Figure 23). All
oligodeoxyribonucleotide primers used were chemically synthesized using
the "Applied Biosystems 380B DNA synthesizer" according to the

manufacturer's instructions.

2.8.4.1 Reverse transcription

Poly A+ RNA was isolated from ES cells and 1 pug of the poly A* RNA
was used to synthesize cDNA in a 20 pl reaction. Reverse transcription
mixture, containing 2 pul of 10X RTC (reverse transcription component) buffer

[500 mM Tris-HCl pH 8.15 at 410C, 60 mM MgCl, 400 mM KCl, 10 mM
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Dithiothreitol, dNTPs (Pharmacia) 10 mM each], 0.25 pul (10 units) of RNasin
(Promega Biotech), and 0.5 ul (1 pmol) gene specific primer, was first mixed
on ice. One pg of poly A+ RNA in 16.5 pl of DEPC HO was heated to 650C for 3
minutes, cooled rapidly on ice and applied to the reverse transcription
mixture, to which was added 10 Units of avian myeloblastosis virus reverse
transcriptase (AMV-RT, Life Sciences). The reaction was incubated at 420C for
2 hours and subsequently diluted to 1 ml with TE (10 mM Tris-HCI, pH 7.5, 1
mM EDTA) and then stored at 40C.

2.8.4.2. 5'-end tailing

The excess primer from 5' end reverse transcription was removed from
the cDNA product by spin filtration using Centricon 100 (Amicon Corp.). The
filtration step was repeated once with 0.2X TE, and the retentate was collected
and concentrated to 10 pl using speedvac centrifigation.

The cDNA was tailed by adding, to 10 pl of Centricon-purified cDNA, 4
pul 1 mM dATP, 4 pl 5X tailing buffer (BRL) (1X tailing buffer = 100 mM
potassium cacodylate pH 7.2, 2 mM CoClz, 0.2 mM DDT), and 10 Units
terminal deoxynucleotide transferase (TDT) (BRL). The reaction was
incubated at 370C for 5 minutes, followed by heat treatment at 650C for 5

minutes. The reaction mixture was then diluted to 500 ul with ddH>O.

2.8.4.3 First round of amplification

The tailed cDNA was amplified as follows: A 50 pl reaction containing
RACE-PCR cocktail (50 mM KCl, 10 mM Tris-HC], pH 8.3, 1.5 mM MgCl,
0.001% gelatin), dNTPs each at 0.2 mM, 2 pmols (dT)17-Rg primer, 25 pmols
gene-specific primer 1 (GSP,), and 10 pl tailed cDNA was placed at 950C for 7
minutes and cooled to 720C. Taq polymerase (2.5 units, BRL) was added and
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overlaid with 30 pl of light mineral oil. The reaction was annealed at 500C for
2 minutes and the cDNA extended for 40 minutes at 720C. The mixture was
amplified using a Perkin-Elmer-Cetus DNA Thermal Cycler with the
following parameters: 940C for 45 seconds, 500C for 25 seconds, and 720C for 3

minutes for 30 cycles, followed by a 25 minute final extension at 720C.

2.8.4.4 Second round of amplification

The first round amplification products were diluted 1:20 with ddH;0O,
and 1 pl of diluted material was amplified using primers GSP> and Rj as
described above, with the exception that the two minute annealing and 40-
minute extension period were eliminated. The PCR amplified fragments

were subcloned into a TA cloning vector using a TA cloning Kit (Invitrogen).

2.8.4.5 Detection of the specificity of the RACE-PCR reaction

The PCR products were subjected to agarose gel electrophoresis. The gel
was stained with ethidium bromide and subjected to Southern blot, without
acid nicking, onto a positively charged nylon membrane (Boehringer
Mannheim). The membrane was hybridized with a [y-32P]ATP end labeled
oligo probe (GSP3, Figure 23, 24), synthesized from sequences internal to the
primers used in the RACE-PCR reaction. To end-label the oligo probe,
oligonucleotides were phosphorylated in a reaction mixture containing 50
mM Tris-HCl pH 7.6, 10 mM MgCly, 5 mM dithiothreitol (DTT), 1 mM
spermidine and oligonucleotides at a concentration of 250 ug/ml. Fifty uCi of
[y-32P]ATP (5000 Ci/mmol, Amersham) and unlabeled ATP (final
concentration 66 mM), 7.5 units of T4 polynucleotide kinase (Pharmacia) were

added to the reaction mixture and the reactions incubated at 379C for 30
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minutes. The end-labeled oligo probe was added to the hybridization mixture

as described for Southern blot analysis.

2.8.5 cDNA library screening and cloning
2.8.5.1 cDNA libraries

A Agtll random-primed cDNA library, kindly supplied by Dr. Mark
Hanks (Mount Sinai Hospital, Toronto), was constructed using an Amersham
kit from poly(A)*-selected day 12.5 embryonic CD-1 mouse RNA. A Agtll
oligo-dT primed ¢cDNA library constructed from postnatal day 18 NIH Swiss
mouse brain was obtained from American Type Culture Collection (ATCC

37431). Both cDNA libraries have been amplified.

2.8.5.2 Propagation of Virus

E. Coli Y1090 or Y1088 cells were the host for Agtll. A single bacterial
colony was used to inoculate 50 ml LB broth supplemented with 0.2% maltose
and 10 mM MgSO4 and grown at 370C until the culture reached an Agpo of 0.5.
Bacterial cells were spun down and resuspended in 10 mM MgSOy in the
same volume (Agpp=0.5), or in half of its original volume (Agpp=1.0) for the
purpose of phage DNA isolation. A volume of 1.8 ml and 600 pl of cells
(A600=0.5) were needed for each 20 cm x 20 cm and 150 mm plate, respectively.
20 cm x 20 cm square plates (Biomed) were used for primary screening, while
150 mm circular plates (Fisher) were used for secondary and tertiary
screening. The phage titer was determined by inoculating each 200 ul of Y1090
cells (Ae00=0.5) with 1 pl of phage solution serially diluted with the SM buffer
(1 to 1012). The mixture was incubated at 370C for 15 minutes, and then added
to 3 ml NZY (Gibco) top agarose at 45 to 500C and plated on a 100 mm NZY

plate. The plates were incubated at 370C overnight and the number of phage
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plaques were subsequently counted. The plaque forming units (PFU) were
determined as per milliliter of concentration of the cDNA libraries based on
the dilutions. For primary screening, aliquots of the library suspension
containing 500,000 PFU were mixed with 1.8 ml of cells (Agpp=0.5) and
incubated at 370C for 15 minutes. This was added to 50 ml NZY (Gibco) top
agarose at 45 to 500C, mixed by briefly vortexing, and immediately poured and
spread evenly onto a 20 cm x 20 cm square NZY agar plate. The poured plates
were left at room temperature for at least 30 minutes to allow the top agarose
to solidify, and incubated at 370C overnight upside down to avoid cross
contamination of phage plaques that could result from water smearing across
the surface of the NZY plates due to the condensation effect. For secondary
and tertiary screening, appropriate phage titres were used to infect bacterial
cells (Aepo=0.5) so that the phage plaques formed were well separated from

each other.

2.8.5.3 Overlay and Hybridization

Bacteriophage plates containing phage plaques were overlaid with
appropriately sized Hybond-N (Amersham) square or circular nylon
hybridization filters and holes were asymmetrically pricked in them with a 20
gauge needle containing China Ink so that orientation could be subsequently
determined. Filters were carefully removed and submerged for 2 minutes in
1.5 M NaC(l and 0.5 M NaOH for denaturation, and for 5 minutes in 1.5 M
NaCl and 0.5 M Tris-HCI (pH 8.0) for neutralization. After a brief rinse with
2X SSC and blotting on Whatman 3MM paper, the filters were UV cross-
linked with a Stratalinker 2400 and stored in 5X SSC at 40C. Replica filters of

each plate were made in the same manner.
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Hybridization for 20 cm x 20 cm square filters and for 150 mm circular
filters was carried out in 20 cm x 20 cm square plates (Biomed) and glass
dishes (Fisher), respectively. The prehybridization and hybridization
conditions were identical to that described for Southern blot analysis, except
that 100 ml of the hybridization solutions were used for up to twenty 20 cm x
20 c¢m square filters or twenty 150 mm circular filters. Following
hybridization, the filters were washed once with 2X SSC, 0.1% SDS for 15
minutes at room temperature, and with 0.1X SSC, 0.1% SDS for 30 minutes at
659C. The filters were briefly dried with paper towel and radioactive ink was
placed asymmetrically on the filters for subsequent orientation. They were
then wrapped in plastic wrap and autoradiography was conducted in light-
proof cassettes by exposure to X-Omat AR film (Kodak) at -809C for 48 hours to

5 days with the use of a single Cronex Quanta III intensifying screens.

2.8.5.4 Isolation of positive clones

The autoradiogram was aligned with the plate, positive clones were
identified and plaques removed using the end of a sterilized Pasteur pipette.
Each plaque was placed in 1 ml sterile SM (Maniatis, appendix A) and
vortexed. For each positive clone, new 150 mm plates containing fewer than
200 PFU were produced and screened (secondary screening) as above. Single
positive plaques were isolated and the same procedure described above was
followed until all plaques hybridized with the probe indicating that they

contained a homologous insert.

2.8.5.5 Isolation of DNA from recombinant phage
Recombinant phage DNA was isolated by the method of Bellomy and

Record Jr. (1989) with some modifications. Phage plaques were isolated as a
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plug with a Pasteur pipette and placed in 1 ml of SM. The phage was allowed
to elute from the plug for at least 2 hours at room temperature. The starting
ratio of phage to bacteria is the most critical variable affecting the ultimate
yield of phage. Ideally, the ratio of phage to bacteria is such as to allow the
phage one final round of replication just before the carrying capacity of the
media is reached, as evidenced by the abundance of the lysed bacterial debris.
Ten to 100 ul of eluted phage were added to 500 ul of prepared host bacteria
(Ag00=1.0) and allowed to preabsorb at 380C for 30 minutes. To ensure that one
obtained an appropriate ratio of phage to cells to yield good lysis, two, or
more, parallel cultures were usually set up, one with 10 ml and one with 100
ml.

The preabsorbed phage were added to 37 ml NYZ broth (Gibco)
supplemented with 0.2% maltose and 10 mM MgSOy in a 250 ml Erlenmeyer
flask and grown at 380C with vigorous shaking for 12 to 15 hours. When
complete lysis was apparent, 1 ml of chloroform was added to the culture to
kill the remaining bacteria, and the incubation was continued for another 30
minutes. The mixture was spun down, the supernatant was transferred to 50
ml Oakridge tubes and 370 pl of nuclease solution [50 mg DNase 1 (Sigma
4638), 50 mg RNase A (Boehringer Mannheim) , in 10 ml of 50% glycerol, 30
mmol NaOAc, pH 6.8] was added. The mixture was incubated at 370C for 30
minutes with periodic inversion of the tubes, and 2.1 g of NaCl was then
added and mixed gently until dissolved.

After spinning the samples for 20 minutes at 7000 rpm in a JA-17 rotor
at 40C, the supernatant was transferred to new tubes containing 3.7 g
polyethylene glycol [PEG, Mol. Wt. 6,000-8,000 (Fisher)]. The PEG was
dissolved by gentle shaking on a rotating shaker platform at 40C, then spun at

700 rpm for 20 minutes at 49C in a JA-17 rotor. The phage was suspended in
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500 pl SM and transferred to an eppendof tube. Chloroform extraction of
phage DNA from PEG was carried out by mixing the suspension with
chloroform (500 pl) gently but thoroughly. The mixture was then spun for 5
minutes at room temperature in a microfuge. The supernatant was
transferred to new tubes and 20 pl of 0.5 M EDTA, 5 ul of 20% SDS, and 10 ul
of proteinase K (20 mg/ml) were added. The mixture was incubated at 650C
for 30 minutes followed by extraction with phenol and chloroform. One
hundred and seventy pl of 6 M ammonium acetate was added to the
‘supernatant and precipitated with 700 pl of isopropanol. The mixture was
spun down for 15 minutes in a microfuge at 49C, and the DNA pellets were
rinsed with 70% ethanol and air-dried. The DNA pellets were dissolved in
500 ul TE and 5 to 10 pul were used for analysis. The yield ranged between 50-
100 pg DNA, sufficient for restriction analysis and subcloning into plasmid.

DNA from positive clones was digested with EcoR I and
electrophoresed on a 1% TAE agarose gel. DNA was heated to 659C for 15
minutes to separate the two arms of the phage DNA before loading onto the
gel. The electrophoresed DNA was transferred to a positively charged nylon
membrane (Amersham), and the filter was probed using identical DNA
probes and hybridization conditions as described for the screening procedure.
The ¢cDNA inserts from the phage clones that hybridized to the DNA probe
were gel purified and subcloned into the Bluscript KS+ vector. Both strands of

each clone were sequenced as described in section 2.8.6.

2.8.5.6 Subcloning of recombinant phage DNA insert into Bluescript KS+
Isolated recombinant phage DNA was digested with EcoR I and ligated

into dephosphorylated Bluscript KS* vector cut with the same enzyme. Phage

DNA was cut with EcoR I and the insert was gel purified from a 1% agarose
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gel using a QIAEX DNA Gel Extraction Kit (Qiagen). A minimum of 200 ng of
Bluescript KS+ plasmid DNA, cut with EcoR I and treated with calf intestinal
alkaline phosphatase (Boehringer Mannheim) at 370C for 30 minutes. The
linerized and dephosphorylated plasmid DNA was mixed with the insert
DNA at a molar ratio of 3:1 in 10 pl ligation buffer (NEB). The reaction was
started by the addition of 40 Units of T4 ligase (NEB) and incubated at 129C for
12 hours.

Fifty to 100 pl of DH5a cells were electroporated (25mF, 2.5KV, and
200Q) with 1 pul of the ligation mixture, and 500 pl of SOC medium (Maniatis,
1989) was added and incubated at 370C for 1 hour with gentle shaking. A 25 to
100 ul aliquot was spread evenly on the surface of an LB plate supplemented
with 50 pg/ml ampicillin and covered with 25 pul of 40 mg/ml X-gal (BRL).
The plates were incubated at 370C overnight. White bacterial clones were
picked, and mini-scale plasmid DNA preparations were obtained using a
QIAprep-spin plasmid Kit (Qiagen). The purified mini-prep DNA was then
subjected to restriction analysis and positive clones were identified. Large

scale plasmid DNA preparations of positive clones were prepared using the

QIAGEN Plasmid Maxi Kit.

2.8.6 DNA sequencing of plasmid DNA

The 300 bp product from the RACE-PCR was cloned into a TA cloning
vector (Invitrogen) and sequenced. Both strands of two separate clones were
sequenced using T3/T7 and Reverse/Universal primers by the chain
termination method of Sanger et al. (1977) using T7 DNA polymerase
(Pharmacia).

The DNA sequencing service of the Montreal Cancer Institute at Notre

Dame Hospital was used to sequence the two cDNA clones (735 bp insert and
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1574 bp insert) in Bluescript KS*. Dideoxy sequencing of DNA with
fluorescently 5' end-labeled primers was performed on the A.L.F. Automatic
DNA Sequencer™ (Pharmacia). Sequencing reactions were done with the
AutoRead™ sequencing kit (Pharmacia) using the T7 DNA polymerase and
the 7-deaza-dGTP to avoid compressions. The sequencing results were
provided as a four color plot; each color representing a base: A, C, G or T. The
data was stored on computer disks and converted readily to PCgene files for
sequence analysis.

All sequence data were analyzed by PCgene. Searches for sequence
homologies to all known sequences was carried out using the Blast
algorithim at the NCBI genome center via E-mail (blast@ncbi.nlm.nih.gov).

Chromosome mapping of the mborg-1 gene in human and mouse was
done by Dr. X. Zhang at the Montreal Children's Hospital Cytogenetics
Laboratory (Dr. P. Eydoux). Flourescent in situ hybridization (FISH) was
performed using the 1574 bp cDNA clone as a probe. The FISH protocol was

based on a technique derived from Lemieux et al. (1992).
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Results

3.1 Gene trap in ES cells

The male CCE ES cells were cultured on mitotically inactivated STO
fibroblast feeder layers and transfected with the pGT 4.5 gene trap construct by
electroporation. The transfected cells were then subjected to G418 selection. A
total of 862 neo! colonies were obtained. Of these ES cell colonies, four were
LacZ positive and three were established as clones. The frequency of neof
colonies expressing lacZ is thus about 0.5% (Figure 5). This frequency is

somewhat lower than what was originally reported (Gossler et al., 1989).

