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Abstract

A small fraction of mammalian genes exhibit parent-of-origin specific monoallelic
expression. They are expressed from only one allele and this is determined by
modifications established in the germline. Approximately 100 imprinted genes
have been identified to date. Most imprinted genes are located in discrete
clusters and are controlled by shared regulatory elements. Imprinted genes play
important roles in regulating embryonic and placental development, with overt
growth phenotypes resulting both from loss of expression and from over-
expression of imprinted genes.

The maternally expressed Phlda2 gene has been implicated in placental
development. Loss of expression leads to placentomegaly as a consequence of
the disproportionate expansion of the spongiotrophoblast layer. In this study, the
consequences of over-expressing Philda2 and the adjacent S/c22a18 were
investigated in four independent lines of transgenic mice driving incrementally
increasing doses of the two genes and on two genetic backgrounds. In all cases,
transgenic placentae were significantly lighter throughout gestation, which was
entirely due to a reduction in the spongiotrophoblast layer. There was also a
reduction in glycogen staining and a progressive mislocalisation of cells from the
spongiotrophoblast layer. These phenotypes were essentially restored by
restored by normalising Phida2 gene dosage in a single copy line.

In addition, transgenic embryos were significantly lighter than wild type
littermates from E16.5 onwards and were born 13% lighter. These embryos were
asymmetrically growth restricted and displayed rapid post-natal catch up growth
within two weeks of birth. Adult transgenic females that had undergone
embryonic growth restriction also displayed increased adiposity and reduced
glucose tolerance at one year of age. These data suggest that altered expression
of Phlda2 and possibly Sic22a18 drive IUGR and program adult disease
susceptibility. Recent human studies have found an association between
elevated placental PHLDAZ2 and low birth weight or IUGR infants. This mouse
model may thus provide a genetic tool that recapitulates a known human
condition for further investigation of the fetal programming of metabolic

syndrome.
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Chapter 1:

General Introduction



1.1 Gene expression and genomic imprinting

Diploid animals possess two homologous copies of each autosomal
chromosome, inheriting an entire haploid set from each parent at fertilisation.
Autosomal genes are thus represented by two alleles, which can both be
transcriptionally active for most genes (reviewed in Watanabe and Barlow 1996).
Such biallelic expression from a diploid genome is proposed to be advantageous
by protecting against the potential consequences of genetic mutations (Orr 1995;
Otto and Goldstein 1992). Haploid organisms possess a single copy of each
gene, with mutations potentially resulting in the complete loss of functional gene
product. In a diploid organism, the same mutation will generally result in only a
reduction in the amount of functional gene product, with the homologous allele
remaining functional.

Despite the benefit of possessing two actively expressed alleles for each
gene, several types of mammalian genes are expressed from only one allele,
with the other allele rendered inactive (reviewed in Goldmit and Bergman 2004).
Such monoallelically-expressed genes can be classified according to the
mechanisms involved in their regulation. The most extensively studied of these is
X-inactivation, which results in the random inactivation of an entire X-
chromosome in somatic cells of females (reviewed in Avner and Heard 2001,
Lyon 1961). This dosage compensation ensures that the expression level of X-
linked genes is comparable between males and females, which possess only one
X chromosome. Another mechanism that results in monoallelic expression is
termed “random allelic exclusion”. This method is important for ensuring the
expression of a single cell surface receptor molecule in B-lymphocytes. Allelic
exclusion has also been observed in the regulation of odorant receptor
expression in olfactory neurones for a similar reason (Chess et al. 1994,
Corcoran 2005; Efstratiadis 1995; Mostoslavsky et al. 2004). A third mechanism
associated with monoallelic gene expression is “genomic imprinting”. This
describes the expression of imprinted genes in a parent-of-origin specific manner
(see Fig 1.1) (Surani et al. 1984). The activity of a particular imprinted gene is
always inherited through the same germline. For example, the gene encoding
insulin-like growth factor 2 (/gf2) is expressed from the paternally inherited allele
in both mice and humans (DeChiara et al. 1991).



Imprinted genes are often defined as genes that exhibit parent-of-origin
specific, monoallelic expression (Ferguson-Smith and Surani 2001; Mochizuki et
al. 1996; Pfeifer 2000; Reik and Walter 2001b). However, some imprinted genes
do not exhibit the strict monoallelic expression pattern suggested by this
definition, and instead display preferential allelic expression (Schulz et al. 2006).
A recent review of the literature concluded that of 27 maternally expressed
imprinted genes, 21 displayed preferential expression of the maternal allele,
whereas 18 of 23 paternally expressed genes exhibit strict monoallelic
expression (Khatib 2007). Furthermore, some imprinted genes are expressed
monoallelically in all cell types, whereas others exhibit monoallelic expression in
only a subset of tissues. For instance, the gene encoding the mouse insulin-like
growth factor 2 receptor (/gf2r) exhibits monoallelic expression in peripheral
tissues, such as liver and kidney, but is expressed biallelically in the central
nervous system (CNS) (Hu et al. 1998). Thus an imprinted gene is more
accurately defined as a gene that exhibits differential expression of parental
alleles in one or more tissues (Moore 2001).

Monoallelic expression of imprinted genes eliminates the protection
afforded by the presence of two active alleles. Deletions affecting the active allele
of an imprinted gene are often associated with human disease. The human
neurological disorders Prader-Willi syndrome (PWS) and Angelman syndrome
(AS) are characterised by distinct clinical symptoms, but are both associated with
deletion of the chromosomal region 15q11-13. This region contains several
imprinted genes, including the paternally expressed SNRPN and NDN and the
maternally expressed UBE3A (reviewed in Glenn et al. 1997). Paternal
inheritance of the q11-13 deletion can cause PWS implicating loss of SNRPN
and NDN in PWS (Jay et al. 1997; Ozcelik et al. 1992). Inheriting the deletion on
the maternally inherited chromosome is causative of AS implicating loss of
UBE3A expression in AS (Kishino et al. 1997; Knoll et al. 1989; Nicholls et al.
1989). Loss of imprinting (LOI) is also associated with human disease, and is
particularly prevalent in various cancers (reviewed in Falls et al. 1999; Jelinic and
Shaw 2007; Lalande 1997; and Rainier et al. 1993).
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Figure 1.1: Inheritance and expression of biallelic and imprinted genes

Imprinted genes are inherited in accordance with the rules of Mendelian
genetics, with one allele inherited from each parent. Expression of imprinted
genes however does not conform to the rules of Mendelian genetics, with
one parental allele exhibiting preferential expression over the other.
Expression of most autosomal genes is biallelic; both alleles are transcribed
equally (green). Imprinted genes however, are expressed in a parent-of-
origin dependent manner, with preferential expression resulting from either
the paternal allele (blue) (e.g. /gf2) or the maternal allele (red) (e.g. Igf2r).



In contrast to X-inactivation in embryonic cells and allelic exclusion, in
which the repressed allele is randomly selected, imprinting is a parent-of-origin
specific process, with the actively expressed allele expressed from only the
maternal or paternal chromosome. This method of gene regulation requires an
“imprint”, by which the parental origin of each allele is identified. The differential
methylation of a transgene arising from passage through the paternal and
maternal germline in mice suggested a role for DNA methylation in the imprinting
process (Hadchouel et al. 1987; Reik et al. 1987; Sapienza et al. 1987; Swain et
al. 1987). This role was subsequently confirmed in mice deficient for DNA
methyltransferase, which exhibit LOI of several genes due to a lack of CpG
dinucleotide methylation (Hata et al. 2002; Kaneda et al. 2004; Li et al. 1993,;
Okano et al. 1999).

Imprinted loci acquire methylation on passage through either the maternal
or paternal germline, generating differentially methylated regions (DMRs), which
are now a recognised characteristic of imprinted genes (Constancia et al. 1998;
Mann 2001; Smith et al. 2003). The maternal genome acquires the majority of
imprinting-associated methylation, although this does not necessarily correspond
with gene repression (Delaval and Feil 2004, Reik and Walter 2001a, b). The
methylation of imprinted genes acts to mark the parental alleles in the germline
(Surani 1998). The “interpretation” of this imprint is performed by more complex
mechanisms, which include histone modifications and additional DNA methylation
that ensures differential allelic expression (reviewed in Reik and Walter 2001b;
and Surani 1998).

The methylation imprint is established in the germline (Tucker et al. 1996),
the time at which the two parental genomes exist in isolation, enabling a
differential methylation pattern to be established. Methylated regions are
established by members of the Dnmt3 family of methyltransferases (Kato et al.
2007), including Dnmt3a (Kaneda et al. 2004), Dnmt3b (Okano et al. 1999) and
Dnmt3l (Hata et al. 2002). These methylation marks must be maintained through
successive cycles of cell division in somatic cells, and during the global
demethylation of the parental genomes following fertilisation. This imprint
maintenance is performed by the methyltransferase Dnmt1 (Branco et al. 2008; Li
et al. 1993), which specifically recognises and methylates the newly synthesised
strand during DNA replication (Bestor 2000; Branco et al. 2008; Hirasawa et al.



2008). Methylation of imprinted loci is erased in the germline and re-established
according to the individual’s sex, thus completing a cycle of establishment,
maintenance, erasure and re-establishment, as depicted in Fig 1.2 (reviewed in

Constancia et al. 1998; Reik et al. 2001; and Szabo and Mann 1995).
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Figure 1.2: Dynamic imprinting

Imprinted genes are identified by differential methylation of the two parental
alleles established in the germline. This pattern of methylation is maintained
in somatic cells by the DNA methyltransferase Dnmtl. In subsequent
generations, the imprint is erased in germline cells prior to re-establishment
of the appropriate methylation mark according to the sex of the individual. At
fertilisation, two haploid genomes with the appropriate methylation marks
combine to give a diploid genome, with the correct dosage of imprinted
genes. Blue = paternally active, red = maternally active, grey = inactive allele.



1.2 Parthenogenesis and genomic imprinting

Genomic imprinting was first identified in the early 1980s from investigations into
the failure of parthenogenesis (embryogenesis of an unfertilised oocyte) in mice
(Mann and Lovell-Badge 1984; McGrath and Solter 1984; Surani et al. 1984).
Parthenogenetic reproduction is common in invertebrates, occurs more rarely in
vertebrate species such as reptiles, birds and fish, yet has not been reported to
occur naturally in mammals (Chapman et al. 2007; Kaufman et al. 1977; Rougier
and Werb 2001; Watts et al. 2006). Mouse oocytes in which embryogenesis was
experimentally induced were not viable. These parthenogenetic embryos
generally died soon after implantation at embryonic day 4.5 (E4.5), although a
few developed to the 25-somite stage (~E10.5). Parthenogenetic embryos that
survived to these advanced developmental stages appeared growth restricted but
otherwise relatively normal, in contrast to extraembryonic development, which
was severely restricted and disorganised (Kaufman et al. 1977; Sturm et al. 1994;
Tarkowski et al. 1970).

The failure of parthenogenetic embryos to survive to term was initially
suggested to be due to either the absence of a cytoplasmic contribution from
sperm or a consequence of homozygosity of recessive lethal mutations resulting
in the uniparental genome (Graham 1974). The need for a cytoplasmic
contribution from sperm was excluded following the generation of viable embryos
from normal genetic material transplanted into enucleated parthenogenetic eggs
(Mann and Lovell-Badge 1984; Surani et al. 1984). Furthermore, Surani and
colleagues reported that haploid parthenogenetic eggs that receive a second
female pronucleus fail to develop to term, whereas those that received a male
pronucleus were viable (Surani et al. 1984). The viability of a heterozygous bi-
parental genome compared with the developmental failure of a uniparental
heterozygous maternal genome led to the conclusion that the both parental
genomes are essential for embryonic development (Surani et al. 1984). Support
for this came from the observation that androgenetic conceptuses, consisting of
two paternal genomes, also fail to support normal embryogenesis (Barton et al.
1984; McGrath and Solter 1984)

Gynogenetic and parthenogenetic embryos exhibit a similar fate,

generating relatively normal, albeit growth restricted embryos that die soon after



implantation, with approximately 20% surviving until around E10.5. The
associated extraembryonic tissue is almost non-existent, and may be a
contributing factor to embryonic lethality. Androgenetic embryos exhibit a
contrasting phenotype with severe developmental retardation of the embryo and
death at around E8.5, with an abundance hyperplastic extraembryonic tissue
(Barton et al. 1984; Kaufman et al. 1977; McGrath and Solter 1984; Surani et al.
1986). Gynogenetic, parthenogenetic and androgenetic embryogenesis is
summarised in Table 1.1. The reciprocal phenotypes associated with
gynogenetic/parthenogenetic and androgenetic conceptuses suggested
complementary roles for the two parental genomes in the development of the
embryo and placenta. These non-equivalent functions of the parental genomes
were proposed to be the result of genomic imprinting, whereby specific genes are
expressed from only one parental genome (Surani et al. 1984). This theory was
confirmed by the findings that both /gf2 and Igf2r exhibit parental specific patterns
of expression in the mouse. The paternally expressed /gf2 gene encodes a
potent growth-promoting factor (DeChiara et al. 1990), whereas the maternally
expressed /gf2r gene encodes a receptor that binds and sequesters Igf2, thus
acting in a growth inhibitory role (Barlow et al. 1991). In uniparental embryos,
imprinted gene expression is disrupted such that some genes are expressed at
twice the normal level whereas others are not expressed at all. For example, in
androgenetic embryos, the paternally expressed /gf2 gene is expressed at two-
fold normal levels, whereas expression of the maternally expressed Igf2r is
completely ablated (Walsh et al. 1994).