3.2 Chimera formation

Non-transfected CCE ES cells (BB AA; Gpi-I¢ /<) were tested for their
ability to form chimeras. The CCE ES cell line has been shown reproducibly to
colonize the germ line of male chimeras with high efficiency (Robertson et
al., 1986; Kuehn et al., 1987). Eight to twelve cells were microinjected into 3.5
day blastocysts obtained either from day 3.5 pregnant females or from an
overnight culture of day 2.5 morulae (Figure 5). The mouse strains used for
blastocyst generation were C57B1/6 (BB aa; Gpi-la/a) and CD1 (cc; Gpi-lb/b).
The injected blastocysts were then transferred into the uterine horns of
pseudopregnant females and allowed to develop to term (Robertson, 1987).
The chimera offspring were identified by the presence of pigmented coat-hair
and iris on the albino CD1 background, and by the presence of agouti hair on

the black C57Bl/6 background (Figure 6).
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Figure 5. Schematic illustration of the gene trap strategy. The gene trap
construct is introduced into ES cells by electroporation. Successfully
transfected cells give rise to clones that are resistant to G418, and amongst
these, a small proportion (1/215) have trapped genes and express B-
galactosidase activity. The subsequent expression profiles of such trapped
genes is then determined by evaluating chimeras containing these cells.
When the developmental and tissue specific profiles of such disrupted genes
are of sufficient interest, locus related sequences can be cloned by virtue of the
known LacZ sequences present in the fusion transcript. Moreover, the in

vivo consequences of the mutant can be evaluated after germ line passage.
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Figure 6. Photograph of chimeras derived from blastocysts of different strain
backgrounds. The ES cells used in the experiments were derived from the 129
strain that is agouti. Therefore, ES cells were injected into blastocysts from a
black or an albino strain so that the resulting chimeras could be readily
identified their coat color. Upper panel shows a CD-1 blastocyst-derived
chimera in which a small portion of the coat was pigmented by ES cell
derived melanocytes. In the lower panel are two chimeras derived by
injecting ES cells into the C57Bl/6 blastocysts. The predominant agouti coat
indicates extensive ES cell contribution to these two chimeras. Both were also

capable of germline transmission (Table 2 and 3).
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3.3 Germline transmission of chimeras derived from the unmanipulated ES
cells

An important issue of the gene trap experiment is the ability of the CCE
ES cells to contribute to the germ cells of derived chimeras. To test the status
of the CCE ES cells used in my experiments, phenotypically male C57Bl/6 and
CD1 chimeras derived from unmanipulated ES cells were mated with
C57B1/6 and CD1 females, respectively. The resulting litters were scored for
progeny expressing the black or agouti phenotype. Because the CCE ES cell
line was derived from an AA bearing strain, the presence of an agouti
phenotype indicated transmission of the ES cell derived genome.

The contribution of ES cells to the coat was found to be markedly
influenced by the genetic background of the host blastocyst, and was
proportional to the ability of the resulting chimeras to undergo germ line
transmission. It was consistently observed that the ES cells contributed
extensively when C57Bl1/6 blastocysts were used. In the CD-1 background,
however, coat pigmentation was less pronounced (Figure 6). Of the five fertile
male C57Bl/6 chimeras produced, two chimeras showed by visual estimates a
greater than 90% contribution to the coat from ES cells. These two chimeras
also transmitted the ES cell genome to their F1 progeny (Figure 7). One of the
two chimeras sired in 5 litters 22 agouti offspring out of a total of 26, while the
other sired one litter of 12 offspring, all of which were agouti (Table 2). In
contrast, the three male chimeras generated in the CD1 background had a
much lower level of ES cell contribution to their coat, and none of the 17 to 55
offspring sired by each chimera was pigmented (Table 2 and 3).

These results confirm a previous report that the use of recipient
blastocysts from different mouse strains significantly affects the degree to

which injected ES cells contribute to chimeras, and the ability of such cells to
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Table 2 and 3. Germline transmission of chimeras derived from the
unmanipulated ES cells. Phenotypically male chimeras derived from C57Bl/6
and CD1 blastocysts injected with the unmanipulated ES cells were mated
with C57Bl/6 and CD1 females, respectively. The resulting litters were scored
for progeny carrying agouti phenotype carried by the CCE cell line. ES cells
were found to contribute extensively when C57B1/6 blastocysts were used
with chimerism ranging from 40 to 95% as judged from the agouti coat color
contribution. In the CD-1 background, however, coat pigmentation was less
pronounced (5%). Of the five fertile male C57Bl/6 chimeras produced, two
chimeras (C57Bl 1* and C57BIl 5*) showed, by visual estimates, a greater than
90% contribution from ES cells to the coat and these mice also transmitted the
ES cell genome to F1 progeny. One of the two chimeras (C57Bl 1*) sired 29
agouti offspring out of a total of 33 in 6 litters, while the other (C57Bl 5*)
delivered one litter of 12 offspring, all of which were agouti. In contrast, the
three male chimeras generated in the CD1 background had a much lower
level of ES cell contribution to their coat, and none among the 17 to 55
offspring sired by each chimera were pigmented. The numbers in brackets

represent the ratio of female vs male pups.
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Table 2

Breeding data to test for germ-line transmission of the ES cell genome

I | I ! ! I
Chimera | No.of | No.of | No.of | Percentage | Females | Chimerism
| litters | progeny | progeny | ofEScell | versus |
I |  Agouti | Blackor | derived | Males I
I I | Albino | gametes | in offspring |
I I I | I |
I l ! | I I
C57B11* | 6 I 29(18:11) | 4(1:3) 129/33 (88%) | 19:14 I 95%
C57B12 | 4 I 0 [ 18 I 0 ! 9:9 | 40%
C57B13 | 3 I 0 I 22 I 0 | 13:9 ! 50%
C57B14 | 1 I dead I dead I 0 I ND I 50%
C57B15* | | | 12 I 0 112/12 (100%) | 5:7 [ 90%
I | | | I !
CD-11 | 3 I 0 | 55 | I 27:28 i 5%
CDh-12 | 3 | 0 I 53 | | 26:27 | 5%
CDh-13 | 6 | 0 I 36 I I ND | 5%
l | I | I l

* Chimeras that have undergone germline transmission

ND=not determined



Table 3

Construction of chimeras from CCE (XY, 129/Sv/Ev) ES cells

| | | | i
Typeof | No.of | Males | Females | Set-up | Males
chimeras | chimeras | | | | Bred |  Germline
| | ] | i |
| | | | | I
C57Bl1 | 7 | 5 | 2 { 5 | 5 | 2
| | i | { |
CD-1 | 5 | 3 | 2 ] 3 | 3 | 0
| i | i | |




Figure 7. Photograph showing germline transmission of the ES cell genome
from a C57B1/6 derived chimera. On the left is a male, predominantly agouti
chimera indicative of extensive ES cell contribution. It was mated with a
C57B1/6 female (middle) and all of their progeny (right) expressed the agouti

coat color, indicating successful germline passage of the ES cell genome.
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colonize the germ line (Schwartzberg et al., 1989). Our findings also suggested
that the CCE ES cells used to construct the C57Bl/6<->129 chimeras are capable
of germ line passage, and that the ES cell culture and the microinjection
conditions employed in our laboratory were reliable in maintaining the

pluripotency of the ES cells.

3.4 Failure of the GT9.6 ES cell clone to colonize the germ cells of the resulting
chimeras

The gene trap ES cell clone GT9.6 was injected into blastocysts derived
from C57B1/6 or MF1 mouse strains and chimeras were identified as
previously described. These two host mouse strains were used because they
have both been shown to produce chimeras capable of germline transmission.
Moreover, MF1 females have an added advantage over C57B1/6 females in
that a greater number of of their embryos develop to the blastocyst stage
(DeChiara et al., 1990).

Eleven C57Bl1/6 and 30 MF1 chimeras derived from the GT9.6 ES cell
clone were produced, many of which had more than 95% ES cell coat color
contribution. When all of these chimeras were crossed with their respective
sex partners, none of their progeny carried the agouti coat color, typical of the
129 inbred strain from which the CCE ES cells were derived. Each of these
chimeras sired more than 10 litters (12 to 20 pups per litter) and the coat color
of the offspring inherited was exclusively thatlof their host blastocysts, plain
black for C57Bl/6 and albino for MF1 (Table 4). These results indicate an
apparent failure of the GT9.6 ES cell clone to colonize the germ cells of the
chimeras. Consequently, a direct analysis of the developmental regulation of
the gene trapped in the GT9.6 ES cell clone in transgenic mice was not

possible. Similarly, in the absence of germ line passage of the insertional
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Table 4

Construction of chimeras from Clone GT-9.6

I | | !

Typeof | No.of | No.of | No. of chimeras I No. of chimeras
blastocysts | blastocysts | litters [ Male | Female |  Bred | Germline
| injected | born I | | !

l [ | | l I
I | I | I I

C57B1 | 515 ! 69 l 5 ! 6 ! 11 | 0
| I | I I |

MF-1 I 459 | 152 | 17 | 13 | 30 ! 0
I I I I l l




St

mutation, it was not possible to assess the phenotype of mice homozygous for

the interrupted allele.

3.5 Expression of clone GT 9.6 in the nervous system of mouse chimeras

Following transfection of the gene trap construct by electroporation,
four ES cell clones that express B-galactosidase activity were obtained (Figure
8). In each one of these clones the construct must have been inserted into an
actively transcribed gene, simultaneously trapping and mutating it. One of
these ES cell clones (clone GT 9.6), when injected into mouse blastocysts,
produced chimeras in which the trapped gene was expressed. It was expressed
predominantly in all neuronal populations of the mature mouse nervous
system. B-galactosidase activity was observed widely in almost all neuronal
cell types in the brain of adult chimeras. B-galactosidase labeled cells were
found in regions of cerebral cortex, hippocampus, caudate putamen, brain
stem, thalamus, and other areas (Figure 9). In the cerebellum of the chimeras,
the molecular, Purkinje cell layer and the granular cell layer contained both
labeled and unlabeled cells, although the granular cell layer was
disproportionally populated with a higher number of B-galactosidase
expressing cells (Figure 10).

In other parts of the mouse nervous system, B-galactosidase expressing
cells were found in areas of spinal cord known to contain interneurons and
motor neurons (Figure 11), in layers of the retina (Figure 12), and in the
olfactory epithelium (Figure 14). Thus, the expression pattern of this gene did
not appear to be restricted to any group of functionally related neurons nor to
neurons in a given tissue, nor a given organ. Rather the gene trap fusion
protein was detected in a wide variety of neurons. This preliminary

histochemical analysis suggested that the trapped gene may be expressed in a
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Figure 8. Photograph showing ES cells in culture. One of the four ES cell Q
clones, bearing different trapped genes, is shown. All of these clones expressed
readily detectable B-galactosidase activity. The p-galactosidase reaction product

is blue. ES cells (arrow) were grown on fibroblast feeder layers (arrowhead).
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Figure 9. Whole mount sagital brain section from two adult GT9.6 chimeras
histochemically stained for B-galactosidase activity. (A). Brain section from a
GT9.6 chimera with less than 50% ES cell contribution (B). Brain section from
a GT9.6 chimera with more than 95% ES cell contribution. The blue stained
cells represent neurons in which the trapped gene was expressed. These f3-
galactosidase expressing cells are presumably derived from the ES cell
component. Cerebral cortex, cerebellum and hippocampus are indicated by
arrow, curved arrow and small arrow, respectively. As in all other chimeras
analyzed, B-galactosidase expressing cells found in cerebral cortex were

organized into radial columns (arrowhead) in both chimeras shown here.
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Figure 10. Photograph illustrating B-galactosidase expressing cells in the
cerebellum of a GT9.6 chimera. Upper panel show a whole mount sagital
section of the cerebellum from a GT9.6 chimera. Lower panel illustrates a 12
um thick cryostat section of the cerebellar cortex. The cerebellar cortex is
composed of a molecular cell layer (M), a Purkinje cell layer (arrows) and a
granular cell layer (G). B-galactosidase labeled cells are observed in both the
molecular and the granular cell layer of the cerebellum. The whole mount
section of the cerebellum (upper panel) shows a high proportion of B-
galactosidase expressing cells in the granular cell layer. Labeled Purkinje cells

were seen in other sections (Figure 15, 16).
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Figure 11. Photograph illustrating B-galactosidase expressing cells in the
spinal cord of a GT9.6 chimera. Twelve um thick cryostat cross section from
the thoracic level of the spinal cord from a GT 9.6 MF1 mouse chimera.
Ventral (V) and dorsal horn (D) of the gray matter of the spinal cord
containing mostly the large sized motor neurons (arrows) and the
interneurons (arrowhead), respectively, are indicated. B-galactosidase labeled
neurons were found predominantly on one side of the cord (right). The
contralateral side contained fewer labeled cells (left). The spinal cord section
shown here is from a GT 9.6 MF1 mouse chimera with less than 50% of ES

cell contribution to its coat.
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Figure 12. Photograph illustrating B-galactosidase expressing cells in retina
from a GT 9.6 mouse chimera. Upper panel shows whole mount preparation
of retina (R) and optic nerves (OP), and lower panel illustrates a 12 pm
cryostat retinal section. f-galactosidase expressing cells were observed in all
cell layers of retina (arrow). The pigmented cell layer of the retina is indicated

by P.
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pan-neuronal fashion. As a consequence, it may be essential to some aspect of
the commitment process to neuronal phenotype, or to the maintenance of
neuronal phenotype. B-galactosidase stained cells were also observed in other
chimeric tissues, including heart, gut and kidney. These labeled cells may be
representative of the innvervating autonomic nervous system, as the

parasympathetic nervous systems are known to be closely associated with

their target organs of innervation.

3.6 Implication of the trapped gene for neurogenesis

Since P-galactosidase labeled cells were observed in all neuronal
populations examined, it was important to establish when this gene was
expressed during neurogenesis. One way of addressing this question is to
analyze the expression pattern of this gene during embryogenesis. B-
galactosidase expressing cells were indeed located throughout the brain and
spinal cord of day 12.5 GT9.6 chimeras (Figure 13), indicating that that not
only is the trapped gene expressed in all types of neurons (Figure 9-12), but
that it may also be expressed in all stages of neurogenesis. An alternative
approach of analyzing the expression of the trapped gene during neurogenesis
is to study the expression pattern of this gene in the olfactory epithelium of
adult chimeras. The olfactory epithelium is composed of multiple layers of
sensory neurons and their progenitors. The upper layer of mature neurons is
constantly renewed by the underlying neuroprogenitor cells. B-galactosidase
labeled cells were detected in all layers of the olfactory epithelium (Figure 14).
Thus, it appears that the trapped gene is expressed during the early nervous

system development, as well as in the mature nervous system.
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Figure 13. Expression of the trapped gene in the mouse developing nervous .
system. Whole mount day 12.5 embryo from a GT9.6 chimera was
histochemically stained for B-galactosidase activity. B-galactosidase expressing
cells in the brain, spinal cord and eyes are indicated by long, curved and short

arrows, respectively. Note the distribution of coherent patches of the labeled

spinal cord cells.
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3.7 The trapped gene encodes a nuclear protein

Because the B-galactosidase histochemical reaction product tends to
diffuse within cell bodies and adhere to membranous structures, i.e. plasma
or nuclear membranes, the simple identification of B-galactosidase activity in
different tissues and cells does not reveal accurately the subcellular
localization of the gene trap fusion protein (Figure 15). Therefore,
immunocytochemistry was also performed on the GT9.6 ES cell clone derived
chimeras using an anti B-galactosidase antiserum. In examined sections of
cerebellum and spinal cord, the fusion protein was found to be localized
predominantly in neuronal nuclei. The entire nucleus of Purkinje cells in the
cerebellum and of motor neurons in the spinal cord was labeled with the
antibody (Figure 16). Because the B-galactosidase encoded by the gene trap
construct does not contain a nuclear localization signal (NLS), the nuclear
localization of the fusion protein suggests that the protein product of the

trapped gene contains the NLS directing the subcellular localization of the

fusion protein.

3.8 Clonal segregation during neurogenesis

Chimeras generated by the ES cell clone GT 9.6 also provide a useful
means of analyzing the distribution of cell clones during neurogenesis. This
is because in such chimeras, most tissues, including the nervous system, are
composed of two cell populations, one derived from the injected ES cells and
the other from the inner cell mass of the host blastocyst. Therefore, the
pattern of distribution of these two cell populations, as revealed by -
galactosidase stained cells, allows a retrospective analysis of the pattern of

generation of tissues during development.
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Figure 14. Photograph illustrating 3-galactosidase expressing cells in olfactory
epithelium from a GT 9.6 mouse chimera. A 12 um cryostat section of the
olfactory epithelium from a GT9.6 mouse chimera. The olfactory epithelium
(arrows) and the nasal septum (NS) are shown. The olfactory epithelium is
composed of multiple layers of sensory neurons and their progenitors. The
outer layer of mature neurons is constantly renewed by the underlying
neuroprogenitor cells. B-galactosidase labeled cells were detected in all layers

of the olfactory epithelium (arrows).
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Figure 15. Histochemical determination of B-galactosidase activity in
cerebellar Purkinje cells and spinal cord motor neurons of a GT9.6 mouse
chimera. Twelve pm thin cryostat section of cerebellum (upper panel) and
spinal cord (lower panel) from a GT9.6 mouse chimera is shown. In cerebellar
cortex, Purkinje cells (arrows) are located between the molecular cell layer (M)
and the granular cell layer (G). In spinal cord, motor neurons are large sized
neurons (arrowheads) located in the ventral horn of the gray matter shown
in the lower panel. In Purkinje cell and motor neurons that express [-
galactosidase activity, the B-galactosidase histochemical reaction product

seemed to be localized on the nuclear membranes.
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Figure 16. Subcellular localization of B-galactosidase activity in cerebellar .
Purkinje cells (upper panel) and spinal cord motor neurons (lower panel) of a
GT 9.6 mouse chimera determined by immunocytochemistry. Sections of
cerebellum and spinal cord were processed as described in materials and
methods and were reacted with an anti B-galactosidase antiserum. As in
Figure 15, Purkinje cells (arrows) are located between the molecuiar cell layer
(M) and the granular cell layer (G) in the cerebellum (upper panel), and motor
neurons are large sized neurons (curved arrows) located in the ventral horn
of the gray matter shown in the lower panel. The B-galactosidase fusion
protein was localized predominantly in neuronal nuclei. The entire nucleus
of Purkinje cells and of motor neurons was labeled by this technique. In

addition, small onion-shaped cytoplasmic structures were labeled

(arrowheads).

112







Forty-one adult chimeras produced by ES clone GT 9.6 were analyzed.
When the cerebral cortex of each chimera was examined, B-galactosidase
expressing cells were found to be organized into radial columns (Figure 17).
The width of these columns and the space between them differ from one
another in the same chimera, and as well vary among different chimeras. In
chimeras with less ES cell contribution, the radial columns are well separated
from each other by domains filled entirely with unlabeled cells, while in
chimeras that carry an extensive ES cell component, the space between the
columns contain both B-galactosidase expressing and unlabeled cells (Figure
17). These results suggest that the development of the cerebral cortex follows a
specific pattern. The labeled cells within the radial columns may represent the
clonal progeny of cortical neuronal progenitors migrating along their specific
pathways during cortical development. The seemingly individual radial
stripes, especially those observed in chimeras with low ES cell contribtution
in which the radial stripes were separated by domains consisting entirely of
unlabeled cells (upper panel, Figure 17), may delineate those cortical neurons
that migrate strictly along a radial pathway. On the other hand, the labeled
cells scattered within the domains of unlabeled cells, often seen in chimeras
with predominant ES cell contribution, suggest that there may be an
additional mode of cell dispersion other than radial migration which may
play a role during cortical development.

Mouse cortical neurogenesis climaxes around embryonic day 12.5. The
pattern of cell migration during cortical genesis was thus further analyzed in
day 12.5 GT9.6 chimeric embryos. Prominant radial bands of B-galactosidase
labeled cells were found to dominate the parasagittal planes of the day 12.5
embryonic cortex (Figure 20). Strikingly, most radial stripes were either in

single cell width, or in a width of no more than a few cells. They were
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extending either part or the entire length of the cerebral cortex, perpendicular
to the ventricular zone. These results indicate that radial migration may be
the predominant pattern of cell migration during early cortical genesis. In
addition, there seemed to be a higher density of labeled cells near pia,
suggesting that a component of horizontal cell migration may prevail once
the radially migrating cells have reached their layer of destination.

In the spinal cord of GT 9.6 ES cell derived adult chimeras, B-
galactosidase stained cells were noted along the entire length of the spinal
cord (Figure 18). However, in cross sections of the spinal column, labeled cells
were organized into homogenous patches on either side of the spinal cord
(Figure 11). This striking distribution of seemingly coherent patches is more
apparent in chimeras where the ES cell contribution is relatively low. In one
chimera with less than 50% of ES cell colonization, the labeled spinal cells
were found only on one side of the spinal cord. The contralateral side
contained very few, if any, labeled cells (Figure 11). This difference in the
distribution of B-galactosidase stained cells on either side of the spinal cord
was more apparent on the longitudinal axis, where the labeled cell patches
were often absent on the other side of the spinal cord (Figure 18). The rostral-
caudal extent of these seemingly homogenous domains appear to be random
and does not correspond to any obvious anatomical or functional segments of
the spinal column, such as the vertebral level (Figure 18). This phenomenon,
however, was less obvious in chimeras with extensive ES cell contribution in
which the chimeric spinal cord were predominantly populated with the ES
cell derived B-galactosidase expressing cells (Figure 18). Nonetheless, when
serial 12 pm spinal cord sections were obtained from one chimera which
contained more than 90% of an ES cell component, in one cervical segment of

48 um long and one thoracic segment of 816 pm long, labeled cells were found
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Figure 17. Radial pattern of distribution of B-galactosidase labeled cells in the
cerebral cortex of the GT9.6 chimeras. Whole mount sagittal sections of
mouse brain from two GT9.6 mouse chimeras histochemically stained with
the bluo-gal substrate. The upper and lower panel show brain sections from a
GT9.6 chimera with less than 50% ES cell contribution and a GT9.6 chimera
with more than 95% ES cell contribution, respectively. In each panel the
cerebral cortex is indicated by arrows and in this structure the B-galactosidase
expressing cells appeared to be organized into radial columns (arrowheads).
The width of the cortical radial stripes and the spacing between them differ in
the same chimera, and vary between these two chimeras. In chimeras with
low ES cell contribution the radial columns are well separated from each
other by unlabeled cells (upper panel), while in chimeras with extensive ES
cell component (lower panel) the space between the labeled stripes contain

both B-galactosidase expressing and unlabeled cells.
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only on one side of the spinal cord, the contralateral side contained very few
labeled cells (Figure 19). In the remaining spinal cord, a similar number of B-
galactosidase expressing cells were found on both sides of the spinal cord.

The spatially restricted cell distribution during spinal cord genesis was
most evident in the spinal cord of embryonic day 12.5 (E12.5) chimeras. The
labeled cells were organized in seemingly coherent patches along the
longitudinal axis of the developing spinal cord (Figure 21). Moreover, there
were apparent differences in the distribution of the labeled cells on either side
of the spinal cord. Segments of labeled cells on one side of the spinal cord
were often accompanied by the absence of any labeled cells in the
corresponding segments on the opposite side of the spinal cord (Figure 21),
although in some other segments of the spinal cord, both sides of spinal cord
contained similar numbers of B-galactosidase labeled cells (20).

These results suggest that during spinal cord development, progeny of
a single progenitor cell (clone) may not mix extensively with the clonal
progeny originating from the other precursors, as suggested by Musci and
Mullen (1992). Rather, they may distribute as cohesive patches and respect

boundaries of clonal compartments defined by the cohort cell patches.

3.9 Molecular characterization of clone GT 9.6

The gene trap method was used in this investigation to identify new
mammalian genes that may possess important developmental functions.
Gene trapping is a random approach, and the trapped genes of interest are
selected based on their developmental and tissue specific expression pattern.
The application of gene trapping thus suggests that the function of the
trapped genes may be inferred from their spatial and temporal

expression pattern.
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Figure 18. Spatially restricted distribution of B-galactosidase expressing spinal .

cord cells in the adult GT9.6 chimeras. Whole mount spinal cord from two
GT9.6 mouse chimeras. In the upper panel, the spinal cord (cervical to
thoracic level) is from a chimera with less than 50% ES cell contribution; in
the lower panel, the spinal cord (thoracic level) is from a chimera with more
than 95% ES cell colonization. Rostral and caudal parts of the spinal cord are
indicated by R and C, respectively. B-galactosidase stained cells could found
along the longitudinal axis of the spinal cord. In some regions of the spinal
cord, especially in chimeras with extensive ES cell contribution (lower panel),
B-galactosidase expressing cells were located on both side of the spinal cord. In
chimeras with less ES cell component (upper panel) the regions containing
the labeled cells were distributed asymmetrically on either side of the spinal

cord.
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Figure 19. Schematic illustration of serial spinal cord section and arrangement
of coherent spinal cord neurons. Serial 12 um spinal cord sections were
obtained from one chimera in which more than 95% of the spinal cord
neurons are of the ES cell genotype, as estimated from the proportion of the
B-galactosidase expressing cells in the spinal cord. Despite of the extensive ES
cell contributions, in one cervical segment of 48 um long and one thoracic
segment of 816 pm long, labeled cells were found predominantly on one side
of the spinal cord. The contralateral side contained much fewer labeled cells.
In the remaining spinal cord, the numbers of -galactosidase expressing cells

were evenly distributed on both sides of the spinal cord.
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While this strategy can be applied to uncover new genes in any system, it was
used in this study in an attempt to identify genes that may play important
roles during the nervous system development. Although selection of the
trapped genes important for neural development is expected to be fortuitous,
massive screening of gene trap events in ES cells, and subsequent
characterization of the expression pattern of the trapped genes in chimeras
have made it possible to choose genes with a spatially and temporally
regulated expression pattern in the chimera nervous system. The interesting
expression pattern of the trapped endogenous gene in the ES cell clone GT9.6
in the developing and mature nervous system, including the fact that it
encodes a nuclear protein that is expressed in a pan-neuronal fashion in the
mature mouse nervous system, prompted me to attempt characterization of

the trapped gene at the molecular level.

3.9.1 Expression of the gene trap fusion transcript in ES cells

In each of the three B-galactosidase expressing ES cell clones recovered,
an actively transcribed endogenous gene must have been trapped and
simultaneously mutated in a manner leading to a fusion transcript. To
identify the fusion transcripts expressed by the trapped genes in these ES cell
clones, Northern blot analysis, using a LacZ gene probe, was performed on
RNA isolated from the ES cell clones. Each gene trapped ES cell clone was
found to express a distinct fusion message while no transcripts hybridizing to
the probe were detected in the control CCE ES cells (Figure 22). The fusion
transcript encoded by the ES cell clone GT9.6 is about 4.6 kb. Since 3.2 kb of the
sequence in this fusion transcript can be accounted for by LacZ En-2 gene
sequences, approximately 1.4 kb of 5' sequence must have been encoded by

endogenous gene sequences.
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3.9.2 RACE-PCR cloning of the trapped endogenous sequence in the fusion
message

To obtain the endogenous sequence contained in the fusion transcript
of the GT9.6 ES cell clone, rapid amplification of cDNA ends by polymerase
chain reaction (RACE-PCR) was used to amplify the 5 cDNA derived from
the message encoded by the trapped gene (Figure 22). A LacZ gene specific
primer was used to reverse transcribe the fusion transcript present in the
GT9.6 ES cell clone, and a polyA homopolymer was then added to the 5' end
of the newly synthesized first strand cDNA. PCR amplification was carried
out using an outer RACE adapter primer (Rq), which binds to each ¢cDNA at
its extreme 5' end, and an En-2 gene specific primer (GSP1). To provide
additional specificity, a second round of amplification was performed using
an inner RACE adapter primer (R1) and a second En-2 gene specific primer
upstream of the first one. Following two rounds of PCR amplification, two
abundant fragments of the amplified 5' upstream fusion cDNA sequence
were seen. These were 249 bp and 498 bp in length (Figure 24). Only the correct
combination of PCR primers (Ro/GSP1or Rg/GSP2; R1/GSP2) was able to
produce the amplified bands. As a control for primer sequences, the
combination of primers RQ) and GSP2 was also used in the first round of
amplification and their PCR products were similarly subjected to a second
round of amplification. All other combinationé of PCR primers were unable
to produce any detectable fragments. To verify the authenticity of these two
amplified fragments, an agarose gel containing the PCR reaction products
were Southern blotted as descirbed in the Materials and Methods. The blot
was probed with a radioactively labeled oligo probe (GSP3) derived from the

En-2 sequence located further upstream of the GSP2 primer used for the
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Figure 20. Radial migration of cortical neurons in embryonic day 12.5 mouse
cerebral cortex. Twelve um thick cryostat section of cerebral cortex from an
embryonic day 12.5 GT9.6 chimera is shown. Histochemical determination of
B-galactosidase activity in cerebral cortex revealed a radial pattern of cell
migration during cortical genesis (arrowhead). The intensified cell labeling

near pia is indicated by an arrow.
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Figure 21. Spatially restricted distribution of B-galactosidase expressing spinal .
cord cells in the embryonic day 12.5 GT9.6 chimeras. (A) Dorsal view of the
spinal cord from a day 12.5 GT9.6 embryonic chimera. (B) Lateral view of the
the spinal cord from a day 12.5 GT9.6 embryonic chimera. Coherent patches of
labeled spinal cord cells are indicated by arrows, and dorsal root ganglia (DRG)
are indicated by arrowheads. Rostral and caudal parts of the spinal cord are

indicated by r and ¢, respectively.
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Figure 22. Northern blot analysis of ES cell clones. RNA was isolated from 3
gene trapped ES cell clones (Clones 1, 2, GT9.6) and the northern blot was
probed with a LacZ gene probe. Each ES cell clone was found to express a
fusion message of a unique size while no hybridizing transcript was detected
in the control CCE ES cells. The fusion transcript encoded by the ES cell clone
GT9.6 is about 4.6 kb. Since 3.2 kb sequence in this fusion transcript can be
accounted for by LacZ gene and En-2 exon, sequences encoded by the trapped
endogenous gene thus contribute to the remaining approximately 1.4 kb of

the sequences.
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second amplification. Both the 249 bp and 498 bp PCR fragments hybridized to
the oligo probe after the first and second round of PCR amplification (Figure
24).

The 249 bp and the 498 bp PCR fragments were subcloned into the TA
cloning vector and subsequently sequenced. The 249 bp fragment was found
to be composed of a 119 bp novel sequence upstream of the splice junction
and a 130 bp En-2 exon sequence downstream of the splice junction (Figure
25). The 498 bp fragment appears to be a doublet of the 249 bp fragment in a
head-to-head tandem repeat. The En-2 intron sequence present in the original
gene trap construct was deleted. Therefore, as predicted, the splice junction
site in the pGT4.5 gene trap construct was used to join the 119 bp novel
sequence, derived from the trapped endogenous gene, to the En-2 exon in the
gene trap construct. In the processed mRNA, the En-2 intron sequences were
spliced out and this was reflected in the cDNA, (Figure 25).

There is only one open reading frame (ORF) in this 119 bp DNA
sequence, and that ORF is in frame with the 130 bp En-2 sequence in the
fusion cDNA (Figure 26). Since the LacZ gene did not contain a translation
initiation codon and was fused in-frame to the En-2 exon sequence at its 5'
end, this ORF thus extended beyond the En-2 sequence and was in frame with
LacZ. Thus, the expression pattern of the trapped endogenous exon sequence
is reflected by the expression profile of the B-galactosidase protein. The
putative protein sequence of 39 amino acids enéoded by the 119 bp RACE-PCR
derived ¢cDNA contains consensus sequences for one protein kinase C and
two casein kinase II phosphorylation sites. These potential phosphorylation
sites are located at amino acid positions 35, 16 and 24, respectively, relative to
the first amino acid in the predicted protein sequence. There is also a

potential
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Figure 23. Schematic illustration of rapid amplification of cDNA ends by
polymerase chain reaction (RACE-PCR). This procedure was used to amplify

the 5' cDNA derived from the message encoded by the trapped gene. The LacZ

gene specific primer (GSP-RT) was used to reverse transcribe the fusion:

transcript present in the GT9.6 ES cell clone, and a polyA homopolymer was
then added to the 5' end of the newly synthesized first strand cDNA. PCR
amplification was carried out using an outer RACE adapter primer (Rp),
which binds to each cDNA at its extreme 5' end, and an En-2 gene specific
primer (GSP; or GSP3). A second round of amplification was then performed
using an inner RACE adapter primer (R1) and a second En-2 gene specific
primer (GSP;) upstream of the first one to provide additional specificity. A
radioactively labeled oligo probe (GSP3) derived from the En-2 sequence
located further upstream of the GSP, primer was used to detect the
authenticity of the PCR amplified fragments. The nucleotide sequences of the
GSP-RT and various GSP primers and their relative positions within gene

trap construct are illustrated in Figure 25.
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Figure 24. Ethidium bromide stained gel (left) and southern blot (right) of
PCR amplification products. Two abundant fragments of the amplified 5'
upstream fusion cDNA sequence were seen on a ethidium bromide stained
gel after two rounds of PCR amplification. The two amplified PCR fragments
were of 249 bp and 498 bp, respectively, as determined by subsequent
sequencing experiments (Figure 25). This 1% agarose gel containing the PCR
reaction products was blotted. The blot was probed with a radioactively
labeled oligo probe (GSP3) derived from the En-2 sequence located further
upstream of the GSP; primer used for the second amplification. Although the
249 bp and 498 bp PCR fragments were visualized on the ethidium bromide
stained gel only after the second round of PCR, both bands were detected by
the GSPj oligo probe following the first as well as the second round

amplification. The photograph of the ethidium bromide stained gel and the

blot are presented as mirror images.
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N-myristoylation site at amino acid position 31 (Figure 27). When this 119 bp
endogenous DNA sequence was compared to DNA sequences in the NCBI
Database, no significant sequence homology was found with known genes or

sequence motifs.