The substantial extraembryonic tissue development in androgenetic
embryos suggested that genes required for placental development were
expressed only from the paternal genome, whereas those controlling stages of
embryonic development were expressed from the maternal genome (Barton et al.
1984). Later experiments using chimeric mice generated from a mixture of
parthenogenetic/gynogenetic and androgenetic cells revealed a striking pattern of
segregation of the two cell types, with trophoblast tissue tending to consist of
androgenetic cells and the embryo being formed largely from
parthenogenetic/gynogenetic cells (Surani et al. 1987; Thomson and Solter
1988). Such chimeras still failed to survive to term indicating that there was an

incomplete complement of gene expression, and that some placental-specific



genes are maternally expressed and some embryo-specific genes are paternally
expressed.
Genomic Embryonic Placental
content development development
Two maternal
Growth retarded
Parthenogenetic genomes Poor
Death by -E10.5
(homozygous)
Two maternal
Growth retarded
Gynogenetic genomes Poor
Death by ~E10.5
(heterozygous)
Two paternal
Disorganised
Androgenetic genomes Hyperplastic

Death by ~E8.5
(heterozygous)

Table 1.1: Developmental phenotypes of parthenogenetic, gynogenetic and
androgenetic conceptuses

Development of the embryo is relatively normal, although delayed where two
maternal genomes are present; extraembryonic development is severely
disrupted. In androgenetic conceptuses, extraembryonic tissue develops
relatively normally, however embryonic development is severely affected.

The creation of a parthenogenetic mouse that survived to adulthood and
gave birth to viable offspring was recently reported. However, this was only
achieved following genetic manipulation to yield monoallelic expression of the
H19 domain (Kono et al. 2004; Kono et al. 2002). Correct dosage of the growth
factor Igf2 thus appears to be at least one critical factor for successful
embryogenesis. Furthermore, only two of nearly 400 such conceptuses that were
implanted survived, with one yielding viable offspring, indicating that expression
levels of other imprinted genes may also be a factor in determining embryonic
survival (Kono 2006; Kono et al. 2004). Normalised expression of several
imprinted genes independent of the H79 region was observed in these
parthenogenetic embryos. The authors postulate that corrected expression of the
maternally expressed Meg3 (DlIk2) and the paternally expressed DJk71 genes in
some parthenogenetic conceptuses may contribute to enhanced viability.
However, it remains unclear how expression of these unrelated genes is

normalised in such parthenogenetic conceptuses (Kono et al. 2004).



1.3 Imprinted gene clusters and their regulation

The reciprocal growth phenotypes of gynogenetic/parthenogenetic and
androgenetic embryos revealed that the two parental genomes perform
complementary roles during development potentially as a consequence of
parental imprinting of the genome (Surani et al. 1984). The initial nuclear
transplantation experiments however did not yield any indication as to the extent
or location of imprinting in the genome. Phenotypes observed in mice with
maternal or paternal duplication (MatDp or PatDp respectively) of specific
chromosomal regions, led to the identification of a number of imprinted regions in
mice. Conceptuses with MatDp or PatDp for chromosomal regions including 2, 6,
7, 11 and 17 resulted in embryonic and/or placental growth defects, indicating
parental imprinting of these regions (Cattanach and Beechey 1990). For instance,
MatDp of mouse distal chromosome 7 results in small placentae and growth
restricted embryos that die at ~E16.5 (Searle and Beechey 1990). PatDp of the
same region is associated with loss of the spongiotrophoblast layer from the
placenta and embryonic death at approximately E10.5 (McLaughlin et al. 1996;
Searle and Beechey 1990). In contrast, conceptuses with MatDp or PatDp of
chromosomes 1, 4, 5, 9, 13, 14 or 15 are phenotypically normal, suggesting the
absence of imprinting of these chromosomes (Cattanach and Kirk 1985).

The first imprinted genes to be described were discovered from the
phenotypic analysis of knockout mouse models. The growth deficiency
associated with paternal transmission of an /gf2 null allele was not observed
when this same allele was transmitted through the maternal germline (DeChiara
et al. 1990; DeChiara ef al. 1991). Likewise, the embryonic lethality associated
with maternal deletion of /Igf2r was not observed in embryos with a paternal
deletion of this gene (Barlow et al. 1991). Analysis of mouse uniparental disomy
(UPD) phenotypes led to the identification of 11 imprinted regions located on
seven chromosomes in the mouse (reviewed in Cattanach and Beechey 1997,
Cattanach and Kirk 1985). However, identification of imprinted genes in this
manner assumes that inheritance of both copies of an imprinted gene from one
parent will yield overt embryonic or placental defects. Further to the analysis of
UPD growth phenotypes, additional approaches have been undertaken to identify

imprinted genes within the genome (reviewed in Maeda and Hayashizaki 2006;
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Oakey and Beechey 2002; and Peters and Beechey 2004). One such approach
is to specifically search for DMRs, which are often associated with imprinted
regions (reviewed in Constancia et al. 1998). The paternally expressed genes
Nap1/5, Peg13 and Slc38a4 were identified utilising this technique (Smith et al.
2003). Another approach is to compare the expression profiles of PatDp and
MatDp tissue by “subtraction hybridisation”. The expression of a maternally
expressed gene would be two-fold wild type levels in MatDp and completely lost
in PatDp, whereas the opposite would be true for paternally expressed genes.
Biallelically expressed genes would show no change in expression levels.
Several imprinted genes have been identified in this way, including the paternally
expressed genes Peg1 and Peg5 and the maternally expressed Grb10 (Kagitani
et al. 1997; Kaneko-Ishino et al. 1995; Miyoshi et al. 1998). A similar approach
utilising microarray analysis of uniparental disomies identified imprinted
expression of Dhcr7, Th and Ampd3 in the mouse placenta (Schulz et al. 2006).

To date, imprinted genes have been identified on twelve different
chromosomes in the mouse, including chromosomes 9, 14 and 15, which did not
result in growth phenotypes when inherited from only one parent (Cattanach and
Kirk 1985). The position of imprinted genes identified through a variety of
approaches have been collated to generate an “imprinting map” of the mouse
genome, depicting the chromosomal location of all known imprinted genes (see
Fig 1.3) (Cattanach et al. 2004; Cattanach and Kirk 1985). A total of
approximately 100 imprinted genes have been identified to date, of which
approximately one quarter are non-coding RNA molecules (ncRNA) (Morison et
al. 2005; Peters and Beechey 2004). Estimates for the total number of imprinted
genes range from around 100 to over 600, with the most realistic expectations
generally considered to be at the lower end of this range (Barlow 1995; Luedi et
al. 2005; Morison et al. 2005; Wang et al. 2008).

The imprinting map revealed a tendency for imprinted genes to localise in
discrete clusters within the genome. Approximately 80% of imprinted genes are
physically linked in these “imprinted regions” or “imprinted domains” (Reik and
Walter 2001b), three of which are located on mouse chromosome 7 (see Fig 1.3).
The clustered organisation of imprinted genes suggested the co-ordinated control
of imprinted expression. Investigations using mouse models demonstrate that cis-

acting sequences known as imprinting control regions (ICRs) or imprinting
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centres (ICs) establish domain-wide allele-specific gene expression (Edwards
and Ferguson-Smith 2007; Lewis and Reik 2006; Spahn and Barlow 2003). ICs
acquire germline-specific DNA methylation, with mutation or deletion of these
regions resulting in LOI of surrounding genes (Lewis and Reik 2006).

Imprinted clusters generally consist of a number of protein-coding genes in
addition to at least one ncRNA gene (Edwards and Ferguson-Smith 2007; Pauler
et al. 2007). The ncRNA is generally expressed from the domain on which the IC
is unmethylated, whereas the protein-coding genes tend to be expressed from
the domain on which the IC is methylated (O'Neill 2005; Pauler and Barlow 2006;
Pauler et al. 2007; Spahn and Barlow 2003). In contrast to situations such as the
direct silencing of transposable elements by DNA methylation (Bird 1992),
imprinted gene repression is instead often associated with transcription of the
ncRNA molecule in c¢is. Indeed, two mechanisms have been described that are
involved in the control of imprinted domains. One mechanism involves the
expression of the ncRNA transcript from one parental allele, which acts in cis to
prevent the expression of adjacent imprinted genes. Methylation of the other
parental allele silences expression of the ncRNA, thus permitting expression of
the protein-coding genes (reviewed in O'Neill 2005). The “insulator” or “enhancer
blocking” mechanism involves competition for shared enhancer sequences, and
is exemplified by the Igf2/H19 locus. Binding of the zinc-finger protein CTCF to
the unmethylated maternal allele prevents interaction of the /gf2 promoter with
the downstream enhancer, thus repressing the maternal /gf2 allele. Methylation
of the paternal allele prevents CTCF binding and thus enables /gf2 to interact
with the promoter (see section 1.7.1 for further detail).

The genetic organisation of imprinted domains is generally well conserved
between humans and mice, however the imprinting status of some genes is not
always maintained between the species (Khatib et al. 2007; Morison et al. 2005).
For instance, the organisation of mouse distal 7 and the syntenic human region
on chromosome 11p15.5 are generally well conserved, with most genes
exhibiting the same pattern of imprinting in both species (Paulsen et al. 1998;
Paulsen et al. 2000). Two genes for which imprinting is not conserved are
Tssc4/TSSC4, which is imprinted in the mouse but not human, and
LtrpcS/LTRPCS, which is imprinted in human but not mouse (Paulsen et al.
2000).

12
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Figure 1.3: Mouse imprinting map

expressed; red = maternally expressed; black = approximate centre of domain.

Adapted from: http://www_har.mrc.ac.uk/research/genomic_imprinting/maps.html, and updated using information from

http://www.geneimprint.com/site/genes-by-species.Mus+musculus
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1.4 Imprinted genes in growth and development

The developmental abnormalities associated with gynogenetic, parthenogenetic
and androgenetic conceptuses clearly demonstrated a role for imprinted genes in
the regulation of growth and development of the embryo and placenta. Indeed,
the majority of protein coding imprinted genes for which a function has been
assigned are expressed in the embryo and/or the placenta (reviewed in Coan et
al. 2005a; Isles and Holland 2005; Morison and Reeve 1998; Reik et al. 2003;
and Tycko and Morison 2002). However, imprinted genes have recently been
identified that are involved in neonatal growth, namely the maternally expressed
Gnas and Atp10a and the paternally expressed Gnasx/ and Rasgrf1 (Dhar et al.
2004; Font de Mora et al. 2003; Xie et al. 2006; Yu et al. 2000).

In mice, the majority of imprinted genes are expressed in the placenta
where they sometimes exhibit a more stringent pattern of allele-specific
expression compared to embryonic tissues (Coan ef al. 2005a; Tycko 2006).
Imprinted genes are involved in numerous aspects of placental development and
function, including the regulation trophoblast differentiation and nutrient transfer
(reviewed in Coan et al. 2005a). Most imprinted genes that act in the placenta
control aspects of placental development, for instance the maternally expressed
Ascl2 (achaete-scute complex homolog 2; formerly Mash2) is essential for the
differentiation of spongiotrophoblast cells. Interestingly, loss of the paternally
expressed Peg10 also causes a loss of spongiotrophoblast although giant cell
number was unaffected; Peg70 null embryos die by E10.5 (Ono et al. 2006).
Additionally, some placental nutrient transporters are encoded by imprinted
genes, including the maternally expressed Slc22a18 (Dao et al. 1998), Slc22a2
and Sic22a3 (Zwart et al. 2001), and the paternally expressed Sic38a4 (Smith et
al. 2003).

Some imprinted genes are expressed in both embryo and placenta, with
the reciprocally imprinted /gf2 and Igf2r genes representing classic examples.
The paternally expressed /gf2 is essential for embryonic and placental
development, with paternal inheritance of an /gf2 null allele resulting in small
placenta and growth-retarded offspring, which are viable and remain small into
aduithood (Baker et al. 1993; DeChiara et al. 1990). The maternally expressed

Igf2r encodes a signalling antagonist to Igf2; maternal inheritance of a mutant
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Igf2r allele causes fetal overgrowth and early post-natal lethality due to cardiac
defects (Lau ef al. 1994).

Further to the finding that imprinted genes affect neonatal growth; a
recently emerging field is the discovery that some imprinted genes affect the
behaviour of the mother and/or offspring in the neo-natal period. For instance
mutation of the paternally expressed gene Peg3 adversely affects suckling in
pups and the maternal care exhibited by these animals in adulthood (Curley et al.
2004). The maternally expressed imprinted gene Nesp has also been implicated
in affecting behavioural traits. Nesp deficient mice display increased exploratory
behaviour when exposed to a novel environment, although this effect is
diminished following acclimatisation of the animal to the environment (Plagge et
al. 2005).