3.9.3 cDNA cloning

To further characterize the trapped endogenous gene, I attempted to
obtain cDNA clones containing more of the endogenous sequence. The 119 bp
RACE-PCR derived fragment was used as a probe to screen a day 12.5 mouse
embryonic ¢cDNA library. Seven independent positive cDNA clones were
obtained, and each clone contained an insert with an identical length of 735
bp (Figure 28). This insert was subcloned into the Bluescript KS* vector and
subsequently sequenced.

The expression of the trapped gene, as reflected by the presence of the
fusion protein, in the mature mouse nervous system prompted me to screen
a post-natal day 18 mouse brain cDNA library with the purified 735 bp cDNA
insert as the probe. Nine independent positive cDNA clones were obtained,
all of which contained a 1574 bp ¢cDNA insert. This insert was subcloned into

the Bluescript KS* vector and subsequently sequenced.

3.9.4 Nucleotide sequence of the cDNA and the inferred amino acid sequence
of the putative protein it encodes |

Nucleotide sequence analysis of the 735 bp cDNA clone revealed that it
contained 67 bp of nucleotide sequence at its 5' end which overlapped with
the 3’ end of the 119 bp RACE-PCR derived DNA fragment (Figure 29). Thus,
the remaining 668 bp of cDNA sequence are downstream of the splice

junction of the En-2 exon present in the fusion cDNA. There is only one ORF
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Figure 25. Sequence of the En-2/LacZ junction in the pGT4.5 gene trap
construct and of the 119 bp RACE-PCR derived cDNA. (A) Sequence of the En-
2/LacZ junction in the pGT4.5 gene trap construct. The En-2 splice acceptor
region is shown with intron sequences in lowercase letters and exon
sequences in bold uppercase letters. The promoterless LacZ coding sequence,
also lacking a translation initiation codon, was fused in-frame to En-2 with
linker sequences. The LacZ coding sequences are shown in italic uppercase
letters. The sequences of primers GSP-RT, GSP1, GSP; and GSP3 used in
RACE-PCR procedure are underlined. (B) The amplified 249 bp RACE-PCR
fragment was sequenced. The sequence of the 119 bp endogenous cDNA
sequences 5' upstream of the gene trap splice acceptor in the LacZ fusion
transcript is shown in uppercase letters. The remaining 130 bp of the 249 bp
RACE-PCR derived fragment is the En-2 exon sequence shown in bold

uppercase letters.
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A. En-2 [LacZ

En-2 intron SA En-2 exon
tgcacgegctattctgaccggeggecttcttcagGTCCCAGGTCCCGAAAACCAAAGAAGAAGAACC

CTAACAAAGAGGACAAGCGGCCTCGCACAGCCTTCACTGCTGAGCAGCTCC
GSP3

AGAGGCTCAAGGCTGAGTTTCAGACCAACAGGTACCTGACAGAGCAGCGGC
GSPy
GCCAGAGTCTGGCACAGGAGCTCGGTACCCGGAAGATCTGGACTCTAGAGG
LacZ GSP1
ATCCCGTCGTTTTACAACGICGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGC
GSP-RT
CTTGCA

B. Clone GT9.6 (249 bp)

Endogenous cDNA sequences
ATGTTTTATAAGTATTGACATTACACAGTTAACAATGCATCCACAGAGCTTGGCTGAAG

AGGAAATAAAAACTGAGCAGGAGGTGGTGGAGGGAATGGATATCTCTACTCGCTCCAA
En-2 exon
AGGTCCCAGGTCCCGAAAACCAAAGAAGAAGAACCCTAACAAAGAGGACA

AGCGGCCTCGCACAGCCTTCACTGCTGAGCAGCTCCAGAGGCTCAAGGCT

GAGTTTCAGACCAACAGGTACCTGACAGAGCA



Figure 26. The sequence of the 119 bp endogenous cDNA fragment out of the
249 bp RACE-PCR derived fragment, and the putative amino acid sequences
of the proteins they respectively encode. (A) RACE-PCR derived 119 bp
endogenous ¢cDNA fragment and the predicted amino acid sequence of the
protein it encodes. There is only one open reading frame (ORF) in this 119 bp
sequence and that ORF is also in frame with the only ORF present in the 130
bp En-2-LacZ ¢cDNA sequence derived from the fusion transcript (B). (B) The
sequence of the 249 bp RACE-PCR derived fragment and its putative protein
sequence. There is an in-frame fusion between the 119 bp endogenous cDNA
sequence (uppercase letters) and the En-2 exon sequence in the fusion cDNA

(italic). The ORF in the 119 bp ¢cDNA continues in the En-2 exon.
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A. RACE 119bp

10 20 30 40 50 60
| | | |
ATGTTTTATAAGTATTGACATTACACAGTTAACAATGCATCCACAGAGCTTGGCTGAAGA
CysPhelleSerIleAsplleThrGlnLeuThrMETHisProGlnSerLeuAlaGluGlu
70 80 90 100 110 119
|
GGAAATAAAAACTGAGCAGGAGGTGGTGGAGGGAATGGATATCTCTACTCGCTCCAAAG
GluIleLysThrGluGlnGluvalvalGluGlyMETAspIleSerThrArgSerLys

B. RACE 119bp/En-2/LacZ (RACE 249%9bp)

10 20 30 40 50 60
l I

ATGTTTTATAAGTATTGACATTACACAGTTAACAATGCATCCACAGAGCTTGGCTGAAGA
CysPhelleSerIleAspIleThrGlnLeuThrMETHisProGlnSerLeuAlaGluGlu
70 80 90 100 110 120

| I | | | |
GGAAATAAAAACTGAGCAGGAGGTGGTGGAGGGAATGGATATCTCTACTCGCTCCAAAGG
GluIleLysThrGluGlnGluvValvalGluGlyMETAspIleSerThrArgSerLysGly
130 140 150 160 170 180

TCCCAGGTCCCGAAAACCAAAGAAGAAGAACCCTAACAAAGAGGACAAGCGGCCTCGCAC
ProArgSerArgLysProLysLysLysAsnProAsnLysGluAspLysArgProArgThr
190 200 210 220 230 240
| I | l
AGCCTTCACTGCTGAGCAGCTCCAGAGGCTCAAGGCTGAGTTTCAGACCAACAGGTACCT
AlaPheThrAlaGluGlnLeuGlnArgLeulLysAlaGluPheGlnThrAsnArgTyrLeu
249
l
GACAGAGCA
ThrGlu



Figure 27. The putative amino acid sequence encoded by the ORF in the 119
bp RACE-PCR derived cDNA is shown. The consensus sequences for one
protein kinase C and two casein kinase II phosphorylation sites at amino acid
positions 35, 16 and 24, respectively, are indicated. There is also a potential N-
myristoylation site at amino acid position 31. The position of the first amino

acid (Cys) in the putative protein sequence is designated 1 in this figure.

Protein kinase C phosphorylation site found at 35 : egmdi S trsk

Number of potential casein kinase II phosphorylation sites found: 2
[ 1] 16: tmhpq S laeee
[ 2] 24 :eeeik T eqgevv

N-myristoylation site found at 31 : gevve G mdist
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1 Cys-Phe-Ile-Ser-Ile-Asp-Ile-Thr-Gln-Leu-Thr-Met-His~Pro-Gln-
(P) (P)
16 Ser-Leu-Ala-Glu-Glu-Glu-Ile-Lys-Thr-Glu-Gln-Glu-val-val-Glu-
Myr (P)

31 Gly-Met-Asp-Ile-Ser-Thr-Arg-Ser-Lys

Abbreviations:

Myr : stands for a myristyl group.
(P) : stands for a phosphate group.



in this cDNA sequence and the first stop codon of that ORF occurred at
nucleotide 386 (Figure 30). The other two reading frames have multiple stop
codons at the beginning of the cDNA clone. The ORF identified in the 119 bp
RACE-PCR derived cDNA sequence continued in this cDNA clone. Thus, it
appears that the gene trap insertion disrupted the normal coding sequences of
the trapped endogenous gene and created an insertional mutation in the
form of a fusion transcript. In addition, it indicated that the splice acceptor site
in the pGT4.5 construct was used correctly.

When the protein sequences encoded by the ORF in the 119 bp RACE-
PCR derived cDNA or in the 735 bp ¢cDNA clone were examined, no nuclear
localization signals were discovered. Given that the fusion protein is
localized in the neuronal nuclei, and that only 119 bp out of approximately 1
kb of sequence upstream of the En-2 splice junction in the fusion message was
identified, it appears likely that the nuclear localization signal in the fusion
protein is encoded by the remaining 881 bp message positioned 5' to the 119
bp cDNA sequence.

When the putative protein sequences encoded by the 735 bp cDNA was
searched in NCBI Genbank, no protein or functional domains with
significant sequence homologies were obtained. However, the putative
protein sequence of the 735 bp cDNA clone contains consensus sequences for
three protein kinase C and three casein kinase II phosphorylation sites at
amino acid positions, 27, 68, 109 and 47, 68, 109, respectively, in addition to the
protein kinase C and the casein kinase II potential phosphorylation sites
respectively located at amino acid position 18 and 7, which are identical to
that found in the overlapping region of the 119 bp RACE-PCR derived DNA
(amino acid 24 and 35, respectively) (Figure 27, 31). There is also an additional

potential N-
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Figure 28. Identification of the phage ¢cDNA clone by TAE agarose gel
electrophoresis (left) and Southern blot analysis (right). The 119 bp RACE-PCR
amplified fragment was used as a probe to screen a day 12.5 mouse embryonic
cDNA library. Seven independent positive cDNA clones were obtained and
each clone contained an insert of 735 bp, as determined by subsequent DNA
sequencing. Phage DNA from one positive clone was digested with EcoR I
and electrophoresed on a 1% TAE agarose gel. A 735 bp cDNA insert was
released from the phage DNA following EcoR I digestion. The
electrophoresed DNA was blotted, and the filter was probed with the 119 bp
RACE-PCR derived DNA probe to confirm the authenticity of the cDNA
insert. The uncut phage DNA containing the insert hybridized to the 119 bp
DNA probe. Only the 735 bp cDNA insert, but not the cut phage DNA,
hybridized to the 119 bp DNA probe following EcoR I digestion.
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myristoylation site located at amino acid position 63, besides the N-
myristoylation site found at amino acid 14, which is identical to the one
identified in the overlapping region of the 119 bp RACE-PCR derived DNA
(amino acid 31) (Figure 29). The presence of multiple phosphorylation sites in
the putative peptide sequence suggests that the endogenous gene may encode
a phosphorylated protein, and that the peptide sequence is close to the C-
terminus of the putative protein. No genes with significant sequence
- homology were found when the sequence of this 735 bp cDNA clone was
compared with the NCBI nucelotide Database.

When the sequence of the 735 bp and 1574 bp ¢cDNA clones were
examined, a 248 bp nucleotide sequence overlap was found between the 3'
end of the 735 bp cDNA clone and the 5' end of the 1574 bp cDNA clone, with
two T/A and A/G mismatches at nucleotide position 430 (T) in the 735 bp
cDNA and 38 (A) in the 1574 bp cDNA as well as 594 (A) in the 735 bp ¢DNA
and 111 (G) in the 551 bp ¢cDNA. Since the 735 bp cDNA was cloned from a
CD1 mouse embryonic cDNA library, whereas the 1574 bp cDNA was cloned
from a NIH Swiss mouse brain cDNA library. the two nucleotide mismatches
between the two cDNAs could be due to the different mouse strains from
which the two ¢cDNA libraries were made. However, the 735 bp ¢cDNA clone
contains four unique nucleotides (CCAT) at its most 3' end that diverge from
the 1574 bp cDNA sequence (Figure 32). Thus, these two cDNAs may be
derived from RNAs produced by alternative splicing. There is only one ORF
in the 1574 bp cDNA sequence and the first stop codon of that ORF occurred at
nucleotide 1049 (Figure 32). This ORF from the first methionine is predicted
to encode a protein of 349 amino acids. In favor of the third in-frame

methionine, at amino acid position 46, as the translation start site is the fact

that its sequence
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bp
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bp
bp
bp
bp
bp

bp

cDNA-
cDNA-
cDNA-
cDNA-
cDNA-
CDNA-
cDNA-
CcDNA-
CDNA-
CcDNA-
cDNA-
CDNA-

cDNA-

5 ' ATGTTTTATAAGTATTGACATTACACAGTTAACAATGCATCCAC
AGAGCTTGGCTGAAGAGGAAATAAAAACTGAGCAGGAGGTGGTGGAGGGA
||||||||||||l||||||||| LEFLLTELETTE LT
GGCTGAAGAGGAAATAAAAACTGAGCAGGAGGTGGTGGAGGGA
ATGGATATCTCTACTCGCTCCARAG3 '
VLTI T
ATGGATATCTCTACTCGCTCCARAGATCCTGTCTCTACAGAGAAARCGGC
CCCGAAACGGAAGTTCCCCAGCCCTCCACATTCCTCCAATGGCCATTCGC
CCCAAGACTCATCCACGAGCCCCATTAAAAAGAAAAAGAAACCCGGCTTA
CTCAACAGTAGCAATAAGGAACAGTCAGAGCTAAGACATGGTCCGTTTTA
CTATATGAAGCAGCCACTCACCACAGACCCTGTTGATGTTGTACCGCAGA
CGGACGGAATGACTTCTATTGCTGGGTTTGTCACCGGGAAGGACAAGTCC
TTTGCTGTGAGCTCTGTCCCCGGGTTTATCACGCTAAGTGTCTGAGACTG
ACATCGGAGCCAGAGGGGGACTGGTTTTGTCCTGARATGTGAGAAGATTA
CAGTAGCAGAATGCATCGAGACGCAGAGCAAAGCCATGACCATGCTGACC
ATTGAACAACTGTCCTACCTGCTCAAGTTTGCCATTCAGAAAATGAAGCA
GCCAGGGACGGATGCATTCCAGAAGCCTGTTCCATTGGAGCAACACCCTG
ACTATGCAGAATATATTTTCCACCCCATGGACCTTTGTACATTGGAAAAG

AATGCAAAABRAGAAGATGTACGGCTGCACAGAAGCCTTCCTGGCCGATGC

CAAGTGGATCCTGCACAACTGCATTATTTATAATGGGGCCAT3 ' -735

-44

~94

~43

-119

-93

-143

-193

~-243

~-293

~343

-393

-443

-493

-543

~593

-643

-693



Figure 30. The sequence of the 735 bp cDNA clone and its putative protein
sequence are illustrated. There is only one open reading frame (ORF) in this
cDNA sequence and the first stop codon of that ORF occurred at nucleotide
386. The stop codon (TGA) is shown in bold letters. The other two reading
frames have multiple stop codons at the beginning of the cDNA clone. The
OREF identified in the 119 bp RACE-PCR derived cDNA sequence continues in
this cDNA clone. The shared ORF is underlined.
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735 bp c¢DNA clone

10 20 30 40 50 60
| I I | | I
GGCTGAAGAGGAAATAAAAACTGAGCAGGAGGTGGTGCGAGGGAATGGATATCTCTACTCG
AlaGluGluGlulleLvsThrGluGlnGluvValValGluGlvyMETAspIleSerThrArg
70 80 90 100 110 120

CTCCAAAGATCCTGTCTCTACAGAGAAAACGGCCCCGAAACGGAAGTTCCCCAGCCCTCC
SerlLvsAspProValSerThrGluLysThrAlaProlLysArgLysPheProSerProPro
130 140 150 160 170 180

ACATTCCTCCAATGGCCATTCGCCCCAAGACTCATCCACGAGCCCCATTAAAAAGAAAAA
HisSerSerAsnGlyHisSerProGlnAspSerSerThrSerProllelLysLysLysLys
190 200 210 220 230 240

| l | l
GAAACCCGGCTTACTCAACAGTAGCAATAAGGAACAGTCAGAGCTAAGACATGGTCCGTT
LysProGlyLeuLeuAsnSerSerAsnLysGluGlnSerGluLeuArgHisGlyProPhe

250 260 270 280 290 300

| l I l

TTACTATATGAAGCAGCCACTCACCACAGACCCTGTTGATGTTGTACCGCAGACGGACGG
TyrTyrMETLysGlnProLeuThrThrAspProValAspValValProGlnThrAspGly
310 320 330 340 350 360

AATGACTTCTATTGCTGGGTTTGTCACCGGGAAGGACAAGTCCTTTGCTGTGAGCTCTGT
METThrSerIleAlaGlyPheValThrGlyLysAsplysSerPheAlavalSerServal
370 380 390 400 410 420

CCCCGGGTTTATCACGCTAAGTGTCTGAGACTGACATCGGAGCCAGAGGGGGACTGGTTT
ProGlyPhelleThrLeuSerVal---
430 440 450 460 470 480

TGTCCTGAAATGTGAGAAGATTACAGTAGCAGAATGCATCGAGACGCAGAGCAAAGCCAT

490 500 510 520 530 540

GACCATGCTGACCATTGAACAACTGTCCTACCTGCTCAAGTTTGCCATTCAGAAAATGAA

550 560 570 580 590 600

GCAGCCAGGGACGGATGCATTCCAGAAGCCTGTTCCATTGGAGCAACACCCTGACTATGC

610 620 630 640 650 660
| |

AGAATATATTTTCCACCCCATGGACCTTTGTACATTGGAAAAGAATGCAAAAAAGAAGAT

670 680 690 700 710 720

GTACGGCTGCACAGAAGCCTTCCTGGCCGATGCCAAGTGGATCCTGCACAACTGCATTAT

730

TTATAATGGGGCCAT



Figure 31. The putative amino acid sequence encoded by the 735 bp cDNA
clone is shown. The consensus sequences for four protein kinase C and four
casein kinase II phosphorylation sites at amino acid positions 18, 27, 68, 109
and 7, 47, 68, 109, respectively, are indicated. There are also two potential N-
myristoylation sites at amino acid positions 14 and 63, respectively, and one
N-glycosylation site at amino acid position 66. The position of the first amino

acid (Ala) in the putative protein sequence is designated 1 in this figure.

N-glycosylation site found at 66 : kpgll N ssnke

Number of potential protein kinase C phosphorylation sites found: 4
[1] 18:egmdiS trskd

[2] 27:kdpvs T ektap

[ 3] 68: gllns S nkeqgs

[ 4] 109 : iagfv T gkdks

Number of potential casein kinase II phosphorylation sites found: 4
[1] 7: eeeik T eqevv

[2] 47 : ssngh S pqdss

[ 3] 68 : glins S nkeqgs

[ 4] 109 : iagfv T gkdks

Number of potential N-myristoylation sites found: 2
[1] 14: gevve G mdist
[ 2] 63: kkkkp G llnss
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16

31

46

61

76

91

106

(P)
I

Myr

Ala-Glu-Glu-Glu-Ile-Lys-Thr-Glu-Gln-Glu-vVal-vVal-Glu-Gly-Met-

(P)

(P)

Asp-Ile-Ser-Thr-Arg-Ser-Lys-Asp-Pro-Val-Ser-Thr-Glu-Lys-Thr-

Ala-Pro-Lys-Arg-Lys-Phe-Pro-Ser-Pro-Pro-His-Ser-Ser-Asn-Gly-

(P)
I

His-Ser-Pro-Gln-Asp-Ser-Ser-Thr-Ser-Pro-Ile-Lys-Lys-Lys-Lys-

Myr

Cho

(P)

Lys-Pro-Gly-Leu-Leu-Asn-Ser-Ser-Asn-Lys-Glu-Gln-Ser-Glu-Leu-

(P)

Arg-His-Gly-Pro-Phe-Tyr-Tyr-Met-Lys-Gln-Pro-Leu-Thr-Thr-Asp-

Pro-Val-Asp-Val-Val-Pro-Gln-Thr-Asp-Gly-Met-Thr-Ser-Tle-Ala-

(P)

Gly-Phe-Val-Thr-Gly-Lys-Asp-Lys-Ser-Phe-Ala-Val-Ser-Ser-Val-

(P)

121 Pro-Gly-Phe-Ile-Thr-Leu-Ser-Val

Abbreviations:

Cho
Myr
(P)

.

stands for a carbohydrate group.

stands for a myristyl group.

stands for a phosphate group.



Figure 32. Comparison of the nucleotide sequence of the 735 bp ¢cDNA clone O
with the 1574 bp cDNA clone. There is a 248 bp nucleotide sequence overlap
between the 3' end of the 735 bp ¢cDNA clone and the 5' end of the 1574 bp
¢DNA clone, with two T/A and A/G mismatches. The two mismatches in the

1574 bp ¢cDNA sequences occurred at nucleotide position 38 (A) and 111 (G)
(bold). The four nucleotides CCAT (bold) at the most 3' end of the 735 bp
cDNA clone diverge from the 1574 bp ¢cDNA sequence. The stop codon TGA
(bold) in the 735 bp cDNA clone appeared before the overlapping region.
Thus, the ORF identified in the 1574 bp ¢DNA clone is independent of that of

the 735 bp cDNA clone.
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cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA~

cDNA-

cDNA -

5 ' GGCTGAAGAGGAAATAAAAACTGAGCAGGAGG -32
TGGTGGAGGGAATGGATATCTCTACTCGCTCCAAAGATCCTGTCTCTACA -82
GAGAAAACGGCCCCGAAACGGAAGTTCCCCAGCCCTCCACATTCCTCCAA -132
TGGCCATTCGCCCCAAGACTCATCCACGAGCCCCATTAAAAAGAAAAAGA -182
AACCCGGCTTACTCAACAGTAGCAATAAGGAACAGTCAGAGCTAAGACAT -232
GGTCCGTTTTACTATATGAAGCAGCCACTCACCACAGACCCTGTTGATGT -282
TGTACCGCAGACGGACGGAATGACTTCTATTGCTGGGTTTGTCACCGGGA -332
AGGACAAGTCCTTTGCTGTGAGCTCTGTCCCCGGGTTTATCACGCTAAGT ~382
GTCTGAGACTGACATCGGAGCCAGAGGGGGACTGGTTTTGTCCTGAAATG -432

TGAGAAGATTACAGTAGCAGAATGCATCGAGACGCAGAGCAAAGCCATGA -482

CCATGCTGACCATTGAACAACTGTCCTACCTGCTCAAGTTTGCCATTCAG -532

COLCLCCLCCEELCE L Ceee e et eeeer et Ceere ey

cDNA-5 ' CATGCTGACCATTGAACAACTGTCCTACCTGCTCAAGTATGCCATTCAG -49

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-~

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

cDNA-

AAAATGAAGCAGCCAGGGACGGATGCATTCCAGAAGCCTGTTCCATTGGA -582
CVLVEDEEELEEEEE TP e e
ARAATGAAGCAGCCAGGGACGGATGCATTCCAGAAGCCTGTTCCATTGGA -99
GCAACACCCTGACTATGCAGAATATATTTTCCACCCCATGGACCTTTGTA 632
A e A A A A A NP, —19
CATTGGAAAAGAATGCAAAAAAGAAGATGTACGGCTGCACAGAAGCCTTC 682
A A A A AR A A A 159
CTGGCCGATGCCAAGTGGATCCTGCACAACTGCATTATTTATAATGGGGE —732
PEEEELLIEEE PP e e i
CTGGCCGATGCCAAGTGGATCCTGCACAACTGCATTATTTATAATGGGGG ~249
CAT3' : -735
ARATCACAAGTTGACGCAAATAGCAAAAGTCGTCATCAAAATCTGTGAGC -299
ACGAGATGAATGAAATCGAAGTCTGTCCAGAATGTTATCTTGCAGCTTGC -349
CAAAAACGAGACAACTGGTTCTGTGAGCCCTGTAGCAATCCGCACCCTTT ~399
GGTCTGGGCAAAACTGAAAGGATTTCCATTCTGGCCAGCGARAGCTCTGA -449
GGGACAAAGACGGGCAGGTTGACGCCCGTTTCTTTGGACAACATGACAGA -499
GCCTGGGTTCCAGTCAATAATTGCTACCTCATGTCTAAAGAAATCCCCTT -549
TTCTGTGAAAAAGACTAAAAGTACCTTCAACAGCGCCATGCAAGAGATGG -599

AAGTTTACGTGGAGAACATACGGAGGAAGTTTGGGGTTTTTAATTACTCC -649
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cDNA-

cDNA-

cDNA-
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cDNA -

cDNA-

cDNA-

cDNA-

CDNA-

cDNA-

cDNA-

CCGTTCAGGACGCCCTACACGCCCAACAACCAGTACCAAATGCTGCTGGA
TCCCAGCAACCCCAGCGCGGGCACAGCCAAGACAGACAAACAGGAGAAGG
TGAAGCTTAATTTTGACATGACAGCGTCCCCCAAGATCCTTCTGAGCAAG
CCCCTTCTGAGCGGGGGTGCCGGCCGCAGGATCTCCCTGTCCGACATGCC
TCGCTCCCCCACTACGAACTCTTCCGTGCACACGGGCTCCGATGTGGAGC
AGGACCCCGAGAAGAAGGCCCCGTCCAGCCACTTCAGCGCAAGCGAGGAG
TCCATGGACTTCCTTGATAAGAGCACAGGTCAGCCCCAGTTGGGAGAGTT
GGGTAGGAGGCCACTTGGTGCATTCTGGCGTCCCTGGATGCCTCCCTCAT
AGGTGCGAGCCGGCAGGCACCACCAGATCCCACAGATGAGGGAGATAGTC
CCCAAGGAAGGCCAGGTGGGGCCATTCTTAGAAGCGGATGGCAATGGCCG
GCCACAAACCCTGCAGGGCTCGAGGCCACTGTCAGAGCCTCATGGCTGTT
éGCAGCAGTGCCCTTGACTCTTTTCTTCTCATCACGGTGTAGTTGAAAGC
TTAGTTTTTGATACCTTTGTGTTAGGGTTGACTTAGACGTGAGGAGACTG
AGGTGAAAATTGATCCCCCTTGCCTCCTTCAGGGCTGGCGTTTTCCAGCT
ATGTGTCGTAGTTTGGAGACAACAACTGGTCTCTAATTGTAGGACTCCCC
ATCAGTTGATGTGGCTTTGGGGACATATTTAATGTCTTTATGCCTTAGCC
TTCCCACCTCTACCATGGCGACCGTAACTGGCTACGCCGAGCCTCCCCTA
TGTGTAAGCTCTGTTGAGAGCACAAGGAGTCAGGACCCACAGTAGGACAG

GAGCACTGGGGCAGTGTTGACCATG3 ' -1574

-699

-749

-799

~-849

-899

-949

-999

-1049

~-1099

-1149

-1199

-1249

-1299

-1349

-1399

-1449

-1499

-1549



Figure 33. The sequence of the 1574 bp cDNA clone and the predicted amino
acid sequence it encodes are shown. There is only one ORF in this cDNA
sequence and the first stop codon in that ORF occurs at nucleotide 1049. The
stop codon is shown in bold letters (TAG). The ORF is shown encoding 349
amino acids from the first methionine. The context of this first AUG start
codon does not match the Kozak eukaryotic translation initiation sequence
(CCA/CCAUGG(G)), whereas the third AUG is in significantly better context
(underlined) and may represent the N terminus of the protein. The other two
reading frames have multiple stop codons at the beginning of the cDNA

clone.
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1574 Dbp cDNA clone

10 20 30 40 50 60
I I I I I |
CATGCTGACCATTGAACAACTGTCCTACCTGCTCAAGTATGCCATTCAGAAAATGAAGCA
METLeuThrIleGluGlnLeuSerTyrLeuLeulysTyrAlaIleGlnLysMETLysGln
70 80 90 100 110 120
I | I I |
GCCAGGGACGGATGCATTCCAGAAGCCTGTTCCATTGGAGCAACACCCTGGCTATGCAGA
ProGlyThrAspAlaPheGlnLysProValProLeuGluGlnHisProGlyTyrAlaGlu
130 140 150 160 170 180

I | | I
ATATATTTTCCAQQQQAIQQACCTTTGTACATTGGAAAAGAATGCAAAAAAGAAGATGTA
TyrIlePheHisProMETAspLeuCysThrLeuGluLysAsnAlalysLysLysMETTyr
190 200 210 220 230 240

I

CGGCTGCACAGAAGCCTTCCTGGCCGATGCCAAGTGGATCCTGCACAACTGCATTATTTA
GlyCysThrGluAlaPheLeuAlaAspAlaLysTrpIleLeuHisAanysIleIleTyr
250 260 270 280 290 300

I | | I
TAATGGGGGAAATCACAAGTTGACGCAAATAGCAAAAGTCGTCATCAAAATCTGTGAGCA
AsnGlyGlyAsnHisLysLeuThrGlnIleAlaLysValvValIleLysIleCysGluHis
310 320 330 340 350 360
| I I I
CGAGATGAATGAAATCGAAGTCTGTCCAGAATGTTATCTTGCAGCTTGCCAAAAACGAGA
GluMETAsnGlulleGluvalCysProGluCysTyrLeuAlaAlaCysGlnLysArgAsp
370 380 390 400 410 420

I

CAACTGGTTCTGTGAGCCCTGTAGCAATCCGCACCCTTTGGTCTGGGCAAAACTGAAAGG
AsnTrpPheCysGluProCysSerAsnProHisProLeuValTrpAlaLysLeulysGly
430 440 450 460 470 480
I | | |
ATTTCCATTCTGGCCAGCGAAAGCTCTGAGGGACAAAGACGGGCAGGTTGACGCCCGTTT
PheProPheTrpProAlaLysAlalLeuArgAsplysAspGlyGlnValAspAlaArgPhe
490 500 510 520 530 540

CTTTGGACAACATGACAGAGCCTGGGTTCCAGTCAATAATTGCTACCTCATGTCTAAAGA
PheGlyGlnHisAspArgAlaTrpValProValAsnAsnCysTyrLeuMETSerLysGlu
550 560 570 580 590 600

I | I I I I
AATCCCCTTTTCTGTGAAAAAGACTAAAAGTACCTTCAACAGCGCCATGCAAGAGATGGA
IleProPheSerValLysLysThrLysSerThrPheAsnSerAlaMETGlnGluMETGlu
610 620 630 640 650 660

AGTTTACGTGGAGAACATACGGAGGAAGTTTGGGGTTTTTAATTACTCCCCGTTCAGGAC
ValTyrValGluAsnIleArgArglysPheGlyValPheAsnTyrSerProPheArgThr
670 680 690 700 710 720
I | I I
GCCCTACACGCCCAACAACCAGTACCAAATGCTGCTGGATCCCAGCAACCCCAGCGCGGG
ProTyrThrProAsnAsnGlnTyrGlnMETLeuLeuAspProSerAsnProSerAlaGly
730 740 750 760 770 780
I I I
CACAGCCAAGACAGACAAACAGGAGAAGGTGAAGCTTAATTTTGACATGACAGCGTCCCC
ThrAlaLysThrAspLysGlnGluLysValLysLeuAsnPheAspMETThrAlaSerPro
790 800 810 820 830 840
| I | I I I
CAAGATCCTTCTGAGCAAGCCCCTTCTGAGCGGGGGTGCCGGCCGCAGGATCTCCCTGTC
LysIleLeuLeuSerLysProLeuLeuSerGlyGlyAlaGlyArgArgIleSerlLeuSer



850 860 870 880 890 900

CGACATGCCTCGCTCCCCCACTACGAACTCTTCCGTGCACACGGGCTCCGATGTGGAGCA
ASpMETProArgSerProThrThrAsnSerSerValHisThrGlySerAspValGluGln
910 920 930 940 950 960