Imprinted genes in humans perform similar functions in regulating
embryonic and placental development, with aberrant expression or mutation of
imprinted genes associated with a variety of growth abnormalities, including
Beckwith-Wiedemann Syndrome (BWS) (Hatada et al. 1996), PWS/AS (Jay et al.
1997; Knoll et al. 1989; Nicholls et al. 1989; Ozcelik et al. 1992), Silver-Russell
Syndrome (Yoshihashi et al. 2000) and cancer (Rainier et al. 1993). Mouse
models have been generated for a number of these diseases by targeting the
gene(s) concerned, giving rise to similar phenotypes to the human conditions,
and supporting a role for imprinted genes in human disease. For instance, many
of the characteristics of human BWS patients are recapitulated in a mouse model
possessing a Cdkn1c null allele in addition to LOI of /Igf2 (Caspary et al. 1999).

1.5 The evolution of imprinting

In the context of this investigation, genomic imprinting refers to the parent-of-
origin specific monoallelic expression of specific autosomal genes. However, the
term has historically been used in reference to similar regulatory mechanisms in
a variety of species. Genomic imprinting was first used to describe the parent-of-
origin specific elimination of sex chromosomes in the insect species Sciara
(Crouse 1960). The term was subsequently used to describe the epigenetic
silencing of the entire paternal genome in male mealybugs, thus apparently
fulfiling a role in sex determination (Brown and Nur 1964). Parent-of-origin

dependent phenotypes have also been observed in plants; for instance, differing
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pigmentation patterns in maize depend upon the parental inheritance of a
particular allele (Kermicle 1970). Imprinted genes are also expressed during
endosperm development in some flowering plant species (Kinoshita et al. 1999;
Vinkenoog et al. 2003). In animals, imprinted genes are observed in placental
mammals (eutheria and marsupials), but not in monotremes or invertebrate
species (John and Surani 2000). Interestingly, in addition to the imprinting of
autosomal genes, the X chromosome is imprinted in the extraembryonic tissue of
mice with the paternally inherited X chromosome preferentially inactivated
(Takagi and Sasaki 1975; West et al. 1977).

The evolution of imprinting has occurred independently in plants and
animals, although similar mechanisms of gene regulation are observed, thus
representing a case of convergent evolution (Feil and Berger 2007). The
selection of monoallelic expression over biallelic expression, and the parental-
specific allele expression of imprinted genes has generated much debate, and
the development of a number of theories attempting to explain the evolution of
imprinting in mammals (reviewed in Hurst 1997; Hurst and McVean 1998), some

of which are discussed below.

1.5.1 Ovarian time-bomb hypothesis

Imprinted genes represent the primary preventative factor of parthenogenetic
development in mammals (Kono 2006). The “ovarian time-bomb hypothesis”
purports that this was the driving force of imprinting, suggesting that imprinting
arose as a mechanism to prevent unfertilised oocytes from implanting and
developing into malignant trophoblast disease (Varmuza and Mann 1994).

Benign ovarian tumours resulting from parthenogenetically activated
oocytes occur in around 1-2% of women, whereas germ-cell derived testicular
cancer in males occurs at a rate approximately 1000-fold lower (Varmuza and
Mann 1994). Trophoblast is an inherently invasive tissue type, and this level of
spontaneous tumour development could have potentially serious consequences
for the reproductive success and survival of an individual. The authors proposed
that ovarian tumours are prevented from becoming invasive by imprinting and
silencing of specific genes that promote trophoblast proliferation and invasion
(Varmuza and Mann 1994). Consequently, maternally expressed imprinted genes

would tend to restrict extraembryonic tissue growth, with genes promoting growth
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and invasion of the placenta expressed only from the paternal genome. Support
for this theory is provided by phenotypic characterisation of complete
hydatidiform molar pregnancies. Such conceptuses result from fertilisation of an
enucleated egg and duplication of the paternal genome, and thus are entirely
androgenetic in origin. The result is the development of a large mass of
potentially highly invasive extraembryonic tissue (Kajii and Ohama 1977). In
contrast, partial hydatidiform moles, which contain an additional maternal genetic
contribution, exhibit some embryonic development with generally less invasive
extraembryonic tissue (Devriendt 2005; Lawler et al. 1982). Furthermore,
parthenogenetic reproduction and genomic imprinting are phylogentically
mutually exclusive, as discussed in Section 1.2. The ovarian time-bomb
hypothesis does not offer an explanation for either the presence of imprinting in
the male genome, or the imprinting of genes that are not involved in trophoblast
development, suggesting instead that such genes are “bystanders” of the
imprinting mechanism (Varmuza and Mann 1994), and has been largely rejected

as a consequence (Haig 1994; Moore 1994; Solter 1994).

1.5.2 Adaptation of host defence

Approximately half of the human genome is thought to have arisen from the
insertion of transposable elements, the majority of which are no longer active
(Lander et al. 2001). Integration of such transposable elements poses significant
risk to the host organism, occasionally through the effect of integration into
endogenous genes, but primarily due to the effect of the translated gene-product
(reviewed in Yoder ef al. 1997). The mammalian genome protects itself by
inactivating these transposable elements by methylation and chromatin
modifications (Birchler et al. 2000; Yoder et al. 1997) - the same mechanisms
that control expression of imprinted genes (Li ef al. 1993). The common usage of
methylation and chromatin remodelling in these two processes led some to
predict that imprinting of some genes evolved as a consequence of these host
defence mechanisms (Barlow 1993; Ono et al. 2001). Although some imprinted
genes exhibit retrotransposon-like features, for instance Peg70 (Ono et al. 2001),
many other imprinted genes bear no resemblance to transposable DNA
sequences, although the presence of such sequences within non-coding regions
of imprinted domains cannot be excluded.
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1.6.4 Placentation hypothesis

Mammals are divided into three broad groups: monotremes, marsupials and
eutheria. Monotremes are egg-laying mammals, whereas marsupials and
eutheria (collectively referred to as theria) are viviparous, giving birth to live, well-
developed young. Therians diverged from monotreme ancestors approximately
170 million years ago, whereas eutheria diverged from marsupials around 150
million years ago (Figure 1.4) (Bininda-Emonds et al. 2007). The viviparous
reproduction exhibited by the two groups of therian mammals is possible due to
the appearance of the placenta around the time of divergence from monotremes.
Although they share a common placental ancestor, the eutherian and marsupial
placentae subsequently evolved independently. Marsupials have a relatively non-
invasive placenta, which supports only short gestation periods, with gestation
completed in the pouch. In contrast, eutherian mammals generally possess more
advanced and invasive placental structures, and thus can support longer
gestation periods, allowing the birth of more advanced young (reviewed in John
and Surani 2000).

Genomic imprinting emerged in the same evolutionary time-period as
placentation. Over 100 imprinted genes have been identified in eutheria, the
majority of which are expressed in the placenta. A subset of which are also
imprinted in marsupials, although the imprinting status is not conserved for all
genes between marsupials and eutheria. For example, although the paternal
expression of Peg1 is conserved in marsupials, Cdkn1c does not exhibit parental-
specific expression in this order (Suzuki et al. 2005). Imprinting has thus far not
been described in monotremes or other vertebrates such as birds or reptiles, with
the reciprocally imprinted Igf2 and Igf2r exhibiting biallelic expression in chickens
and monotremes, whereas Igf2 is paternally expressed and Igf2r is maternally
expressed in eutheria and marsupials (Killian et al. 2000; Nolan et al. 2001;
Suzuki et al. 2005).

The “placenta hypothesis” suggests that imprinting of specific genes was
driven by the evolution of the placenta, which exerted selective pressure on
genes that regulate embryonic growth and development (Hall 1990; Kaneko-
Ishino et al. 2003). Following the divergence of marsupials and eutheria, co-

evolution of the placenta and imprinting resulted in the distinct placental
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structures and reproductive strategies of the two groups. This hypothesis
accounts for the phylogenetic distribution of imprinting and the role of such genes

in regulating embryonic growth and development.
~170 Mya ~150 Mya

No placentation
No imprinting

Monotremes

______ Marsupials ~ Non-invasive placenta
Limited imprinting

Invasive placenta

Eutheria Extensive imprinting

Evolution of
placentation

Figure 1.4: Co-evolution of placentae and imprinting

Marsupials and eutherian mammals shared a common placental ancestor
around 170 Mya. Placentation co-evolved with genomic imprinting, with
imprinting of specific genes enabling the subsequent evolution and increased
invasiveness of the eutherian placenta following divergence from marsupials
around 150 Mya. Mya = Million years ago.

1.5.3 Parental conflict hypothesis

Perhaps the most widely debated theory regarding genomic imprinting in
mammals is the “parental conflict hypothesis”, first proposed by Moore and Haig
(1991). The conflict hypothesis predicts that imprinting arose in placental
mammals due to the “conflicting interests of maternal and paternal genes in
relation to the transfer of nutrients from the mother to her offspring’. Both parents
are invested in producing large, viable offspring that will successfully reproduce,
but the mother must additionally preserve resources for herself and future
progeny. This hypothesis suggests that paternally expressed imprinted genes
tend to be growth promoting, whereas maternally expressed imprinted genes
tend to be growth restrictive (Moore and Haig 1991). The reciprocally imprinted
Igf2/1gf2r genes provided the first evidence in support of the parental conflict
hypothesis. The growth promoting /gf2 gene is paternally expressed whereas the
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growth restrictive Igf2r, which encodes a signalling antagonist of Igf2, is
maternally expressed (Barlow et al. 1991, DeChiara et al. 1991; Haig and
Graham 1991). Indeed, expression patterns for the majority of imprinted genes
for which a function has been assigned correlate with these predictions (Isles and
Holland 2005; Tycko and Morison 2002).

The importance of imprinting in the placenta is further support for the
parental conflict hypothesis (Tycko 2006). The placenta mediates the maternal
supply and fetal demand for nutrients during gestation, and thus directly
influences embryonic growth (Reik et al. 2003). According to the conflict
hypothesis, paternally expressed imprinted genes would be expected to enhance
placental function, whereas maternally expressed imprinted genes would be
expected to restrict placental capacity. This is true for /gf2, with loss of
expression of the paternal transcript in the placenta causing reduced placental
size; conversely, loss of the maternally expressed Cdkn1c causes
placentomegaly (Consténcia et al. 2002; DeChiara et al. 1990; DeChiara et al.
1991, Takahashi et al. 2000a).

In addition to explaining the common functions of imprinted genes, the
conflict hypothesis also attempts to explain the phylogenetic distribution of
imprinting to placental mammals. Monoallelic expression of specific genes in the
placenta achieved by imprinting effectively restricts the effects of these gene
products, thus providing an optimal environment for nutrient delivery to the
embryo whilst maintaining sufficient resources for maternal health. Vertebrate
species such as reptiles and birds, which reproduce by laying eggs, are not
subject to the same continued nutritional demands as those experienced by
placental mammals, and thus would not be expected to exhibit imprinting.

The conflict hypothesis is not however without its limitations (reviewed in
Hurst and McVean 1998); for instance the imprint status of some genes does not
correlate with the pattern predicted by the hypothesis. Most notable of these is
the maternally expressed Asc/2 gene. Asc/2 null mice have small placenta, with a
complete loss of the spongiotrophoblast region, causing embryonic lethality due
to placental failure (Guillemot et al. 1994). According to the conflict hypothesis,
maternally expressed genes should be growth-restrictive and thus loss of
expression would be predicted to result in some form of placentomegaly,
whereas over-expression would restrict placental growth. However, loss of
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expression does not model imprinting since it tests the function of the gene and
not the consequences of altered expression. It will be of particular interest to
determine whether over-expression of Asc/2 in the mouse placenta has a

consequence.

1.6 The placenta

The placenta is a transient organ that is essential for mammalian embryogenesis,
developing early in pregnancy before being discarded at birth. Comprised largely
of extraembryonic trophoblast cells, the placenta is permeated by embryo-derived
blood vessels from the umbilical cord and maternal blood vessels from the
uterus. Growth, development and ultimate survival of the embryo depends upon
this organ, as exemplified by many mouse models of disrupted placentation, in
which embryonic growth is impaired and often associated with embryonic lethality
(reviewed in Cross et al. 2003a; and Rossant and Cross 2001).

The primary role of the placenta is to provide sufficient nutrients for fetal
growth, achieved through the formation of intimate feto-maternal interfaces. The
functions of the placenta can be broadly categorised as “transport and barrier”
and “invasive and endocrine” functions (Cross et al. 2003a; Georgiades et al.
2002). Transport and barrier functions include the supply of nutrients to and the
removal of waste products from the embryo, and the protection of the embryo
from potential maternal immune response (Georgiades et al. 2002; Koch and
Platt 2007). Invasive and endocrine functions include the invasion of placental
cells into the uterus wall to anchor the placenta in place, and the secretion of
hormones into maternal blood that alter maternal metabolism to favour embryonic
growth and increase blood flow to the placenta (Cross ef al. 2003a; Malassine et
al. 2003).