GGACCCCGAGAAGAAGGCCCCGTCCAGCCACTTCAGCGCAAGCGAGGAGTCCATGGACTT
AspProGlulysLysAlaProSerSerHisPheSerAlaSerGluGluSerMETAspPhe
970 980 990 1000 1010 1020

CCTTGATAAGAGCACAGGTCAGCCCCAGTTGGGAGAGTTGGGTAGGAGGCCACTTGGTGC
LeuAspLysSerThrGlyGlnProGlnLeuGlyGluLeuGlyArgArgProLeuGlyAla
1030 1040 1050 1060 1070 1080

ATTCTGGCGTCCCTGGATGCCTCCCTCATAGGTGCGAGCCGGCAGGCACCACCAGATCCC

PheTrpArgProTrpMETProProSer---
1090 1100 1110 1120 1130 1140

ACAGATGAGGGAGATAGTCCCCAAGGAAGGCCAGGTGGGGCCATTCTTAGAAGCGGATGG
1150 1160 1170 1180 1190 1200
CAATGGCCGGCCACAAACCCTGCAGGGCTCGAGGCCACTGTCAGAGCCTCATGGCTGTTC

1210 1220 1230 1240 1250 1260

GCAGCAGTGCCCTTGACTCTTTTCTTCTCATCACGGTGTAGTTGAAAGCTTAGTTTTTGA

1270 1280 1290 1300 1310 1320

TACCTTTGTGTTAGGGTTGACTTAGACGTGAGGAGACTGAGGTGAAAATTGATCCCCCTT

1330 1340 1350 1360 1370 1380

GCCTCCTTCAGGGCTGGCGTTTTCCAGCTATGTGTCGTAGTTTGGAGACAACAACTGGTC

1390 1400 1410 1420 1430 1440

TCTAATTGTAGGACTCCCCATCAGTTGATGTGGCTTTGGGGACATATTTAATGTCTTTAT
1450 1460 1470 1480 1490 1500
GCCTTAGCCTTCCCACCTCTACCATGGCGACCGTAACTGGCTACGCCGAéCCTCCCCTA%
1510 1520 1530 1540 1550 1560
GTGTAAGCTCTGTTGAGAGCACAAGGAGTCAGGACCCACAGTAGGACAGGAGCACTGGGG

1570

CAGTGTTGACCATG



environment matches the Kozak consensus sequence more closely than the
upstream methionine. The other two reading frames in the 1574 ¢cDNA clone
have multiple stop codons at the beginning of the cDNA clone. The stop
codon (TGA) in the 735 bp ¢DNA clone appeared before the overlapping
region (Figure 31). Thus, the ORF identified in the 1574 bp ¢cDNA clone is
independent of that of the 735 bp cDNA clone.

The putative protein sequence of the 1574 bp ¢cDNA clone contains
consensus sequences for one cAMP and c¢cGMP-dependent protein kinase
phosphorylation site located at amino acid position 278 (Met 1). There are also
consensus sequences for four protein kinase C and four casein kinase II
phosphorylation sites found at amino acid positions 184, 241, 244, 259 and 278,
294, 296 312, respectively. One potential N-glycosylation, three potential N-
myristoylation and two potential amidation sites are positioned at amino acid
289, 61, 154, 240 and 273, 333, respectively (Figure 34). When the putative
protein sequences encoded by the 1574bp ¢DNA was searched in NCBI
Genbank, a conserved protein domain of 87 amino acids rich in proline and
aromatic residues was discovered (Figure 34). This conserved amino acid
sequence motif, known as the bromodomain, has been found in many
proteins, most of which are involved in transcription activation (Haynes et
al., 1992). The bromodomain containing proteins are present in one, or two
copies in a tandem array separated by unrelated sequences, in diverse
organisms ranging from yeast to human, suggesting that the functional
organization of this domain has been conserved during evolution. The
amino acid sequence identity of this domain ranges from 20 to 80% among
bromodomain containing proteins of different species. Among the
bromodomains presented in Figure 35, there are five invariant amino acid

residues, including one phenylalanine (F), two tyrosines (Y) and two
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Figure 34. The predicted amino acid sequence of the 1574 bp cDNA clone is
shown. Consensus sequences for cAMP amd ¢cGMP-dependent protein kinase
phosphorylation sites are located at amino acid position 278. Consensus
sequences for four protein kinase C and four casein kinase II phosphorylation
sites are found at amino acid positions 184, 241, 244, 259 and 278, 294, 296 312,
respectively. One potential N-glycosylation, three potential N-myristoylation
and two potential amidation sites are located at positions 289; 61, 154, 240 and
273, 333, respectively. The bromodomain of 85 amino acids from amino acid
22 to amino acid 106 is underlined. The position of the first amino acid (Met)

in the putative protein sequence is designated 1 in this figure.

N-glycosylation site found at 289 : rsptt N ssvht

cAMP- and ¢cGMP-dependent protein kinase phosphorylation site found at

278 : agrri S Isdmp

Number of potential protein kinase C phosphorylation sites found: 4
[ 1] 184 : keipf S vkktk

[ 2] 241 : npsag T aktdk

[ 3] 244 : agtak T dkgek

[ 4] 259 : fdmta S pkill

Number of potential casein kinase II phosphorylation sites found: 4 -
[ 1] 278 : agrri S Isdmp

[ 2] 294 : nssvh T gsdve

[ 3] 296 : svhtg S dveqd

[ 4] 312 : psshf S asees
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Number of potential N-myristoylation sites found: 3
[ 1] 61 : kkkmy G cteaf
[2] 154 : Irdkd G qvdar
[ 3] 240 : snpsa G taktd

Number of potential amidation sites found: 2
[ 1] 273 : llsgg A grris
[ 2] 333 : pqlge L grrpl
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1 Met-Leu—Thr—Ile—Glu—Gln—Leu—Ser—Tyr—Leu—Leu—Lys—Tyr—Ala—Ile-

16 Gln-Lys-Met-Lys-Gln-Pro-Gly-Thr~-Asp-Ala-Phe-Gln-Lvs-Pro-Val-

106 Glu-Val-Cys-Pro-Glu-Cys-Tyr-Leu-Ala-Ala-Cys-Gln-Lys-Arg-Asp-
121 Asn-Trp-Phe-Cys-Glu-Pro-Cys-Ser-Asn-Pro-His-Pro-Leu-Val-Trp-
136 Ala-Lys-Leu-Lys-Gly-Phe-Pro~Phe-Trp-Pro-Ala-Lys-Ala-Leu-Arg-
Myr
151 Asp—Lys-Asp—ély—Gln-Val—Asp~Ala—Arg—Phe—Phe—Gly—Gln—His—Asp—
166 Arg-Ala-Trp-Val-Pro-Val-Asn-Asn-Cys-Tyr-Leu-Met-Ser-Lys-Glu-
(P)
|
181 Ile-Pro-Phe-Ser-Val-Lys-Lys-Thr-Lys-Ser-Thr-Phe-Asn-Ser-Ala-
196 Met-Gln-Glu-Met-Glu-Val-Tyr-Val-Glu-Asn-Ile-Arg-Arg-Lys-Phe-
211 Gly-Val-Phe-Asn-Tyr-Ser-Pro~-Phe-Arg-Thr-Pro-Tyr-Thr-Pro-Asn-
Myr
226 Asn-Gln—Tyr—Gln—Met-Leu—Leu—Asp—Pro-Ser—Asn—Pro—Ser—Ala—ély—
(P) (P)
241 Thr-Ala-Lys-Thr-Asp-Lys-Gln-Glu-Lys-Val-Lys-Leu-Asn-Phe-Asp-
(P)

256 Met-Thr-Ala-Ser-Pro-Lys-~Ile-Leu-Leu-Ser-Lys-Pro-Leu-Leu-Ser-

271 Gly-Gly-Ala-Gly-Arg-Arg-Ile-Ser-Leu-Ser-Asp-Met-Pro-Arg-Ser-

NH2 (P)

Cho (P) (P)

286 Pro-Thr-Thr-Asn-Ser-Ser-Val-His-Thr-Gly-Ser-Asp-Val-Glu-Gln-



(P)

301 Asp-Pro-Glu-Lys-Lys-Ala-Pro-Ser-Ser-His-Phe-Ser-Ala-Ser-Glu-

316 Glu-Ser-Met-Asp-Phe-Leu-Asp-Lys-Ser-Thr-Gly-Gln-Pro-Gln-Leu-

NH2

331 Gly-Glu-Leu-Gly-Arg-Arg-Pro-Leu-Gly-Ala-Phe-Trp-Arg-Pro-Trp-

346 Met-Pro-Pro-Ser

for a carbohydrate group.
for a myristyl group.
for an amide group.

Abbreviations:
Cho stands
Myr : stands
NH2 : stands
(P) : stands

for a phosphate group.



asparagines (N). The proline residue at position 26 is almost invariant except
that in SPT7 protein it is substituted by a serine (S) residue. There are also
numerous conservative substitutions, as indicated by the consensus sequence
in Figure 35. Two other mouse bromodomain containing proteins have been
identified. The brgl protein contains additional helicase and ATPase
domains, and is believed to be a homologue of the Drosophila brahma gene
(Randazzo et al., 1994). The CBP and the protein encoded by the 1574 bp cDNA
appears to belong to another class of bromodomain related proteins, which
contain only the bromodomain(s). Many of the proteins in this category,
notably the human CCG1 protein and the mouse CBP protein, have been
implicated in the regulation of transcriptional activation (Sekiguchi et al.,
1991; Hisatake et al., 1993). Therefore, the protein encoded by the 1574 bp
cDNA is a well defined mouse protein in this class, and for the purpose of
this thesis, is termed MBRP-1, standing for mouse bromodomain related
protein 1. The trapped mouse gene encoding this protein is thus termed

mbrg-1, standing for mouse bromodomain related gene 1.

3.9.5 The expression pattern of the endogenous gene and the fusion transcript

identified by the cDNA clones

To determine the size and the expression pattern of the normal
uninterrupted endogenous transcripts, Northern blot analysis of total RNA
from CCE ES cells and from the GT9.6 ES cell clone was performed using the
cDNA clones as probes. The 735 bp cDNA clone detected two major transcripts
of approximately 7 kb and 3 kb in both the CCE ES cells and the GT9.6 ES cell
clone (Figure 36). In addtion, both the ES cells and the GT9.6 clone contained a
4.6 kb message located immediately beneath the 285 RNA (4718 bp) and a faint

1.7 kb minor band. Thus, these transcripts are likely to be messages encoded by
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Figure 35 Alignment of the bromodomains. The names of the bromodomain
containing proteins are given, and the names of the species from which these
proteins are derived are included in brackets. The positions of the first and
the last amino acid sequence of the bromodomain in a given protein are
indicated by the numbers preceding and following the bromodomain,
respectively. For proteins with two bromodomains, the numerical order of
the bromodomain is illustrated by the numbers (1 or 2) following the name of
the protein. The consensus sequence suggests that the amino acids in those

positions are more than 60% conserved. The invariant amino acids are

underlined.
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SNF2 (Yeast)
STH1 (Yeast)
SPT7 (Yeast)
GCN5 (Yeast)
BDF1-1 (Yeast)
BDF1-2 (Yeast)
Brm (Droso)
Fsh-1 (Droso)
Fsh-2 (Droso)
BRG-1 {(Human)
HBrm (Human)
CCGl-1 (Human)
CCG1-2 (Human)
p300 {(Human)
Ring3-1 (Human)
Ring3-2 (Human)
brg-1 (Mouse)
CREB-BP (Mouse)
MBRP-1 (Mouse)
Consensus

1572
1274
462
348
170
337
1447
55
499
1447
1419
1401
1524
1071
48
321
856
1108
22

Bromodomain Alignment

1 10 20 30 40 50 60 70 80 87
LSDIFLSKPSKALY. .PDYYMIIKYPVAFDNINTHIETLAYNSLKETLOQDFHLIFSNARIYNTEGSVVYEDSLELEKVVTKKYCEIM
RTSIFEKLPSKRDY. . PDYFKVIEKPMAIDIILKNCKNGTYKTLEEVRQALQTMFENARFYNEEGSWVYVDADKLNEF TDEWFKEHS
HSTPFLNKVSKREA. . PNYHQI IKKSMDLNTVLKKLKSFQYDSKQEFVDDIMLIWKNCLTYNSDPSHFLRGHATAMOKKSLQLIRMI
AAWPFLQPVNKEEV. . PDYYDFIKEPMDLSTMEIKLESNKYQKMEDFIYDARLVFNNCRMYNGENTSYYKYANRLEKFFNNKVKEIP
DARPFLQPVDPVKLDIPFYFNYIKRPMDLSTIERKLNVGAYEVPEQITEDFNLMVNNSIKFNGPNAGISQMARNIQASFEKHMLNMP
YNYPFLEPVDPVSMNLPTYFDYVKEPMDLGTIAKKLNDWQYQTMEDFEREVRLVFKNCYTFNPDGTIVNMMGHRLEEVFNSKWADRP
LSEPFMKLPSRQRL. . PDYYEITKRPVDIKKILQRIEDCKYADLNELEKDFMQLCONAQIYNEEASLIYLDSTIALQKVFVGARQRIT
PSWPFQQPVDAKKLNLPDYHKIIKQPMDMGTIKKRLENNYYWSAKETIQDFNTMFNNCYVYNKPGEDVVVMAQTLEKVFLOKIESMP
YAWPFYKPVDAEMLGLHDYHDIIKKPMDLGTVKRKMDNREYKSAPEFAADVRLIFTNCYKYNPPDHDVVAMGRKLODVFEMRYANTP
LSEVFIQLPSRKEL. . PEYYELIRKPVDFKKIKERIRNHKYRSLNDLEKDVMLLCQONAQTFNLEGSLIYEDSIVLQSVFTSVRQKIE
LSEVFIQLPSRKEL. . PEYYELIRKPVDFKKIKERIRNHKYRSLGDLEKDVMLLCHNAQTFNLEGSQIYEDSIVLQSVFKSARQKTA
NTYPFHTPVNAKVV. . KDYYKIITRPMDLOTLRENVRKRLYPSREEFREHLELIVKNSATYNGPKHSLTQISQSMLDLCDEKLKEKE
DSWPFHHPVNKKFV . . PDYYKVIVNPMDLETIRKNISKHKYQSRESFLDDVNLILANSVKYNGPESQYTKTAQEIVNVCYQTLTEYD
ESLPFRQPVDPQLLGIPDYFDIVKSPMDLSTIKRKLDTGQYQEPWQYVDDIWLMFNNAWLYNRKTSRVYKYCSKLSEVFEQEIDPVM
FAWPFRQPVDAVKLGLPDYHKITIKQPMDMGTIKRRLENNYYWAASECMODFNTMFTNCYIYNKPTDDIVLMAQTLEKIFLQKVASMP
YAWPFYKPVDASALGLHDYHDIIKHPMDLSTVKRKMENRDYRDAQEFAADVRLMF SNCYKYNPPDHDVVAMARKLODVFEFRYAKMP
LSEVFIQLPSRKEL. . PEYYELIRKPVDFKKIKERIRNHKYRSLNDLEKDVMLLCONAQTFNLEGSLIYEDSIVLQSVFIQLPSRKE
ESLPFRQPVDPQLLGIPDYFDIVKNPMDLSTIKRKLDTGQYQEPWQYVDDVRLMFNNAWLYNRKTSRVYKFCSKLAEVFEQEIDPVM
GTDAFQKPVPLEQH. . PGYAEYIFHPMDLCTLEKNAKKKMYGCTEAFLADAKWILHENCIIYNGGNHKLTQIAKVVIKICEHEMNEIE
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432
256
423
1531
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585
1531
1503
1485
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1157
134
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the endogenous gene. Interestingly, the 3 kb transcript was expressed at a
higher level than the 7 kb transcript in ES cells. In the GT9.6 ES cell clone,
however, the intensity of the 7 kb band was reduced to approximately half
compared to that detected in control ES cells. Furthermore, a unique 4.6 kb
band was identified in the GT9.6 clone when the blot was rehybridized with
the LacZ gene probe (Figure 37). This suggests that the 4.6 kb message
represents the fusion transcript in the GT9.6 ES cell clone and that it co-
migrates with an authentic 4.6 kb message encoded by the endogenous gene.
These results suggest that one of the alleles encoding the 7 kb message was
disrupted by the gene trap insertion and a 4.6 kb fusion transcript was
produced as a result of the splice acceptor site in the gene trap construct.

The 1574 bp ¢cDNA clone only contains cDNA sequences downstream
of the En-2 splice junction at the site of the gene trap insertion, these
sequences were not present in the LacZ fusion transcript. Therefore, when the
same Northern blot is probed with the 1574 bp cDNA, the 4.6 kb LacZ fusion
transcript should not be detected. However, the 4.6 kb endogenous message
co-migrating with the fusion transcript, along with the endogenous 7 kb, 3 kb,
and 1.7 kb transcripts, were clearly visible (Figure 38). Moreover, as observed
for the blot hybridized with the 735 bp cDNA probe, the intensity of the 7 kb
message was reduced to half of that detected in the control ES cell samples.
Thus, I infer from this that common sequences are shared by the 7 kb
transcript and the 1574 bp cDNA clone and that disruption of one copy of the
7 kb message results in this quantitative difference.

In addition to the four endogenous messages, the 1574 bp cDNA probe
also hybridized to a novel transcript of approximately 800 bp (Figure 38). The
level of expression of the 1.7 kb and the 800 bp transcripts appeared to be

constant in normal ES cells versus that in the GT9.6 ES cell clones. Both the
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Figure 36. A northern blot analysis of total RNA from CCE ES cells and from
the GT9.6 ES cell clone probed with the 735 bp ¢cDNA clone is shown. The 735
bp cDNA clone detected two major transcripts of approximately 7 kb and 3 kb
in both the CCE ES cells and the GT9.6 ES cell clone. The 3 kb transcript was
expressed at a higher level than the 7 kb transcript in ES cells. In the GT9.6 ES
cell clone, however, the intensity of the 7 kb message was reduced to half
compared to that in control ES cells. In addtion, both the ES cells and the
GT9.6 clone expressed a 4.6 kb message (arrow) located immediately beneath
the 285 RNA (4718 bp) and a 1.7 kb minor band (arrowhead). The HS526
ribosomal protein RNA hybridizing to a 513 bp Hind III - EcoR I fragment
derived from the human HSS526 ¢cDNA provided an internal control for the

amount of RNA loaded (bottom strip).
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1.7 kb and the 800 bp transcripts hybridized with the 1574 bp ¢cDNA probe,
although the 1.7 kb transcript hybridized to this probe at a much higher
intensity (Figure 38). In contrast, the 1.7 kb transcript was barely and the 800 bp
message was not at all detected by the 735 bp probe (Figure 36). Given also the
fact that the sequence of the 735 bp cDNA begins to differ from that of the 1574
bp cDNA clone at nucleotide position 730 (Figure 32), it appears plausible that
the two unique transcripts hybridized by the 1574 bp probe were generated by

alternative splicing.

3.9.6 The expression pattern of the endogenous gene in different tissues and
during P19 cell differentiation

The expression profile of the endogenous gene in different tissues was
determined by Northern blot analysis of RNAs isolated from various adult
mouse tissues. In brain, heart, kidney and gut, the 735 bp ¢cDNA probe
identified the 7 kb and 3 kb species as major transcripts. As seen in the ES cells
and the GT9.6 ES cell clone, the 4.6 kb transcript was significantly less
abundant. However, the 7 kb message is expressed at a significantly higher
level than the 3 kb message in the mouse brain, while the 3 kb species is more
abundant than the 7 kb transcript in ES cells (Figure 39). Since only the 7 kb
transcript was interrupted by the splicing event of the gene trap construct, to
generate a 4.6 kb fusion transcript in the GT 9.6 ES cell clone (Figure 36, 37, 38),
the B-galactosidase expression seen in the nervous system of the GT9.6 ES cell
derived chimeras suggests that the 7 kb transcript is expressed at higher levels
in neurons. The nuclear localization of the fusion protein identified in the
mouse nervous system by the immunocytochemical analysis indicates that
the 7 kb message encodes a protein containing a nuclear localization signal. In

non-neuronal tissues, the expression level of the 7 kb, as well as the 3 kb
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Figure 37. Northern blot of RNA from unmanipulated ES cells and the GT9.6 .
clone probed with the LacZ gene. The ES cell RNA blot probed with the 735 bp
cDNA probe was stripped and rehybridized with the LacZ gene probe. The
GT9.6 ES cell clone, but not the control ES cells, expressed the 4.6 kb fusion
transcript, indicating that in the GT9.6 ES cell clone, one of the allele encoding
the 7 kb message was disrupted by the insertion of the gene trap construct, and

a unique 4.6 kb fusion transcript was expressed.

147




Clone GT9.6

ES cells

285 RNA
Fusion transcript .

185 RNA



Figure 38. Northern blot of RNA from unmanipulated ES cells and clone .
GT9.6 probed with the 1574 bp cDNA. The ES cell Northern blot shown in Fig.
33 was re-stripped and probed with the 1574 cDNA probe. The 1574 bp cDNA
clone only contains cDNA sequences downstream of the En-2 splice junction
at the site of gene trap insertion. These sequences were not present in the
LacZ fusion transcript. Nonetheless, as with the blot probed with the 735 bp
cDNA, the endogenous 7 kb, 4.6 kb (arrow), 3kb and 1.7 kb (arrowhead)
transcripts, were detected in the control ES cells and the GT9.6 ES cell clone.
Similarily, the intensity of the 7 kb message was reduced to half of that
observed in the control ES cell sample. Furthermore, the 1.7 kb transcript
hybridized intensely with the 1574 bp cDNA probe. In addition to the four
endogenous messages, the 1574 bp cDNA probe also hybridized to a transcript
of approximately 800 bp (long arrow). The 1.7 kb and the 800 bp transcripts
appeared to be expressed at equal levels in normal ES cells and in the GT9.6
ES cell clones. The H5526 ribosomal protein RNA hybridizing to a 513 bp
Hind IIT - EcoR I fragment derived from the human HSS26 ¢cDNA provided

an internal control for the amount of RNA loaded (bottom strip).
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messages appear to be constant (Figure 39). The extra bands seen higher than
the 7 kb message may be due to the low stringency conditions as evidenced by
the higher background hybridization on the blot.

Given the high abundance of the 7 kb transcript in the nervous system
compared to the other messages, I attempted to further investigate the
differential expression pattern of the endogenous transcripts during neuronal
differentiation, Northern blot analysis was performed on total RNA isolated
from P19 cells and from cells at different stages of P19 cell differentiation
induced by retinoic acid treatment with the 1574 bp cDNA probe. As for the ES
cell samples, the 3 kb transcript was more abundant than the 7 kb message in
undifferentiated P19 cells. However, upon retinoic acid treatment when P19
cells are induced to differentiate into neuronal phenotype, the relative level
of the 7 kb transcript in comparison to the 3 kb transcript was increased. This
unique pattern of differential expression of the two transcripts during
neuronal differentiation was first observed at day 1, and then day 2, day 5 and
up to ten days following retinoic acid treatment. The RAC65 cell line, a
mutant embryonic carcinoma cell line that does not undergo neuronal
differentiation upon retinoic acid treatment (Campione-Piccardo et al., 1985;
Pratt et al., 1990), did not show any significant changes in the level of
expression of the 7 kb transcript relative to that of the 3 kb transcript
following retinoic acid treatment. The absolute and relative ratios of RNA
levels of P19 and RAC65 cell lines were quantitated by densitometry (data not
shown). Interestingly, a unique 1 kb message present was detected in all the
samples obtained from the P19 cells. This transcript may have been obscured
by the intense hybridization signal of the 1.7 kb message seen in the ES cell
northern blot (Figure 38). Thus, the abundance of the 7 kb and 3 kb

transcripts as well
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their relative levels appear to change during neuronal differentiation of P19

cells and vary in different tissues of the mature mouse.

3.9.7 Single site insertion of the gene trap construct in the GT9.6 ES cell
genome

To exclude the possibility that the B-galactosidase expression pattern
seen in the GT9.6 ES cell derived chimeras could be due to the expression of
multiple insertions of the gene trap construct in the genome of the GT9.6 ES
cell clone, Southern blot analysis was performed on DNA isolated from ES
cells and the GT9.6 clone. High molecular weight DNA was digested with
Kpn I and the DNA blot was hybridized with the LacZ gene probe. Only one
fragment of 6 kb was identified in the GT9.6 clone whereas no signal was
detected in the control CCE ES cells (Figure 41). Since the pGT4.5 gene trap
construct does not contain an internal Kpn I site, the integration of the gene
trap construct in the GT9.6 clone must therefore have been a single insertion
event and the expression of the -galactosidase protein observed in the GT 9.6

chimeras reflects the expression pattern of one trapped gene.

3.9.8 Conservation of trapped gene sequences in different species

A search for conservation of the trapped endogenous gene sequences
among different species in the animal kingdom was carried out by Southern
blot analysis. Genomic DNA were isolated from human, mouse, rat,
zebrafish, snake, quail, Drosophila, C. elegans and yeast. Genomic DNA of
human, mouse and Drosophila were restriction digested with both Kpn I and
EcoR I, whereas genomic DNA of rat, zebrafish, snake and quail were
restriction digested with EcoR I, and that of C. elegans and yeast with Kpn 1.

The enzyme digested genomic DNA from different species were blotted and
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appear to change during neuronal differentiation of P19 cells and vary in

different tissues of the mature mouse.

3.9.7 Single site insertion of the gene trap construct in the GT9.6 ES cell
genome

To exclude the possibility that the B-galactosidase expression pattern
seen in the GT9.6 ES cell derived chimeras could be due to the expression of
multiple insertions of the gene trap construct in the genome of the GT9.6 ES
cell clone, Southern blot analysis was performed on DNA isolated from ES
cells and the GT9.6 clone. High molecular weight DNA was digested with
Kpn I and the DNA blot was hybridized with the LacZ gene probe. Only one
fragment of 6 kb was identified in the GT9.6 clone whereas no signal was
detected in the control CCE ES cells (Figure 41). Since the pGT4.5 gene trap
construct does not contain an internal Kpn I site, the integration of the gene
trap construct in the GT9.6 clone must therefore have been a single insertion
event and the expression of the B-galactosidase protein observed in the GT 9.6

chimeras reflects the expression pattern of one trapped gene.

3.9.8 Conservation of trapped gene sequences in different species

A search for conservation of the trapped endogendus gene sequences
among different species in the animal kingdom was carried out using a
zooblot. Genomic DNA were isolated from human, mouse, rat, zebrafish,
snake, quail, Drosophila, C. elegans and yeast. Genomic DNA of human,
mouse and Drosophila were restriction digested with both Kpn I and EcoR I,
whereas genomic DNA of rat, zebrafish, snake and quial were restriction
digested with EcoR I, and that of C. elegans and yeast with Kpn I. The enzyme

digested genomic DNA from different species were Southern blotted and
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Figure 40. Northern blot analysis of total RNA isolated from undifferentiated

P19 cells and from P19 cells at different stages of differentiation induced by .
retinoic acid treatment. The 1574 bp cDNA was used as a probe. As observed
for the ES cell samples, the 3 kb transcript was more abundant than the 7 kb
message in undifferentiated P19 cells (Day 0). One, two, five and ten days
following retinoic acid treatment when P19 cells are induced to differentiate
into neurons, the relative level of the 7 kb transcript was increased compared
with the level of the 3 kb transcript. The RAC65 cell line, a mutant embryonic
carcinoma cell line that does not undergo neuronal differentiation upon
retinoic acid treatment, did not show any significant changes in the relative
level of the 7 kb transcript versus that of the 3 kb transcript following retinoic
acid treatment. The absolute and relative ratios of RNA levels of P19 and
RAC65 cell lines were quantitated by densitometry (data not shown). In
addition, a new 1 kb message (arrow) was detected in all the P19 cell samples.
This transcript may have been obscured by the intense hybridization signal of
the 1.7 kb message seen in the ES cell northern blot probed with the 1574 bp
cDNA probe (Figure 38).
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Figure 41. Southern blot of DNA isolated from ES cells and the GT9.6 clone
probed with the LacZ gene. High molecular weight DNA was digested with
Kpn L. A single band of approximately 6 kb was identified in the GT9.6 clone

whereas no signal was detected in the control CCE ES cells.
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probed with the 1574 bp cDNA probe. Two or more hybridized bands were
detected from human, rat and mouse DNA, whereas no detectable signal was
observed when DNA from zebrafish, snake, fruitfly, bird, nematode and yeast
was hybridized under the stringent condition (0.5XSSC) provided in this
experiment (Figure 42). Thus, the endogenous gene identified by gene trap in
mouse ES cells appears to contain homologous sequence motifs that exist in
other mammalian species, including human and rat. Similar sequence
homologies do not seem to exist in organisms such as zebrafish, snake,

fruitfly, bird, nematode and yeast.

3.9.9 Chromosomal localization of mbrg-1

To determine the chromosomal location of the mbrg-1 gene,
flourescent in situ hybridization (FISH) was performed in collaboration with
Drs. X. Zhang and Dr. P. Eydoux at Montreal Children's Hospital using the
1574 bp ¢cDNA clone as a probe. The mouse mbrg-1 gene was found to be
localized on mouse chromosome 2q and its human counterpart on human

chromosome 20gq.
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Figure 42. Southern blot of genomic DNA isolated from human, mouse, rat,
zebrafish, python, quail, Drosophila, C.elegants and yeast probed with the 1574
bp ¢cDNA. The human, mouse and Drosophila genomic DNA were digested
with either Kpn 1 or EcoR 1. The zebrafish, python, quail genomic DNA were
digested with EcoR I only, and the C.elegants and yeast genomic DNA were
digested with Kpn I only. While one or more bands were detected from the
human (arrow in Kpn I digested DNA blot), mouse and rat genome, no
detectable signal was observed in the genomic DNA from the rest of the non-
mammalian species. The blot was washed in 0.5 X SSC, 0.1% SDS at 65°C for

15 minutes.
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Figure 43 Chromosomal localization of mborg-1. (A) Mouse metaphase
chromosome spread hybridized with the 1574 bp cDNA probe using FISH. (B)
Human metaphase chromosome spread hybridized with the 1574 bp ¢cDNA
probe using FISH. Strong signals on mouse chromosome 2q (A) and human

chromosome 20q (B) were detected.
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Discussion

4.1 Gene trapping as a means of mammalian gene identification

Gene trapping strategy was used in this investigation to screen for
genes that, on the basis of their expression pattern, play important roles
during mammalian nervous system development. The availability of the ES
cell-chimera-transgenic system provides a unique advantage that allows large
scale screening for mammalian gene trap events in vitro and subsequent
determination of the temporal and spatiai pattern of expression of the trapped
genes in vivo. Thus, in contrast to the genetic screening performed in
Drosophila, where selections are based on mutational phenotypes, gene
trapping offers a screening procedure that identifies genes according to their
expression pattern. This method allows genes with interesting tissue specific
developmental expression patterns to be selected at will for further molecular
characterization. In this investigation, this gene trapping strategy was applied
with the purpose of identifying new genes that may play significant roles in
the development of the nervous system.

Several limitations exist in using this approach for mammalian gene
identification. Gene trapping is a random approach, and the selection of
trapped ES cell clones requires chimera analysis. Massive screening for
interesting expression patterns in chimeras can be tedious and labor
intensive. Selection of gene trapped ES cell clones in this study is limited to
those that express the gene trap construct (blue clones). As a consequence,
only genes that are expressed during early embryogenesis at the blastocyst
stage were investigated. Genes expressed at later embryonic stages would not
be included in this study. Screening for these LacZ negative ES cell clones

(white clones) for their activated expression pattern in the developing
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transcript to form the fusion transcript, whereas other alternatively spliced
RNA isoforms remain intact (Figure 36, 38). Thus, there are no apparent
changes in the overall pattern of the alternative splicing due to the gene trap
event. The 7 kb transcript is expressed in a neuron specific fashion (Figure 39),
and its level is significantly upregulated following neuronal differentiation
(Figure 40) whereas other RNA isoforms are expressed ubiquitously. Thus,
there appears to be a unique splicing mechanism shared by all neurons in
producing the 7 kb transcript, suggesting an important role played by the 7 kb
transcript in neuronal function.

Regional or cell type specific variation (Laurie and Seeburg, 1994; Smith
and O'Dowd, 1994; O'Connor et al., 1994) and developmental heterogeneity
(Laurie and Seeburg, 1994) of alternative spliced RNA isoforms have been
observed in the nervous system. In this investigation, the 7 kb transcript
(Figures 37, 38), and the protein it encodes (Figure 9-15), are highly abundant
in neurons. This regulated pattern of neuron-specific expression suggests that
it may play an important role in formation, maintenance or gene regulation

in neuronal nuclei.