The vital role that the placenta plays in nourishing the embryo means that
placental defects may have serious consequences for embryonic growth. In
humans, placental defects are associated with pregnancy complications including
pre-eclampsia and intrauterine growth restriction (IUGR). Mouse models provide
useful tools for gaining further understanding of such conditions and for

understanding placental development in general.
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1.6.1 Development of the mouse placenta

The trophoblast cell lineage is the first to differentiate during embryogenesis,
occurring at around embryonic day 3 (E3.0) (Gilbert 2003; Pedersen 1986). At
this stage the zygote has proliferated to form a ball of approximately 16 cells (the
morula), comprising a monolayer of trophoblast cells, called the trophectoderm,
surrounding the inner cell mass (ICM) (Gilbert 2003). The ICM forms the entire
embryo, with the trophectoderm contributing solely to the extraembryonic tissue
(Cross 2005; Rossant and Cross 2001; Watson and Cross 2005). Cell fate can
be experimentally manipulated at this stage by altering cell position, indicating
that cells of the morula remain totipotent (Ziomek ef al. 1982). As embryogenesis
progresses to the 32-cell blastocyst stage, the ICM is characterised by
expression of the transcription factors Oct4 and Nanog. Expression of these
genes is repressed by Cdx2, which is specifically expressed by cells of the
trophectoderm (Hart et al. 2004; Kunath et al. 2004; Palmieri et al. 1994; Strumpf
et al. 2005). Deletion of Cdx2 causes implantation failure due to loss of the
extraembryonic cell lineage (Strumpf et al. 2005).

Prior to implantation, water enters the blastocyst under osmotic flow
forming the blastocoelic cavity, to one side of which lies the ICM (Fig 1.5A)
(Gilbert 2003; Pedersen 1986). Trophectoderm cells lying directly above the ICM
are referred to as polar trophectoderm, whereas those cells not in contact with
the ICM are designated mural trophectoderm (Pedersen 1986). The ICM
comprises a heterogeneous population of epiblast and primitive endoderm cell
lineages (Chazaud et al. 20086). Epiblast cells segregate closest to the
trophoblast cells and contain precursors to all embryonic cell types. Epiblast cells
are surrounded by a monolayer of primitive endoderm cells, called the visceral
endoderm. These primitive endoderm cells spread across the inner surface of the
blastocoelic cavity, beneath the primary trophoblast cell layer forming the parietal
endoderm (Lawson and Pedersen 1987). Together, the parietal endoderm and
giant cell layer form the parietal yolk sac, while the visceral endoderm combines
with the embryonic-derived extraembryonic mesoderm to form the visceral yolk
sac (Jollie 1990). The parietal and visceral yolk sacs facilitate nutrient uptake to

the embryo, prior to the establishment of the mature placenta.
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A E3.5 blastocyst

Polar trophectoderm
Epiblast

Primitive endoderm

Blastocoelic cavity

Mural trophectoderm

B E6.5 egg cylinder stage

Ectoplacental cone

Extraembryonic ectoderm

Primitive endoderm

Epiblast

Primary giant cells

Figure 1.5: Early differentiation of trophoblast lineages

A: At E3.5 the blastocyst comprises a monolayer of trophectoderm cells
surrounding a blastocoelic cavity. The ICM is attached to one side of the
trophectoderm and consists of cells of the epiblast and primitive
endoderm lineages. B: Polar trophectoderm cells directly above the ICM
proliferate outwards to form the ectoplacental cone and inwards to form
the extraembryonic ectoderm. The remaining mural trophectoderm
undergo endoreduplication to form primary giant cells, which together
with the primitive endoderm forms the parietal yolk sac.
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Following implantation of the blastocyst into the uterine wall at E4.5, polar
trophectoderm cells proliferate inwards to form the extraembryonic ectoderm and
divide outwards to form the ectoplacental cone (Copp 1979). In contrast, mural
trophectoderm cells cease proliferating, instead undergoing repeated rounds of
DNA replication resulting in the formation of large, polyploid primary trophoblast
giant cells through the process of endoreduplication (Rossant and Cross 2001;
Watson and Cross 2005). This stage of embryogenesis is referred to the egg-
cylinder stage, and corresponds to approximately E6.5 (Fig 1.5B). Continued
proliferation of polar trophectoderm cells is maintained by the release of the
growth factor Fgf4 from the ICM, acting through Fgf2r receptors of trophectoderm
cells (Haffner-Krausz et al. 1999; Niswander and Martin 1992). Consequently,
Fgf4 and Fgf2r mutant mice exhibit similar phenotypes, dying soon after
implantation due to a failure of trophectoderm development (Arman et al. 1998;
Feldman et al. 1995). Fgf4 signals are transmitted downstream by Erk2/Mapk1,
mutation of which also results in a failure of ectoplacental cone and
extraembryonic ectoderm formation (Saba-El-Leil et al. 2003).

Expansion and differentiation of the ectoplacental cone forms a compact
layer of cells called the spongiotrophoblast. Similar to mural trophectoderm cells,
cells at the maternal edge the spongiotrophoblast undergo endoreduplication
becoming secondary trophoblast giant cells (Cross 2000; Cross et al. 1994).
Meanwhile, the extraembryonic ectoderm proliferates to generate the chorionic
epithelium, initially forming a flat “chorionic plate” at the base of the placenta.
Simultaneously the allantois (umbilical cord) develops from the posterior end of
the embryo (Rossant and Cross 2001; Watson and Cross 2005). At E8.5, the
allantois and chorionic epithelium fuse in an event termed chorioallantoic
attachment (Downs and Gardner 1995; Watson and Cross 2005). Following
chorioallantoic attachment, the chorionic epithelium begins to undergo branching
morphogenesis, forming primary villi at regularly spaced intervals. Fetal blood
vessels from the allantois begin to grow into the primary villi, which elongate and
branch further to form the characteristic maze-like structure of the murine
labyrinth (Cross et al. 2003b).

Simultaneous with branching morphogenesis of the chorionic epithelium,
trophoblast cells of the extraembryonic ectoderm differentiate to form the
trilaminar arrangement of the labyrinth layer (Fig 1.6). In addition to the epithelial
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lining of fetal blood vessels, the maternal and fetal blood flows are separated by
three layers of trophoblast cells. A single layer of mononuclear sinusoidal
trophoblast giant cells (S-TGCs) replaces the endothelial lining of maternal
vasculature. A bilayer of multinucleated syncytiotrophoblast formed by cell fusion
surrounds the fetal vasculature, which maintains its endothelial cell lining, unlike
maternal vessels (Coan et al. 2005b; Simmons and Cross 2005; Simmons et al.
2008). The S-TGCs primarily perform a secretory function, releasing hormones
into maternal blood, whereas the syncytiotrophoblast layers are involved in
nutrient transport (Georgiades et al. 2002; Simmons and Cross 2005; Watson

and Cross 2005).

Syncytiotrophoblast
Fetal vascular layer I layer | Sinusoidal trophoblast
endothelium 9|ant 06118
thal Maternal
capillary blood
sinus

Figure 1.6: Trilaminar arrangement of labyrinth

The fetal and maternal blood flows are separated by a trilaminar
arrangement of trophoblast cells in the labyrinth layer of the mouse
placenta. The endothelial lining of maternal vasculature is replaced by
sinusoidal trophoblast giant cells. A bilayer of syncytiotrophoblast cells
formed by cell fusion separates maternal blood sinuses from fetal
capillaries. Fetal capillaries maintain their endothelial lining, thus
separating maternal and fetal blood by four cell layers.
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Mouse models of defective placentation indicate that of the genes
examined that are involved in placental development, the majority appear to
control development of the labyrinth region (see Tables 2 and 3 in Watson and
Cross 2005). Perhaps one of the most crucial genes required for development of
the labyrinth region is Gem1. Expression is first detected at around E7.5 in
distinct clusters of cells in the extraembryonic ectoderm, and regulates the
process of branching morphogenesis in the labyrinth region, with expression
restricted to cells at the tip of branching villi (Basyuk et al. 1999). Loss of Gem1
expression results in failure of branching morphogenesis with the chorionic plate
remaining flat and undifferentiated. As a consequence of this placental failure,
Gcem1-null embryos die at ~E10.5 (Anson-Cartwright et al. 2000).

The definitive mouse placenta is formed by ~E12.5 and comprises three
layers, namely the labyrinth, spongiotrophoblast (junctional zone) and outer
monolayer of giant cells in addition to the maternal decidua into which the
placenta embeds (Fig 1.7). A sub-population of spongiotrophoblast cells called
glycogen cells begin to accumulate their characteristic glycogen stores at this
stage. Glycogen cells are characterised by a large, glycogen-filled cytoplasm and
expression of the spongiotrophoblast-specific marker Tpbpa (4311), suggesting
that they are a direct sub-type of the spongiotrophoblast (Adamson et al. 2002).
However, the actual origin of these cells remains elusive, with expression of the
glycogen cell-specific marker protocadherin 12 (Pcdh12) detected in the
ectoplacental cone as early as E7.5 (Bouillot ef al. 2005), prior to the
differentiation of spongiotrophoblast and appearance of the morphological
characteristics of glycogen cells. Furthermore, the placentae of Cdkn1c-null mice
possess approximately twice the normal number of spongiotrophoblast cells,
whereas the number of glycogen cells remains similar to wild-type (Takahashi et
al. 2000a). Between E14.5 and term, glycogen cells migrate into the decidua
where they tend to cluster around maternal blood vessels. In addition to the large
glycogen stores, these cells are also characterised by synthesis of the growth
factor Igf2. Interestingly, both glycogen cell nhumber and glycogen content are
greatly reduced in /gf2-null placenta, indicating that glycogen cell differentiation
and glycogen synthesis/uptake are /gf2-dependent processes (Lopez et al.
1996). The function of glycogen cells remains unclear, although a role in

parturition has been proposed (Coan et al. 2006).
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Figure 1.7: Structure and blood circulation of the mature mouse placenta

The mature mouse placenta comprises three main regions; the labyrinth, spongiotrophoblast and maternal
decidua. Separating the spongiotrophoblast from the maternal decidua is a discontinuous layer of invasive
trophoblast giant cells. Glycogen cells first arise at E12.5 in the spongiotrophoblast and migrate to the
decidua until term. Fetal and maternal blood flow in a counter-current direction. Maternal blood is delivered
to the base of the placenta through arterial canals and drains back to the maternal side through blood
sinuses. Fetal blood enters at the base of the placenta, traverses the labyrinth in small arterioles and
returns back to the embryo through capillaries.



In addition to the S-TGC subtype described previously, a further three sub-
types of trophoblast giant cell (TGC) have been described in the mouse placenta.
The secondary giant cell layer separating the spongiotrophoblast and maternal
decidua is comprised of parietal giant cells (P-TGCs). Spiral artery-associated
trophoblast giant cells (SpA-TGCs) surround the maternal spiral arteries in the
decidua, whereas canal-associated trophoblast giant cells (C-TGCs) surround the
maternal blood canals that traverse the spongiotrophoblast and enter the
labyrinth layer of the placenta (summarised in Figure 1.8). All giant cell subtypes
are characterised by a large, polyploid nucleus and are identified by specific gene
expression markers and their spatial localisation in the placenta (reviewed in
Hemberger 2008).

decidua

SpA-TGC
spongiotrophoblast
P-TGC
C-TGC
labyrinth S-TGC

Figure 1.8: Trophoblast giant cell subtypes in the mouse placenta

Four sub-types of trophoblast giant cell exist in the mouse placenta. The parietal
trophoblast giant cells (P-TGCs) form the boundary between the maternal
decidua and spongiotrophoblast. Spiral arteries entering the decidua are
surrounded by spiral artery associated trophoblast giant cells (SpA-TGCs),
whereas canal-associated trophoblast giant cells (C-TGCs) surround the blood
canals that traverse the spongiotrophoblast and deliver maternal blood to the
labyrinth. The endothelial lining of maternal vasculature in the labyrinth is
eroded and replaced by sinusoidal trophoblast giant cells (S-TGCs). Diagram
adapted from Flemberger (2008).
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Prior to the completion of placental development ~E12.5 the developing
fetus is nourished by the uptake of nutrients across the yolk sac (Cross et al.
1994; Georgiades et al. 2002). Between E10.5 and E12.5, the maternal and fetal
blood supplies to the placenta are complete, with the fetus subsequently
obtaining all required nutrients by transfer across the placenta. This is a critical
stage in placental development, as exemplified by the significant number of
mouse models of defective placentation that are embryonic lethal at this stage,
including mice deficient for Ascl2 (Guillemot et al. 1994), Gem1 (Anson-
Cartwright et al. 2000), and Vh! in which the fetal placental vasculature fails to
form correctly (Gnarra et al. 1997).

Effective placental function requires that maternal and fetal blood
circulations be brought into close proximity such that exchange of nutrients,
wastes and gases can take place. Maternal blood enters the placenta from the
uterine radial artery, which splits into numerous spiral arteries in the decidua,
before converging at the giant cell layer to form between one and four arterial
canals (Adamson et al. 2002). The endothelial lining of these central canals,
which cross the spongiotrophoblast layer, is eroded away and replaced with
trophoblast giant cells (Rossant and Cross 2001). Maternal blood is carried
directly to the base of the placenta where it flows into the trophoblast-lined
maternal blood sinuses, and subsequently drains back to the decidua (Adamson
et al. 2002). Fetal blood enters at the base of the placenta through a single
artery, subsequently branching into a number of smaller arterioles, which
penetrate the labyrinth and upon reaching the spongiotrophoblast, form
capillaries that direct fetal blood out of the placenta (Adamson et al. 2002).
Maternal and fetal blood thus flows in a counter-current direction, with maternal
blood draining towards the decidua through trophoblast-lined maternal sinuses as
fetal blood is carried back to the fetus through endothelial-lined capillaries.

1.6.2 Comparison of human and mouse placenta

Practical and ethical considerations prevent the direct investigation of human
placental development, and thus a suitable model organism must be used in
which to undertake comparative studies. The mouse is a well-established model
organism in numerous fields, and provides an ideal model in which to study the

placenta. A key advantage of the mouse is the relatively short gestation time, in

29



addition to the ability to give birth to multiple pups in the same litter. This enables
a direct comparison of wild type and mutant individuals in the same litter. In order
to relate findings from mouse models to the human placenta, it is important to
understand the similarities and differences between placenta of the two
organisms, and thus the potential limitations of mouse studies.

Human and mouse placentae are described as discoid, as they are
generally dome shaped with a flat surface facing the embryo to which the
allantois attaches (Georgiades et al. 2002). Both human and mouse placentae
comprise three distinct layers. The labyrinth region of the mouse placenta is
analogous to the “fetal placenta” in humans. In the human placenta, a single layer
of syncytiotrophoblast cells separates maternal blood from fetal capillaries, in
comparison to the trilaminar arrangement in the mouse. Both human
“‘monochorial” and mouse “trichorial” placentae possess “haemochorial
interfaces”, with fetal capillaries bathed directly in maternal blood (Georgiades et
al. 2002). Differences exist in the branching of fetal vasculature between the two
species, with the human “villous” structure resembling a tree, with progressive
branching and sub-branching, whereas the branches of the murine vasculature
are interconnected to form a complex “labyrinth” arrangement. Maternal blood
sinuses in the human placenta are thus relatively larger than their counterparts in
the mouse (Georgiades et al. 2002; Kingdom et al. 2000).

Lying directly above the fetal placenta/labyrinth is a compact region of
cytotrophoblast cells called the basal plate in humans and the spongiotrophoblast
in mice. Glycogen cells are observed in this layer in both humans and mice, and
although this region does not contain fetal vasculature, trophoblast-lined maternal
arterial and venous channels dissect this zone. The function of this region is
unclear, although it is suggested to fulfii an endocrine/secretory role in both
species. A third layer, consisting of polyploid secondary giant cells, surrounds the
spongiotrophoblast in mice and invades the uterine wall. The extravillous
cytotrophoblast cells in humans, which are polyploid although to a lesser extent,
appear to perform a similar invasive role (Georgiades et al. 2002; Rossant and
Cross 2001). The primary differences between mouse and human placental

structure are summarised in Tables 1.2 and 1.3.
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Mouse
Labyrinth
Maternal blood space/lacunae
Spongiotrophoblast/Junctional zone
comprised of:
spongiotrophoblast cells

glycogen cells

Giant cells

Decidua

Human
Fetal placenta
Intervillous space

Basal plate

comprised of:
cytotrophoblast cell columns

glycogen cells

Giant cells*

Placental bed

Table 1.2: Comparison of human and mouse placental structure

The above table compares the nomenclature for the major regions of the mouse
and human placenta. *Although giant cells are observed in human placenta, they
are morphologically distinct. An analogous cell type to the murine giant cells thus
appears to be the invasive extravillous trophoblast.

Structure Mouse

Maze-like and interconnected

Chorionic plate

Small maternal blood spaces

Trichorial:

Three trophoblast layers

Ultrastructure

separate fetal and maternal

blood

Human
Tree-like with branches and
sub-branches
Larger intervillous space
Monochorial:
A single trophoblast layer
separate fetal and maternal

blood

Table 1.3: Comparison of structure of labyrinth/fetal placenta

The table summarises the two major differences between the organisation of the
labyrinth layer of the mouse placenta and the analogous fetal placental layer of

the human placenta.



1.6.3 Imprinted gene expression in the mouse placenta

The majority of imprinted genes are expressed in the placenta (reviewed in Coan
et al. 2005a). This pattern of expression is consistent with their role in regulating
fetal growth by controlling mediating the supply of nutrients to the embryo during
gestation. Imprinted genes are involved in both the control of placental
development (Asc/2, Peg10, Grb10) and the transport of nutrients (S/c22a2,
Silc22a3 and Si/c38a4). Although placental expression has been reported for the
majority of imprinted genes, the spatial expression pattern has been reported for
only a small number of these genes. Table 1.4 summarises the expression

pattern of the most extensively studied of these genes.

Gene Spatial expression
Ascl2 Diploid trophoblast of labyrinth and spongiotrophoblast
sc
layers until E12.5, declining thereafter
Labyrinth, spongiotrophoblast,
Cdknlc
glycogen cells, giant cells
DIk1 Fetal endothelium of labyrinth region
Labyrinth, spongiotrophoblast, glycogen cells,
Igf2
I giant cells and fetal endothelium
19f2P0 Labyrinth
Chorionic plate and fetal endothelium
Mest/Peg1
(not expressed in trophoblast cells)
Pea3 Spongiotrophoblast, giant cells and weak expression in
eg
labyrinth
Ectoplacental cone (at -E5.5),
Phida2

thereafter restricted to labyrinth

Table 1.4: Summary of imprinted gene expression in the mouse placenta

The table summarises the reported spatial expression pattern of autosomal
imprinted genes in the mouse placenta. For many imprinted genes, although
placental expression has been reported at high levels, the spatial expression
pattern has not yet been described. Table adapted from Coan et al. (2005a)
and references therein. Red = maternally expressed; Blue = paternally
expressed.
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1.7 Mouse distal 7 and human 11p15.5

A major imprinted domain implicated in placental development is located on
mouse distal chromosome 7, a region that is homologous to the human BWS-
associated cluster at 11p15.5. Mouse distal 7 is approximately 1 megabase (Mb)
in length and contains thirteen protein-coding genes, eleven of which exhibit
imprinted expression to varying degrees. The domain also contains three
imprinted genes from which non-coding antisense RNA is transcribed (reviewed
in Ainscough et al. 1998). In comparison, the human region is 40% longer,
orientated in the opposite direction with respect to the centromere and contains
an additional two imprinted genes that encode antisense RNA transcripts
(Cooper et al. 1998; Paulsen et al. 1998; Paulsen et al. 2000; Xin et al. 2000).
The non-imprinted genes Cars and Mrpl23 approximately demarcate the
telomeric and centromeric extents of the mouse domain respectively (Engemann
et al. 2000; Zubair et al. 1997). Due to the reverse orientation of the domain in
human, MRPL23 marks the telomeric extent, whereas NAP7T1L4, which is
imprinted in mouse but not human, marks the centromeric extent of 11p15.5 (Hu
et al. 1996; Tsang et al. 1995). Although the imprinting status is conserved for
most genes in the domain, some are imprinted only in humans and others only in
the mouse (summarised in Fig 1.9).

Two imprinted sub-domains have been described within mouse distal 7,
each controlled by an independent regulatory element (Lee et al. 1999b). The IC1
domain is located at the centromeric end of distal 7, and incorporates the
maternally expressed antisense H79 and the paternally expressed /ns2, Igf2 and
its associated antisense transcript /gf2zas. The IC2 domain encompasses the
genes between Ascl2 and Nap1/4, with the biallelically-expressed Th forming a
boundary between the two sub-domains. Interestingly, 7TSSC4, CD871 and
TSPAN32 are expressed biallelically in humans, but are maternally expressed in
the mouse (Lee et al. 1999a; Monk et al. 2006). Furthermore, there is conflicting
data as to whether ASCL2 is imprinted (Alders et al. 1997) or not (Miyamoto et al.
2002; Monk et al. 2006; Westerman et al. 2001) in humans. In addition,
Trom5/TRPMS, which is not imprinted in the mouse, is preferentially expressed
from the paternal allele in human (Paulsen et al. 1998; Prawitt et al. 2000).
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Figure 1.9: Domain structure of mouse distal 7 and human 11p15.5

The imprinting status of genes located within the syntenic mouse distal 7 (A)
and human chromosome 11p15.5 (B) imprinted domains are depicted. In the
mouse, the imprinted region consists of two sub-domains, IC1 (spanning
Ins2 to H19), and IC2, encompassing Asc/2 to genes several hundred-kb
upstream. The human and mouse domains share similar organisation and
regulation, but are orientated in opposite directions, with the human domain
around 40% longer. Red = maternally expressed genes; blue = paternally
expressed genes; white = biallelically expressed genes. Direction of
transcription is denoted by arrows. Diagram not to scale.
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1.7.1 Control of imprinting at the mouse IC1 sub-domain

The IC1 sub-domain is one of the most extensively studied imprinted regions in
the mouse and comprises the paternally expressed genes Ins2, Igf2 and Igf2as in
addition to the maternally expressed H79 antisense RNA transcript. /Igf2 and H19
share a common enhancer element, with imprinting mediated through the
paternally methylated IC1 DMR (also called IC1 or H19-DMR) located between
the Igf2 and H19 genes (Ferguson-Smith et al. 1993; Leighton et al. 1995b;
Thorvaldsen et al. 1998; Tremblay et al. 1997). IC1 contains several recognition
motifs for the zinc-finger DNA-binding protein CTCF, which acts as a functional
insulator to block the effect of enhancer elements (Bell et al. 1999; Szabo et al.
2000) (summarised in Fig 1.10). Binding of CTCF to the hypomethylated
maternal IC1 prevents interaction of the /gf2 promoter with downstream
enhancers, thus inactivating the maternal Igf2 allele (Bell and Felsenfeld 2000;
Kanduri et al. 2000; Szabo et al. 2000). Binding of CTCF also maintains the
differential methylation of the domain and further acts to promote transcription of
H19 (Engel et al. 2006; Schoenherr et al. 2003). In contrast, CTCF is unable to
bind to the methylated paternal allele, thus in theory allowing the /gf2 promoter to
interact with enhancer elements and so enabling its transcription. The absence of
CTCF permits methylation of the paternal chromosomal region, which renders the
paternal H19 allele inactive. In addition, the different epigenetic modifications at
IC1 result in altered chromatin arrangements of the two parental alleles, such that
Igf2 is located in an active chromatin structure on the paternal allele, but in a
silent chromatin loop on the maternal copy (Murrell et al. 2004). Imprinting at IC1
is often described as a “boundary” or “insulator” model due to the action of the
H19-DMR as a boundary element between H19 and Igf2.

In addition to the differential methylation of IC1, a post-fertilisation
paternally methylated DMR (DMR1) is located upstream of Igf2 (Eden et al. 2001;
Feil et al. 1994). The unmethylated maternal allele interacts with the repressor
protein GCF2, which prevents transcription of /gf2. Methylation of the paternal
DMR1 prevents binding of GCF2, thus allowing transcription of /gf2 from the
paternal allele (Eden et al. 2001). This mechanism acts independently of IC1,
with maternal inheritance of DMR1 deletion resulting in biallelic expression of
Igf2, whereas H19 expression remains monoallelic (Constancia et al. 2000).
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Figure 1.10: Control of imprinting at IC1

Imprinting at IC1 is regulated by the “enhancer blocking” or “insulator”
mechanism. The DNA binding protein CTCF binds to the unmethylated
maternal IC1 sequence, preventing interaction of Igf2 with upstream
enhancer elements and thus allowing maternal transcription of H19. CTCF
cannot bind to the paternally methylated IC1 sequence, thus allowing Igf2 to
interact with enhancer elements. A second /gf2-specific level of control is
provided by binding of the repressor protein GCF2 at the maternally
unmethylated DMR1. Paternal methylation of this sequence prevents GCF2
binding, thus allowing Igf2 transcription. Diagram not to scale
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1.7.2 Control of imprinting at the mouse IC2 sub-domain

Transcription of H19 is associated with repression of IC1 sub-domain genes on
the same chromosome. H19 expression is not however involved in the regulation
of gene expression at the IC2 sub-domain. Maternal inheritance of a H19 null
allele results in biallelic expression of /gf2 (Leighton et al. 1995a; Ripoche et al.
1997), whereas expression of Ascl2, Cdkn1c and Kcng1 remains monoallelic
(Caspary et al. 1998). Monoallelic expression of genes within the telomeric 1C2
sub-domain of mouse distal 7 is regulated by a mechanism independent of H19.

The mouse IC2 domain contains at least 11 genes that exhibit preferential
expression of the maternal allele to varying degrees, including Asc/2 (Guillemot et
al. 1995), Cdkn1c (Hatada and Mukai 1995), Phlda2 (Qian et al. 1997) and
Slc22a18 (Dao et al. 1998), all of which exhibit strong expression in the placenta.
The domain also contains a paternally expressed ~60-kb ncRNA, Kcngiot1,
which is transcribed from a promoter within intron 10 of Kcnq1. The Kcnq1ot1
promoter is methylated on the maternal chromosome, forming a differentially
methylated region referred to as Kvdmr1. Methylation of Kvdmr1 prevents
expression of Kcng1ot1, whereas paternal expression of Kcng1ot1 is associated
with silencing of the protein-coding genes in the domain (Smilinich et al. 1999)
(summarised in Fig 1.11).