4.5 Bromodomain in transcriptional activation

Thé 1574 bp cDNA clone corresponding to the 1.7 kb endogenous RNA
has been found to encode a putative protein containing a bromodomain. This
is a partial cDNA clone since it does not contain a polyadenylation signal and
a polyA tail, nor does it have an unambiguous 5' end of the coding sequence.
The cDNA clone (1574 bp) is about 130 bp short of the entire sequence of the
endogenous transcript (1.7 kb). The close resemblance of the sequence
surrounding the third methionine residue to the Kozak consensus indicates

that this methionine may be used as the translation start codon of the
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putative protein. The putative protein should then be composed of 304
amino acids, instead of 349 amino acids were the first methionine used as the
translation start site. Evidently, the definitive proof for the translation
initiation site requires the cloning of the 5' sequence upstream of the first
methionine, with the identification of an in-frame upstream stop codon
preceding the starting methionine.

The bromodomain has been implicated in transcriptional activation.
Proteins containing the bromodomain seem to fall into two categories. The
first class of these proteins contains ATPase and helicase motifs, in addition to
the downstream bromodomain(s). The second class of the bromodomain
containing genes consists of only the bromodomain. The prototype of this
class of proteins is the human CCG1 protein, which was found to be the 250k
subunit of the transcription factor IID (TFIID) complex (Rupport et al., 1993).
This subunit is a potential binding site for activators, and is essential in
inducing activator-dependent transcription (Hisatake et al., 1993). In addition
to the bromodomain, the CCG1 protein also contains four potential
phosphorylation sites for casein kinase II, two for cAMP-dependent protein
kinase and four for Cat*+*-calmodulin-dependent protein kinase. The putative
protein encoded by the 1574 bp cDNA appears to bear some resemblance to the
human CCG1 protein. It also contains only a bromodomain without the
ATPase and helicase motifs. In addition, the putative protein sequence
contains consensus sequences for one cAMP and ¢cGMP-dependent protein
kinase, four protein kinase C and four casein kinase II phosphorylation sites.
Despite some structural similarity, however, the CCG1 protein (1872 aa)
(Sekiguchi et al., 1991) is about six times the size of the protein encoded by the
1574 cDNA (best estimate is 349 aa). Moreover, CCG1 is a nuclear protein

which contains a sequence similar to the putative DNA-binding domain of
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sequences in mammalian species such as rat and human (Figure 42). Thus,
the sequence contained in the 1.7 kb transcript is only conserved among
mammals. One simple explanation is that the bromodomain conservation
occurs at the protein level with amino acid sequence homologies ranging
from 20% to 80%. The level of difference in nucleotide sequences encoding
these divergent amino acids is so large that there are not enough homologous
DNA sequences to be detected by nucleic acid hybridization. It is thus possible
that the degenerate DNA sequences encoding the bromodomains are more
closely related among mammals than other species. One interesting question
needed to be addressed is whether cDNA sequences derived from the other
RNA isofoms have homologous sequences present in species other than
mammals.

Transcription factors encoded by the same locus but with different
pattern of evolutionary conservation have been reported (Albagli et al., 1994).
The chicken c-ets-1 locus encodes two transcription factors that differ in their
N-termini. One of the transcription factors, p54c-ets-1, is widely conserved in
vertebrates ranging from amphibians to mammals, whereas the other, p68c-
ets-1 is only found in birds and reptiles. Thus, the I54 and afj exons that
respectively encoded the two transcription factors apparently were subjected
to different degrees of evolutionary conservation. Similarly, it is possible that
different exons encoding the various alternatively spliced transcripts of the
trapped gene locus adopt different patterns of cross species conservation.
Sequences in other RNA isoforms may be conserved in species that are
distinct from the 1.7 kb RNA. The differential use, either gain or loss, of exons
encoding different protein isoforms by the same gene locus during evolution
may greatly facilitate our understanding of the evolutionary importance of

various transcriptionally functional domains.
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progeny of a cortical progenitor different from the precursors of the labeled
cells within the same radial column (Figure 17). Tangential migration could
account for the opposite colored cells seen in the radial columns in chimeras
with predominant ES cell contribution. Alternatively, a single progenitor cell
in the VZ may divide asymmetrically, with one daughter cell migrating
radially, and the other dispersing horizontally in the VZ for a limited distance
before moving out of the VZ. (Fishell et al., 1993). These daughter cells may
still follow a radial migrating path, but they differ from their siblings in the
onset of migration because of asymmetrical division, and in the initial
location of migration because of horizontal movements within the VZ. These
cells could presumably account for the opposite colored cells seen within the
radial columns, and even those retroviral labeled cells thought to be
dispersing tangentially (Walsh and Cepko, 1993). The individually separated
radial columns seen in the GT9.6 chimeras with low ES cell contributions
evidently contradict this theory. Due to asymmetrical division and horizontal
cell migration within the VZ, radial columns would have always been
accompanied by labeled cells present in the neighbouring regions of unlabeled
cells, as were observed in the GT9.6 chimeras with dominant ES cell
contributions. Thus, these results support the notion that there are two
patterns of cell migration during cortical genesis. While tangential dispersion
has been elegantly identified by the retroviral labeling experiments (Walsh
and Cepko, 1992, 1993), implicated in the studies of X-inactivation of
transgenes (Tan and Breen, 1993; Tan et al., 1995), and further supported by
the chimera analysis conducted in this investigation, there is also a
indisputable pattern of radial migration during cortical genesis, which was
clearly shown by the individually separated radial columns in the developing

cortex of the GT9.6 chimeras. Since the width of the radial stripes vary
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randomly within a chimera, it is unlikely that these blue stripes in the cortex
represent an endogenous pattern of expression of the trapped gene in the
GT9.6 ES cell clone.

Cell distribution during the development of the spinal cord, like that of
the cerebral cortex, is an issue of controversy. The GT 9.6 chimeras in this
investigation have demonstrated that the cell mixing during early spinal cord
development is not at all random. Clonally related cells are distributed in a
spatially restricted fashion. There is a great deal of variation in cell
distribution in left versus right side of the spinal cord. This pattern of
asymmetrical clonal cell distribution could be clearly seen on the cross section
of the spinal cord (Figure 11), but more evidently, from the longitudinal view
of the whole mount chimeric spinal cord (Figure 18 and 20). Clear clonal
compartments and boundaries are indicated by labeled cell patches. The
coherent patches of clonally related cells along the longitudinal axis are most
striking in E12.5 chimeric spinal cord (Figure 20). Each fine segment may
represent clonal progeny of a single progenitor with a restricted rostral-caudal
distribution. Limited longitudinal expansion of the clonally related spinal
neurons has been shown in the developing chick spinal cord by retroviral
labeling of spinal neurons precursors (Leber et al., 1990; Leber and Sanes,
1995). Thus, in contrast to the aggregation chimera experiments in which the
two spinal cord cell populations were thought to mix extensively, which
suggest a lack of clonal barriers during the development of the spinal cord
(Musci and Mullen, 1992), this investigation has revealed a spatially restricted
pattern of organization during the development of the spinal cord. In early
neurogenesis, cell mixing and distribution are not random, but rather follow
a pattern of clonal segregation within coherent clonal patches in all three

dimensions. Cells that contribute to the left half of the spinal cord do not mix
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with the cells that give rise to the right half of the spinal cord and vice versa.
There is also apparent dorsal-ventral patches that suggest a clonal segregation
in that direction. Most strikingly, there is a segmented pattern of generation
of the spinal cord along the longitudinal axis. The dorsal root ganglia (DRG)
corresponding to each labeled segment was labeled approximately to the same
extent in the E12.5 chimeras, suggesting that the neural crest cells that give
rise to the DRG neurons are derived from the neural tube in the
corresponding segment in the spinal cord, and are representative of the
genotype proportion in the remainder of the neural tube. The longitudinal
cohort cell patches in the spinal cord were found to be bigger in the mature
chimera than in E12.5 chimeras . This could be due to the expansion of
labeled segments during the rostral-caudal extension of the spinal cord.

The difference in early spinal cord cell mixing observed between the
chimera studies of Musci and Mullen (1992) and that conducted in this
investigation may be due to different mouse strains used. One could also
argue that the GT9.6 ES cell clone used to construct chimeras in this study
may not be entirely normal. Nonetheless, ES cells have been shown to mix
extensively with the inner cell mass (ICM) of the injected blastocysts
(Robertson, 1986). The developmental potential of the GT9.6 clone could be
complemented by the normal ICM of the recipient blastocysts. Normal early
cell mixing has also been reported for various mouse mutant aggregation
chimeras, despite the mutant abnormality of one chimeric component (Musci
and Mullen, 1990; Goldowitz, 1989). Short of any identifiable mutant
phenotype of the GT9.6 ES cell clone, the pattern of cell distribution in the
GT9.6 chimeras may not be grossly altered.

The neuron-specific expression of the fusion transcript was based on

the morphological identification in histochemical and immunocytochemical
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analysis. Therefore, it can not be ruled out definitively that some other cell
types may express the fusion protein. Formal proof that the labeled cell types
are all neurons would require a double labeling with the B-galactosidase

antibody and cell-type-specific markers.

4.8 Summary and future directions

In summary, using the gene trap strategy in ES cells and chimera
transgenesis, I have identified a novel mouse gene that encodes multiple
alternatively spliced transcripts. One of the RNA isoform that corresponds to
the 1574 kb cDNA, possibly the 1.7 kb message, was characterized and found to
encode a putative protein with a bromodomain, a feature of proteins
implicated in transcriptional regulation. While the bromodomain is
conserved in proteins of many species, the novel gene identified in this study
appears to be restricted to mammals. Thus, this gene may play a role in the
mechanism of transcriptional regulation shared only by mammals. The
major transcript (7 kb) encoded by the trapped gene locus was disrupted and
the interrupted message created a fusion transcript with the inserted gene trap
sequence. The formation of other RNA isoforms, however, was not
apparently altered by the gene trap event. The fusion transcript encodes a
fusion protein that is localized in neuronal nuclei. The endogenous 7 kb
transcript that contributes to the fusion transcript is highly abundant in
neural tissues, and is developmentally upregulated following embryonic cell
differentiation to the neuronal lineage. The nuclear localization of the
protein encoded by the 7 kb transcript, along with the fact that one of the
RNA isoforms, possibly the 1.7kb transcript, encodes a bromodomain
containing protein, is consistent with the notion that the novel gene

identified in this study may encode a family of functionally related
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components of mammalian transcriptional complexes. While proteins
encoded by the minor transcripts may play important roles in ubiquitous
mammalian transcriptional regulation, the major transcript (7 kb) encodes a
protein that may be involved in transcriptional activation shared only by
neurons. It is also conceivable that while the 1.7 kb RNA isoform encodes a
bromodomain containing protein, other transcripts, including the neuron-
specific 7 kb major transcript, may encode domains such as the ATPase and
helicase motifs that are involved in transcriptional activation.

Complete understanding of the structure and the function of the
endogenous gene requires that cDNAs corresponding to the different
alternatively spliced isoforms be characterized. To this end, the 119 bp RACE
derived DNA, the 735 bp and 1574 bp cDNA clones can be used as probes to
screen mouse cDNA libraries. Since the 7 kb message is highly abundant in
neural tissues, whereas the minor transcripts are more prominent in ES cell
and at embryonic stage, mouse brain cDNA libraries and ES cell or embryonic
cDNA libraries should be used in the cDNA cloning. This would increase the
opportunity to obtain full cDNA clones that correspond to the 7 kb major
transcript and the other RNA isoforms, respectively. Moreover, the
endogenous pattern of tissue-specific and developmentally regulated
expression of different transcripts could be determined by in situ
hybridization using ¢DNA probes characteristic for each transcript.
Identification of the endogenous expression pattern of different transcripts
would not only provide clues to their developmental function, but also offers
ultimate proof of the pan-neuronal expression of the 7 kb RNA.

The failure of germline transmission of the GT9.6 chimeras has
precluded the analysis of insertional mutation in transgenic mice. However,

functional investigation of the identified gene can be achieved by a gene
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targeting approach. Different domains of interest, such as the bromodomain,
can be selectively knocked out in an attempt to determine their respective
functions. A prerequisite for the knock out experiments is the genomic
cloning and characterization of the gene locus. Given the availability of the
cDNA probes and various mouse genomic libraries, especially the ES cell
genomic library derived from the 129 inbred strain that is genotypically
identical to the genetic background of the CCE ES cell used in this study,
cloning the entire endogenous locus identified in this investigation does not
seem to be a formidable task.

In collaboration with Drs. X. Zhang, and P. Eydoux, the novel mouse
gene has been localized on mouse chromosome 2q, and its human
counterpart on human chromosome 20q. The availability of the chromosome
specific mouse and human genomic DNA libraries will greatly facilitate the
genomic cloning. The potential transcriptional activation function exerted by
proteins encoded by the trapped gene could be tested in vitro once the cDNA
corresponding to each endogenous message has been fully characterized.
Since the bromodomain has been shown to potentiate transcriptional
activation of a number of nuclear receptors (Muchardt and Yaniv, 1993; Singh
et al., 1995), similar test could be performed on the in vitro translated proteins
of the endogenous gene. In addition, footprinting and gel retardation
experiments could be carried out to identify the potential downstream targets
of the proteins. A number of potential kinase phosphorylation sites have
been identified along with the bromodomain in the protein encoded by the
1.7 kb RNA. It would be interesting to see whether the phosphorylation status
of the in vitro translated protein regulates its transcriptional activation
function. It could be achieved by modifying the phosphorylation status of the

in vitro translated protein and analyzing the effects of altered
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phosphorylation of the proteins on their capacity to interact with other
proteins or DNA.

Chimeras contain the GT9.6 ES cell clone, and therefore a convenient
pan-neuronal marker. They were utilized in this investigation to analyze the
pattern of neurogenesis in the mouse cerebral cortex and the spinal cord. This
study further demonstrated the spatially restricted pattern of cell mixing and
migration may be a common mechanism of cortical and spinal cord genesis.
A component of radial migration pattern during corticalgenesis was
demonstrated without obvious "contamination” by the mode of tangential
dispersion. These radial stripes may represent pathways that the clonally
related neurons within a compartment follow during their migration.
Moreover, a highly spatially regulated pattern of generation was
demonstrated during spinal cord genesis. It was demonstrated that during
early spinal cord development, cells do not mix randomly and extensively
with each other. Clonal progeny of a common progenitor tend to stay together
as cohort patches on all three dimensions. The neural crest cells that give rise
to the DRG seem to be most representative of their clonal origin in the neural
tube. The DRGs and their closely associated spinal cord segments were labeled
approximately to the same degree. Evidently, the GT9.6 chimeras could be
used to analyze the developmental pattern of other parts of the nervous
system, notably the cerebellum and the retina.

In conclusion, the gene trap strategy has provided a powerful screening
method to identify genes that may play important roles during mouse
development. Combined with the ES-chimera-transgenic technology, it offers
an alternative but effective approach to uncover mammalian

developmentally important genes. Chimeras produced during the application
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G of this method may offer an extremely useful means to study developmental

pattern formation during organogenesis.
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Contribution to original knowledge

In the study conducted in this thesis, I have identified a novel
mammalian gene by gene trapping in mouse embryonic stem cells and
chimera transgenesis. The newly discovered gene shared the following
features in its molecular structure and expression pattern, and is believed to
play a role in transcriptional regulation of mammalian nervous system:

1) It encodes multiple transcripts generated by alternative pre-mRNA
splicing.

2) The different RNA isoforms are differentially expressed during
embryogenesis and neurogenesis, with one major transcript exhibiting
neuron-specific expression in the developing and mature nervous system.

3) The neuron-specific expression of the major transcript suggests the
existence of pan-neuronal splicing machinery with unique properties, and the
presence of neural specific components involved in transcriptional
regulation.

4) The protein encoded by the major transcript is localized in neuronal
nuclei, providing a useful pan-neuronal nuclear marker, and is consistent
with a role it may play in transcriptional regulation.

5) One of the minor transcripts characterized in this investigation
encodes a bromodomain containing protein. This putative protein thus
shared the characteristics of many transcription regulators involved in
transcriptional activation.

6) The novel mouse gene identified in this study is conserved among
mammals, but has not been revealed in other organisms. The gene locus has
been localized on mouse chromosome 2q and human syntenic chromosome

20q. No previously identified genes on the syntenic chromosome locations
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share any known structural features nor expression patterns consistent with
the newly identified mouse gene.

7) Analyses of chimeras constructed by the gene trapped ES cell clone
revealed a spatially restricted pattern of neurogenesis during the
development of the cerebral cortex and the spinal cord. Some of these patterns
were predicted by previous investigations, but others suggest novel patterns
of cell mixing and cell migration during the development of the central

nervous system.
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