Two regions have been identified as essential for Kcng1ot1 expression: a
~1.9-kb region of Kvdmr1 and a 244-bp region of the Kcngiot1 promoter.
Deletion of either of these regions causes loss of expression of Kecng7ot1 and
biallelic expression of genes, including Ascl2, Cdkn1c, Phlda2 and Slc22a18
(Fitzpatrick et al. 2002; Mancini-Dinardo et al. 2006). Transcription initiation is
insufficient for maintenance of monoallelic gene expression, with a truncated
Kcnqg1ot1 transcript also associated with LOl of adjacent imprinted genes,
indicating that a full-length Kcnqg1ot1 transcript is required for complete imprinting
at the IC2 sub-domain (Mancini-Dinardo et al. 2006; Thakur et al. 2004).
Additionally, Cdkn1c acquires Kvdmri1-dependent methylation of the paternal
Cdkn1c promoter between E6.5 and E7.5. This post-fertilisation methylation is
not required for initiation of the imprint, although it is probably required to
maintain monoallelic expression of Cdkn1c, with Dnmt deficient mice exhibiting
biallelic expression of Cdkn1c (Bhogal et al. 2004; Caspary et al. 1998).
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Figure 1.11: Imprinting at the mouse IC2 domain

Imprinting at the mouse IC2 domain is regulated by transcription of the
ncRNA Kcnq1ot1 from the paternal allele, which prevents transcription of
adjacent genes from the paternal chromosome. Methylation of the maternal
Kcnqg1ot1 promoter prevents transcription of the ncRNA and thus allows
maternal expression of genes both up and downstream. Monoallelic
expression of Cdknlc is maintained by paternal methylation of the promoter
in a Kenq1ot1 dependent manner. Diagram not to scale. M = Maternal allele;
P = Paternal allele
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Although classified as an imprinted gene, Nap1/4/NAP1L4 only exhibits
monoallelic expression in the mouse placenta (Engemann et al. 2000), with
biallelic expression observed in the embryo (Paulsen ef al. 1998) and all human
tissues (Hu et al. 1996). Initially Nap1/4 was presumed to mark the telomeric
extent of the mouse IC2 sub-domain, with biallelic expression of the adjacent
Cars/CARS in both mouse and human appearing to support this (Engemann et
al. 2000). However, Tnfrsf23, which is located approximately 150-kb upstream of
Nap1/4 displays weak imprinting, with preferential expression of the maternal
allele in some mouse tissues including the placenta (Clark et al. 2002).
Additionally, expression analysis of Kvdmr1 mutant mice revealed imprinted
expression of Osbpl5, which is located adjacent to Tnfrsf23 (Mancini-Dinardo et
al. 2006). Thus, Kvdmr1 controls the imprinting of genes that lie at least 200-kb
outside of the previously defined IC2 region. Imprinted expression has not been
reported for the three genes that lie between Nap1/4 and Tnfrsf23.

1.7.3 Phenotypes associated with human 11p15.5 and mouse distal 7

The human overgrowth syndrome BWS is associated with aberrant expression of
imprinted genes from 11p15.5 (Ping et al. 1989). BWS results from a variety of
genetic and epigenetic alterations within this region, including paternal UPD of
11p15.5 (Henry et al. 1991), LOI of IGF2 (Weksberg et al. 1993) and mutation of
CDKN1C (Hatada et al. 1996). The most common alteration associated with
BWS is loss of methylation at the maternal KCNQ1OT1 promoter, which is
predicted to result in biallelic expression of KCNQ70T1 and silencing of normally
maternally expressed genes (Lee et al. 1999b). In contrast, maternal UPD of
11p15.5 (resulting in biallelic expression of genes including CDKN1C) and loss of
methylation at IC1 (resulting in loss of /IGF2 expression) are associated with the
growth restriction disorder Silver-Russell Syndrome (Fisher et al. 2002; Gicquel
et al. 2005).

Uniparental disomy of two separate chromosomal regions is associated
with embryonic lethality in the mouse due to the altered dosage of imprinted gene
expression (reviewed in Cattanach and Beechey 1997). Paternal uniparental
disomy of chromosome 12 (pUPD12) results in placentomegaly and late
gestation embryonic death, whereas maternal uniparental disomy of chromosome
12 (mUPD12) is associated with perinatal lethality (Georgiades et al. 2000).
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Similarly, mUPD7 causes placental deficiency, embryonic growth retardation and
death by E16.5, whereas pUPD?7 results in placental deficiency and restricted
embryonic growth, with embryonic death by around E10.5 (McLaughlin et al.
1996; Searle and Beechey 1990). The altered dosage of several imprinted genes
in these UPD models, with both loss of expression and over-expression, makes it
impossible to determine the contribution of each gene to the phenotype.
Investigations using single gene knockout mice have enabled the role of some
genes to be investigated.

Embryonic lethality of pUPD7 conceptuses appears to be primarily
associated with loss of Asc/l2. Ascl2 acts to prevent the differentiation of
spongiotrophoblast cells into secondary giant cells, with Asc/2 null placentae
exhibiting an expanded giant cell layer and a complete loss of spongiotrophoblast
(Guillemot et al. 1995; Guillemot et al. 1994; Scott et al. 2000). Similar to pUPD7
conceptuses, Asc/2 null embryos die at ~E10.5 due to a similar placental defect
(Guillemot et al. 1994; MclLaughlin et al. 1996). The embryonic lethality
associated with Asc/2 null conceptuses was rescued by generating chimeras with
tetraploid wild type embryos. The tetraploid wild type cells form extraembryonic
tissue only, with viable embryos derived from diploid Asc/2 null cells, confirming
that the embryonic lethality is due to the lack of spongiotrophoblast and
subsequent placental failure (Guillemot et al. 1994). The embryonic lethality of
mUPD7 conceptuses has not been attributed to a single gene. Loss of the
paternally expressed growth factor /gf2 appears to contribute to the reduced
embryonic and placental growth of mUPD7 embryos, with /gf2-null mice
exhibiting smaller placentae and reduced birth weights (DeChiara et al. 1990;
Ferguson-Smith et al. 1991). However, /gf2 null mice are healthy and viable
indicating a role for other genes in the lethality of mUPD7 (DeChiara et al. 1990).
We recently reported that excess Cdkn1c in only a subset of tissues that
endogenously express Cdknic is associated with embryonic lethality in BAC
transgenic mice (Andrews et al. 2007). Thus, a combination of excess Cdknic
and loss of /gf2 expression may be causative of embryonic lethality in mUPD7
embryos. Interestingly, the opposite scenario of loss of Cdkn1c and LOI of Igf2
generates a mouse model of BWS (Caspary et al. 1999).

Examination of the phenotype resulting from the loss of an imprinted gene

is useful for assigning a function to a particular gene product. These models are
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often found to represent useful tools for investigating human disease. In the case
of imprinted genes, knockout models provide a useful indication of gene function,
but provide less insight as to the advantage of acquiring an imprint at a specific
gene or locus. Particular interest thus lies in generating models in which the
effect of biallelic expression can be investigated. Not only will these models be
useful for investigating human diseases such as BWS, they may enable a better
understanding as to the function of imprinting.

Mice that inherit a paternal deletion of Kvdmr display biallelic expression of
six maternally expressed genes, including Cdkn1c, Phida2, Slc22a18 and Ascl2.
These mice have significantly lighter placentae, and are born up to 25% lighter
than wild type littermates (Fitzpatrick et al. 2002; Salas et al. 2004). Maternal
inheritance of the same deletion has no effect on gene expression or birth weight
(Fitzpatrick et al. 2002). In contrast, maternal inheritance of a H79 deletion results
in excess Igf2 and Ins2, and subsequent overgrowth of progeny that persists into
adulthood (Leighton et al. 1995a). Similar to the UPD conceptuses however, such
models result in the deregulation of several genes. One way to gain greater
understanding of an individual imprinted gene is to generate single gene over-
expression models. However, generation of such models is significantly more
difficult than creating a knockout model, with no approach able to reactivate the
silent allele of a single imprinted gene. In general, two approaches can be taken
to generate mouse models for over-expression of imprinted genes. One is to
directly disrupt the IC, resulting in LOI of all imprinted genes that are under the
control of this element. Such mice have been generated for both the IC1 and IC2
sub-domains of mouse distal 7. An alternative approach is to introduce additional

copies of imprinted gene(s), for example using BAC transgenes.

1.7.4 Cdknic

Cdkn1c (p57°P%) (cyclin dependent kinase inhibitor 1C) encodes a cyclin-
dependent kinase inhibitor that is localised within the nucleus and inhibits G,
cyclin-dependent kinases (CDKs), and prevents cell proliferation (Lee et al. 1995;
Matsuoka et al. 1995). In the mouse, Cdkn1c is expressed in a range of tissues
during embryogenesis, including skeletal muscle, neural tissue, lung, kidney,
heart and the placenta (Nagahama et al. 2001; Westbury et al. 2001). Expression

in adult tissues is restricted to the kidney and the cortex of the adrenal gland
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(Nagahama et al. 2001). Tissue specific expression of the mouse Cdkn1c gene is
controlled by a number of cis-elements, with embryonic enhancer elements
located up to 225-kb downstream of Cdkn7c. Placental specific enhancers are
yet to be identified, but are located at least either 50-kb upstream of Cdkn1c or
over 225-kb downstream (John et al. 2001). Human Cdkn1c transcripts exist as
either a 1.5-kb or a 7-kb mRNA transcript, with the 1.5-kb mMRNA expressed at
high levels in the placenta, at lower levels in skeletal muscle, heart, kidney and
pancreas, and very low levels in the brain. The 7-kb transcript is observed only in
skeletal muscle and the heart (Lee et al. 1995). In both humans and mice,
Cdkn1c is generally expressed in cells as they enter terminal differentiation.

Cdkn1c null mice exhibit placentomegaly, with approximately twice the
number of spongiotrophoblast and labyrinthine cells, although the number of both
giant cells and glycogen cells remains unaffected (Takahashi et al. 2000a).
Embryonic development in the absence of Cdkn1c expression was investigated
in three separate mouse models, with variable reported phenotypes, potentially
due to genetic background differences (Hagan et al. 2004). Zhang et al. (1997)
deleted exons 1 and 2 of the Cdkn1c gene and reported phenotypes
characteristic of BWS in humans, including cleft palate, with all mutant animals
dying within 24 hours of birth. Yan ef al. (1997) deleted exon 1 and around 50%
of exon 2, resulting in various developmental defects including a shortened small
intestine in all mutants and cleft palate in approximately 50% of mutants.
Approximately 10% of these mutant animals survived to adulthood and did not
display any developmental or growth abnormalities. Takahashi et al. (2000b)
deleted the entire Cdkn1c coding region (exons 2 and 3), and also reported the
survival of 10% of mutants. However, these animals displayed severe growth
retardation and defective development of the male and female reproductive
organs. We have recently reported that over-expression of Cdkn1c in a subset of
embryonic tissues causes embryonic growth retardation that persists into
adulthood. The placental phenotype could not be investigated in these animals as
the enhancer for Cdkn7c placental expression is not present on the transgene
(Andrews et al. 2007).
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1.7.5 Igf2

One of the first imprinted genes to be described in mice was Igf2 (Insulin-like
growth factor 2), which encodes a potent mitogenic growth factor that regulates
fetal and placental growth (DeChiara ef al. 1990; DeChiara et al. 1991). /gf2 is
widely expressed in embryonic and placental tissues during gestation, with levels
declining towards term (reviewed in Fowden 2003). In the mouse, /gf2 is
transcribed from four promoters; embryo-specific transcripts are expressed from
promoters P1, P2 and P3, with placental /gf2 transcribed from the PO promoter
(Feil et al. 1994; Moore et al. 1997).

Imprinting of /gf2 was initially discovered through the observation that an
Igf2 null allele only caused a growth phenotype when inherited through the male
germline (DeChiara et al. 1990; DeChiara et al. 1991). Maternal inheritance of the
same disrupted allele had no growth consequences, whereas paternal
inheritance resulted in a ~40% reduction in both embryonic and placental
weights, from which adult mice did not recover. Cell nhumber and content of
glycogen cells was significantly reduced in /gf2 null placentae, indicating a role of
Igf2 in glycogen cell differentiation and/or the synthesis of glycogen by this
trophoblast sub-type (Lopez ef al. 1996). Despite accounting for only
approximately 10% of total placental /gf2 transcripts (Moore et al. 1997), loss of
placenta-specific Igf2P0 transcripts resulted in a comparable placental phenotype
to Igf2 null mice, with a 30% reduction in placental weight throughout mid to late
gestation. In contrast, /gf2 null embryos were growth restricted from early
gestation and into adulthood, whereas Igf2P0 null embryos displayed progressive
growth restriction from approximately E15.5, and caught up in weight compared
to wild type animals by three months of age. The late gestation embryonic growth
restriction of Igf2P0 null embryos seemingly occurs due to placental insufficiency
(Constancia et al. 2002). The delayed growth restriction may also be partially
attributed to upregulation of nutrient transporter expression in I/gf2P0 null
placentae at E15.5. The mutant placenta was seemingly able to respond to the
nutrient demands of the embryo by upregulating expression of Slc2a3, which
encodes a glucose transporter, and S/c38a4, which encodes a member of the
system A amino acid transporter family. The altered gene expression was
associated with a compensatory increase in nutrient transport efficiency at E15.5,
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although this compensatory effect was absent at E18.5. Embryonic growth
restriction therefore occurred because the placenta was unable to continue to
supply the necessary nutrients for normal growth. In contrast, such altered gene
expression was not observed in /gf2 null conceptuses, which possess similarly
small placenta but with inherently smaller embryos also. It was proposed that the
mutant placenta was able to supply the mutant embryo with sufficient nutrients to
reach its genetic growth potential, without the need to increase nutrient transport
(Constancia et al. 2005; Constancia et al. 2002; Sibley et al. 2004).

Over-expression of Igf2, either due to maternal inheritance of a disrupted
H19 allele or over-expression of the endogenous locus due to the presence of
Igf2 transgenes, resulted in placentomegaly and embryonic overgrowth of
between 30% and 60%, which persists into adulthood (Eggenschwiler ef al. 1997;
Leighton et al. 1995a; Sun et al. 1997). Furthermore, deletion of the reciprocally
imprinted /gf2r gene, which encodes an antagonist of Igf2 signalling, also results
in placentomegaly and embryonic overgrowth, although /gf2r-null mice die soon
after birth (Lau et al. 1994).

1.7.6 Phida2

The maternally expressed gene Phlda2 (Pleckstrin homology-like domain family a
member 2) encodes a small, cytoplasmic protein of the specific function of which
remains unknown (Frank et al. 2002; Qian et al. 1997). Phida2 is highly
expressed in extraembryonic tissue, with the highest level of expression reported
in the extraembryonic membranes and relatively lower expression in the
placenta. Moderate levels of expression were reported in fetal liver and lower
levels in fetal lung, kidney and limb buds. In the adult mouse, expression is only
observed in the kidney. Expression of Phlda2 in the placenta is detected in the
ectoplacental cone following implantation, becoming restricted to the labyrinth
layer by E10.5 (Frank et al. 1999). Between E12.5 and E14.5, the number of
Phlda2-expressing cells declines significantly, restricted to the type Il trophoblast
cells and at lower levels in type Il trophoblast cells. Phida2 is not expressed in
the spongiotrophoblast or giant cells (Frank et al. 2002; Frank et al. 1999).
Expression of human PHLDAZ2 is more restricted, with high expression detectable
only in extraembryonic tissue, and background expression observed in lung and
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kidney of embryos and adults (Dunwoodie and Beddington 2002; Qian et al.
1997)

The mouse Phlda2 protein is 144 amino acids in length (152 in humans),
comprising a single pleckstrin homology (PH)-like domain enclosed by short N-
and C-termini (Frank et al. 1999; Qian et al. 1997). The PH domain is an amino
acid sequence of between 100-120 amino acids that was first identified in the
protein Pleckstrin (Haslam et al. 1993). Over 100 proteins have since been
identified with homologous PH domains, most of which are implicated in signal
transduction due to their affinity for various phosphatidyl inositol phosphate (PIP)
molecules (reviewed inLemmon and Ferguson 2000). Similar to many PH-domain
proteins, Phlda2 binds a wide range of PIP molecules with moderate affinity but
low specificity, indicating a potential role in PIP signalling, but suggesting that this
is either a broad role, or that the PIP molecule to which Phlda2 is specific is yet to
be identified (Saxena et al. 2002). The presence of only a single functional
domain within the protein suggests a role of Phida2 as a signalling antagonist.

Phida2 null mice exhibit placentomegaly with a disproportionate expansion
of the spongiotrophoblast and an increased abundance of glycogen cells.
However, no growth advantage was conferred to the embryo as a result of the
larger placenta (Frank et al. 2002). Over-expression of Phlda2 and Sic22a18
results in smaller placenta, and a subsequent reduction in embryonic growth.
Restoration of Phlda2 gene dosage to normal in Kvdmr1 null mice revealed that
the reduced placental weight in this model was due in part to excess Phlda2
(Salas et al. 2004).

1.7.7 Slc22a18

The maternally expressed Sic22a18 (solute carrier family 22 (organic cation
transporter), member 18) (formerly Impt1) encodes an organic cation transporter
molecule that is highly expressed in the mouse placenta (Dao et al. 1998). The
mouse Slc22a18 gene encompasses 11 exons and encodes a protein of 410
amino acids in length, with a similar organisation existing in the human
SLC22A18 gene, which encodes a protein of 424 amino acids. Expression of
Slc22a18 is restricted to tissues with transport function, with high expression
levels in the placenta yolk sac, fetal kidney, liver and intestine (Dao et al. 1998).
Although only a general role of Slc22a18 has been described in organic cation
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transport, reduced levels of Sic22a18 expression are associated with impaired
kidney function in Apri-deficient mice (Tzortzaki et al. 2003).

1.8 Intrauterine growth restriction and fetal programming

Birth weight is routinely used to assess the general health of a newborn baby at
delivery. Full-term infants with a birth weight below the 10" centile are generally
referred to as small for gestational age (SGA), and by definition account for 10%
of all births (Lubchenco et al. 1963). SGA infants can however be further
classified according to the cause of their small size. Some SGA infants are
inherently small, having achieved their predetermined, genetic growth potential
(reviewed in Bamberg and Kalache 2004). However, a significant proportion,
estimated at between 3% to 7% of all infants fail to achieve their genetic growth
potential as a consequence of a variety of genetic or environmental factors. Such
infants are said to have undergone intrauterine growth restriction (IUGR)
(reviewed in Brodsky and Christou 2004). Furthermore, there are some infants
whose birth weight falls in the normal range, but are nonetheless growth
restricted, having failed to achieve their genetic growth potential (Blair 1994;
Monk and Moore 2004). The terms IUGR and SGA are sometimes used
synonymously in the literature, however they are not interchangeable, with IUGR
referring to a failure to achieve the genetic growth potential and SGA describing
an infant with birth weight below the 10" centile for its gestational age (Monk and
Moore 2004). Thus, not all SGA infants have undergone IUGR, likewise, not all
IUGR infants are SGA (Sifianou 2006).

IUGR may result from a variety of fetal, placental or maternal factors.
Despite a significant proportion of IUGR cases remaining idiopathic, fetal factors,
such as chromosomal abnormalities or multiple gestations (i.e. twins or triplets)
are predicted to account for approximately 20% of cases. Maternal factors,
including general health, drug or alcohol consumption, and in particular placental
factors generally referred to as “utero-placental insufficiency” account for the
remaining 80% of cases (reviewed in Brodsky and Christou 2004; and Lin and
Santolaya-Forgas 1998). In the Western world, placental insufficiency is the most
common cause of IUGR (Henriksen and Clausen 2002), resulting from
insufficient trophoblast invasion, poor maternal or fetal blood flow, or other

defects with placental structure or function (reviewed in Mandruzzato et al. 2008).
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IUGR can be classified as either type | (symmetric), or type I
(asymmetric), assessed by the ratio of head circumference to abdominal
circumference (HC:AC) (Campbell and Thoms 1977). Around 20-30% of IUGR
infants are symmetrically growth restricted, characterised by a proportional
growth restriction of the head and body, with a HC:AC ratio in the normal range.
Symmetric IUGR is frequently associated with fetal chromosomal abnormalities
with the onset of fetal growth restriction during the first or second trimester. The
remaining 70-80% of IUGR cases are asymmetric, exhibiting an increased
HC:AC ratio due to a relative sparing of brain growth in comparison to the body.
Such asymmetric growth restriction tends to result from placental insufficiency
affecting embryonic growth during the third trimester (Lin ef al. 1991; Lumbers et
al. 2001; Monk and Moore 2004; and reviewed in Platz and Newman 2008). Post-
natal catch up growth is observed in 70-90% of IUGR infants, and is generally
complete by two years of age (Hokken-Koelega ef al. 1995; Leger et al. 1997,
Ong et al. 2000). Such catch up growth tends to be associated with
asymmetrically growth restricted infants, resulting from a return to normal growth
kinetics following removal of the growth restrictive factor acting in utero (Adair
1989; Fay and Ellwood 1993; Villar et al. 1984).

IUGR is associated with a 10 to 20-fold increased risk of perinatal lethality
(Buck et al. 1989; Dobson et al. 1981; Kok et al. 1998; Mclintire et al. 1999;
Richardus et al. 2003). Epidemiological studies in human populations have
reported increased occurrence of the “metabolic syndrome” in individuals that
were born with a low birth weight. Metabolic syndrome is a multifactorial condition
characterised by the presence of at least three key factors, including central (or
visceral) obesity, insulin resistance, hypertension, dyslipidemia, elevated plasma
triglyceride levels and elevated HDL levels, all of which are risk factors for
cardiovascular disease (CVD) and Type 2 Diabetes (reviewed in Alberti et al.
2005). Low birth weight has been associated with increased rates of CVD (Barker
et al. 1993; Barker and Osmond 1986; Osmond et al. 1993), hypertension
(Barker et al. 1990) and impaired glucose tolerance (Hales et al. 1991). There is
conflicting data as to whether low birth weight is also associated with increased
obesity in human studies. Some studies report no association (McNeely et al.
2007), whereas others suggest a positive correlation between low birth weight
and central adiposity in both adults (Law et al. 1992; Loos et al. 2001) and
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children (Barker et al. 1997; Ong et al. 2000). Additional studies have reported
reduced lean mass, although with no effect on fat mass in individuals that were
born small, resulting in a relative increase of body fat proportion (Gale et al. 2001;
Hediger et al. 1998). Further studies and a re-evaluation of existing data
identified post-natal catch up growth as an additional risk factor for metabolic
syndrome. Data from the “Helsinki cohort”, consisting of over 7,000 men and
women born in Helsinki between 1934-44, indicated that the risk of developing
metabolic syndrome was increased in low birth weight infants that displayed post-
natal catch up growth (Eriksson et al. 2000; Eriksson et al. 1999; Forsen et al.
2000; Forsen et al. 1999). In an independent study, low birth weight infants that
displayed catch up growth by two years of age were more likely to be obese at
five years of age (Ong et al. 2000).

1.8.1 Rodent models of IUGR

A number of animal models of IUGR exist, which demonstrate components of
metabolic syndrome to varying degrees. Uterine artery ligation of the rat during
late gestation results in IUGR, with a 15% reduction in birth weight. IUGR animals
displayed catch up growth and became obese and developed glucose intolerance
by 6 months of age (Simmons et al. 2001). Dietary induced models of IUGR
include the maternal low protein model, in which pregnant dams are fed an
isocaloric diet containing less than 50% of the protein in standard diet during
pregnancy and lactation. Pups born to protein-restricted mothers have a
significantly reduced birth weight, with catch up growth displayed by those pups
suckled by standard chow fed dams (Desai et al. 1996). Male offspring born to
protein restricted dams developed insulin resistance by 17 months of age (Petry
et al. 2001). Similarly, female offspring born to protein restricted dams displayed
hyperinsulinaemia at 21 months, possibly indicative of the development of insulin
resistance (Fernandez-Twinn et al. 2005).

Similar to the protein restriction model, a calorie-restricted diet during
gestation induces a low birth weight, although animals did not exhibit catch up
growth when suckled by ad libitum fed dams. Subsequent weaning onto a
hypercaloric resulted in development of hypertension and hyperinsulinaemia.
Although the body weight of calorie-restricted animals remained lower than

control animals, the retroperitoneal fat pad mass relative to body weight was
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significantly increased in both standard chow fed and hypercaloric diet fed IUGR
rats (Vickers et al. 2000).

The importance of catch up growth for the programming of adult obesity
was subsequently demonstrated in both the calorie and protein restricted rat
models. Whereas protein or calorie restriction during gestation and lactation
yielded growth-restricted offspring that did not display catch up growth or obesity,
over-feeding during lactation induced obesity in both models. Exposure to a
hypercaloric diet from weaning further exacerbated the weight gain, with calorie-
restricted animals gaining significantly more weight than protein restricted
animals (Bieswal et al. 2006).

A similar model of IUGR has been applied to mice, with pregnant dams fed
an 8% protein diet during gestation and offspring cross-fostered to dams fed
either a standard 20% protein diet (recuperated) or the 8% protein diet (low
protein diet). Recuperated mice were born significantly lighter but exhibit rapid
catch-up growth whereas the low protein fed offspring were born small and
remain small throughout their lives (Ozanne et al. 2004). Feeding recuperated
animals a highly palatable “cafeteria” diet from weaning exacerbated weight gain
and reduced average longevity. Longevity was improved by maintaining IUGR
pups on a low protein diet during lactation (Ozanne and Hales 2004; Ozanne et
al. 2004).

1.8.2 The “Thrifty Phenotype” hypothesis

The relationship between birth weight and adult health and disease led David
Barker and colleagues to propose the ‘“thrifty phenotype hypothesis”,
suggesting that poor fetal and neonatal nutrition leads to permanent alterations
to organs including the pancreas (Hales and Barker 1992). This so-called “fetal
programming” is proposed to occur in response to nutrient deprivation during
critical developmental windows, primarily late gestation and during suckling
(reviewed in McMillen and Robinson 2005). Exposure to a nutrient restricted
environment in utero results in an adaptive metabolic response in organs such as
the pancreas and an increased blood flow to the brain at the expense of other
organs (Hales and Barker 1992; Lumbers et al. 2001). Such adaptations are
irreversible but essential for the immediate survival of the fetus. The hypothesis

proposes that these alterations would continue to be advantageous if nutrient
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restriction persisted in the post-natal environment, as predicted by exposure in
utero. However, in instances when the post-natal environment is nutrient rich in
comparison to the in utero environment, the “programmed” metabolism is unable
to respond adequately, eventually resulting in diabetes and obesity (Hales and
Barker 1992, 2001).

Despite an established link between IUGR and metabolic syndrome, the
mechanisms of fetal programming that underlie this association are only now
beginning to be understood. Epigenetic alterations are proposed to play a key
role in the adaptive mechanism through regulation of gene expression in
response to metabolic needs (Burdge et al. 2007; Gluckman et al. 2007; Godfrey
et al. 2007). Imprinted genes, which are epigenetically regulated and control
embryonic and placental growth, are potential candidates in both IUGR and fetal
programming. Indeed, several imprinted genes have been implicated in IUGR in
mice, including /gf2 (Constancia et al. 2002; DeChiara et al. 1990) and Cdknic
(Andrews et al. 2007). Loss of Igf2 and over-expression of Cdknic result in
symmetric growth restriction from which adult animals do not recover, whereas
loss of /gf2 in the placenta only, causes embryonic growth restriction with post-
natal catch up growth. PhidaZ2 is another imprinted gene in the same imprinted
domain and has been implicated in IUGR in mouse models, with over-expression
causing reduced placental growth resulting in embryonic growth restriction at
E16.5 (Salas et al. 2004). PHLDAZ2 has recently been reported to be upregulated
in human placentae of IUGR and lower birth weight infants, although no alteration
was reported for /IGF2 (Antonazzo et al. 2008; Apostolidou et al. 2007; McMinn et
al. 2006). Over-expression of Phlda2 in the mouse placenta may thus represent a
model for a known human scenario, which can be used to further investigate
IUGR and fetal programming.

1.9 Aims and objectives

Two approaches have been undertaken to investigate the function of imprinted
genes. The first is to generate knockout mouse models by specifically targeting
the actively expressed allele. The mutant allele is subsequently transmitted
through the appropriate germline such that progeny inherit a disrupted allele on
the normally active chromosome. The disrupted allele would be silenced by

transmission through the alternative germline and would thus not be associated
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with any phenotype. Such knockout models are useful in identifying gene
function, but provide less insight as to the advantage of monoallelic expression
over biallelic expression. To investigate the potential rationale for actively
reducing the amount of gene product produced, an alternative model in which
expression levels are restored to biallelic levels or above can be used. Such
models can be generated for some genes of an imprinted domain by targeting the
ICR, thus resulting in altered expression of all genes under its control. However,
this would result in two-fold expression of some genes with loss of expression of
others. Thus, there is no direct mechanism to generate biallelic expression of a
single gene in a complex imprinted domain. One approach that has been utilised
is the generation of mice that possess additional copies of the imprinted gene on
transgenes. Such an approach relies upon the availability of appropriate genomic
constructs that contain an intact copy of the gene of interest in addition to any
elements essential for transcription. Furthermore, the resulting transgenic mice
may possess multiple copies of the transgene, or exhibit de-regulated expression
of the transgene, and thus may still not represent true models of LOI.

The transgenic mouse model that was primarily utilised during this
investigation (line 10-15) possesses three copies of a modified BAC transgene
that spans the genes Phida2, Sic22a18 and Cdkn1c, but with Cdkn1c inactivated
by insertion of a B-galactosidase reporter (John et al. 2001), thus isolating the
role of Phida2 and Sic22a18 in development. Preliminary investigations into this
transgenic model identified a significant reduction in placental weight at E14.5
and E16.5, with a subsequent reduction in embryonic weight at E16.5. This
reduced placental weight was indirectly attributed to a reduction in the
spongiotrophoblast component (Salas ef al. 2004).

Further to the initial observation that over expression of Phlda2 results in a
placental defect, the primary aims of this investigation were to perform a detailed
characterisation of the placental phenotype associated with over expression of
Phlda2 and to determine any associated post-natal consequences. The
investigation focused primarily on characterising the phenotype on a pure 129/Sv
genetic background using BAC transgenic mice that over express the imprinted
genes Phida2 and Slc22a18. The effect of genetic background on placental
phenotype was examined on a 129/Sv x C57BL/6 background. Additionally, as

part of this study a second independent transgenic line was generated and
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utilised to confirm the observed placental phenotypes on a 129/Sv x C57BL/6
genetic background. The effect of transgene copy nhumber was examined on two
additional transgenic lines that possess either one or two copies of the transgene.

The placental phenotype was characterised by utilising a number of
approaches and techniques. Gene expression levels in transgenic placentae
were compared to those of wild type by microarray and Quantitative Reverse
Transcription PCR (qPCR). The gross placental morphology was examined by
Haematoxylin and Eosin (H&E) staining of midline placental sections, from which
spongiotrophoblast and labyrinth areas were measured. Furthermore, the relative
abundance of glycogen cells was assessed by using periodic acid-Schiff (PAS)
staining. The spatial expression pattern of various placental markers was
examined using in situ hybridisation. Probes were utilised for genes including
Phida2 and Sic22a18, which are expressed from the transgene, Tpbpa, which
specifically marks spongiotrophoblast and the giant cell markers P/7 and PI2. The
primary placental phenotypes identified in transgenic placentae from line 10-15
on a pure 129/Sv background were also examined on the 129/Sv x C57BL/6
genetic background and in additional independent transgenic lines.

Post-natal characterisation was performed entirely on mice from line 10-15
on a pure 129/Sv genetic background. Organ weights were analysed from
neonatal animals, and a cohort of animals was weighed over the course of a
year. Subsets of male and female mice from this cohort were subjected to
glucose tolerance tests at 10 weeks, 6 months and 1 year of age. Furthermore,
additional animals were dissected at these same ages to examine adiposity at
two defined depots. Gross organ morphology was examined by H&E staining of
organs from neonatal and adult animals, with specific measurements of some
organs performed using computer software. A separate cohort of animals was
also subjected to MRI scanning to investigate the potential for the use of this

technique in future longitudinal studies of fat deposition.
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Chapter 2:

Materials and Methods
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2.1 Transgenic mouse lines

Several transgenic mouse lines were utilised during the course of this
investigation. The majority of placental and post-natal characterisation studies
were performed using mice from line 10-15(Phlda2) (henceforth line 10-15)
maintained on a pure 129/Sv genetic background. These mice possess three
copies of a BAC transgene that encompasses a discrete region of the mouse
distal 7 imprinted region (Fig 2.1A). The transgene contains intact copies of the
imprinted genes Phlda2 and Sic22a18. A third gene, Cdkn1c, is inactivated by
the insertion of a B-galactosidase reporter construct (John et al. 2001) (Fig 2.1B).
Transgenic mice from line 10-15 were also maintained on a C57BL/6
background, and utilised for the characterisation of the placental phenotype on a
129/Sv x C57BL/6 genetic background. In all such instances, the genetic
background of the female is first, followed by the genetic background of the male.
An independent line named 10-10(Phlda2) (henceforth line 10-10), containing an
undetermined number of the same modified BAC transgene, was generated as
part of this study and used to examine the placental phenotype in an independent
transgenic line to 10-15. Transgenic mice were maintained on the C57BL/6
background, with placental characterisation performed on a 129/Sv x C57BL/6
genetic background.

The placental phenotype was also examined in a single copy transgenic
line (6D3) and on a two-copy transgenic line (5A4). Both lines 5D3 and 5A4
possess an unmodified version of the BAC transgene, with an intact copy of the
Cdkn1c gene (Fig 2.1C). Placenta-specific enhancer elements for Cdknc are not
present on the transgene, thus Cdkn1c is not expressed from the transgene in
the placenta (John et al. 2001). Cdkn1c is however expressed from the transgene
in a subset of embryonic tissues that normally express Cdkn1c, including the lung
epithelium and kidney, but not muscle or cartilage (John et al. 2001). Lines 10-15,
10-10, 5D3 and 5A4 thus differ only in the gene dosage of Phida2 and Sic22a18
in the placenta, with Cdkn7c not expressed in the placenta of any line. Due to the
previously reported embryonic lethality associated with maintaining lines 5D3 and
5A4 on the 129/Sv background (Andrews et al. 2007), both lines were maintained
on the C57BL/6 background and placental phenotype examined on a 129/Sv x
C57BL/6 genetic background.
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To analyse the individual contribution of S/c22a18 over-expression to the
placental phenotype, transgenic males from the single copy transgenic line 5D3
were mated with females of the PhldaZioxp (henceforth Phida2 null or Phlda2'+)
line to generate “double transgenics”. Such conceptuses possess a single copy
of the unmodified transgene and a maternally inherited Phida2 null allele, such
that Phida2 gene dosage was returned to normal, whereas S/c22a718 remains
over-expressed. Generation of the PhldaZ2 null line was described by Frank et al.

(2002), with homozygous stud males maintained on the C57BL/6 background.

A: Human 11p15.5 / Mouse Distal Chromosome 7

Nap1l4 Phlda2 Sic22a18 Cdknlc Kcnql
M > 4
B: Modified BAC 144D14: Lines 10-15 and 10-10 Kcnqlot1

C: Unmodified BAC 144D14: Lines 5D3 and 5A4

3

Figure 2.1: Structure of modified and unmodified BAC transgenes

A: Organisation of imprinted genes at mouse distal 7. B: Unmodified 85-kb BAC
transgene containing the intact Phida2, Sic22a18 and Cdknlc genes. C:
Modified version of the 85-kb BAC transgene, including reporter gene LacZ
(blue). Cdkn 1c expression is disrupted by insertion of a /3-galactosidase reporter
gene. Maternally expressed genes are in red, the paternally expressed non-
coding RNA transcript Kcnqlot is shown by a blue arrow. Non-imprinted genes
are green. The transgene does not undergo imprinting and thus transgenic
copies of Phlda2, Slc22a18 and Cdknlc are shown in green.
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2.1.1 Generation 10-15, 5D3 and 5A4 transgenic mouse lines

Generation of lines 10-15, 5D3 and 5A4 was described in John et al. (2001).
Briefly, a 129/Sv gridded pBeloBAC library (Genome Systems, St Louis) was
hybridised with a probe for Cdkn7c, resulting in the identification of the clone
144D14. This fragment extends 65-kb upstream of Cdkn1c and 20-kb
downstream, encompassing the genes Sic22a18, Phlda2 and part of Nap1/4 in
addition to Cdkn7c (Fig 2.1C). BAC DNA was linearised and ES stem cell lines
were generated by co-electroporation with PGK-neo. Transgene copy number
was determined by Southern blotting of genomic DNA from independent lines,
with comparison of band intensity to the endogenous locus by phosphorimaging.
Lines containing 1-6 copies of the BAC transgene were used to ultimately
generate several lines, including 5D3 (single copy) and 5A4 (two copy).

The BAC clone was modified by homologous recombination of a g
galactosidase reporter construct (p57Kip2-IRESfgeoloxPalkP) into the Cdknic
locus to report transgenic Cdkn1c expression. This modification also inactivated
Cdkn1c on the BAC. Line 10-15 was generated from this construct by pronuclear
injection into F1 C57BL/6 x CBA embryos. Lines 10-15, 5D3 and 5A4 were
generated at Cambridge University by Dr John.

2.1.1 Generation 10-10 transgenic mouse line

Transgenic line 10-10 was generated at Cardiff University using the same
modified BAC transgene present in line 10-15. BAC DNA was prepared by Dr
John and transgenic founder animals generated by pronuclear injection of
linearised BAC DNA into C57BL/6 x CBA F4 hybrid eggs. Pronuclear injection
was performed at the Cardiff Transgenic Production Facility.

A single transgenic male was identified from 76 live born pups following
pronuclear injection. This male was mated with a wild type C57BL/6 female by
the Transgenic Production Facility to generate G2 C57BL/6 progeny, of which
one male (of three) and two females (of four) were transgenic. The transgenic
animals were returned to the conventional transgenic facility, where the male was
mated with a wild type C57BL/6 female to generate G3 C57BL/6 progeny. The 7
progeny from this mating consisted of five females, which were culled prior to

genotyping and two males, of which one was transgenic. Line 10-10 was further
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backcrossed onto the C57BL/6 background as described in Section 2.2.1 until

transgenic males from at least G6 were obtained.

2.2 Maintenance and mating of transgenic mice

All animals were maintained on a 12-hour light-dark cycle, under non-barrier
conditions according to Home Office regulations, and fed ad libitum with standard
rodent feed (Harlan, Oxfordshire) and tap water. Five transgenic mouse lines
maintained on two genetic backgrounds were utilised during the course of this
investigation. All over-expression transgenic lines were maintained by
transmission of the transgene(s) from hemizygous males in a mating with wild
type females. Transgenic males for line 10-15 were maintained separately on
both the 129/Sv and C57BL/6 genetic backgrounds. Transgenic males for lines
10-10, 5A4 and 5D3 were maintained only on a C57BL/6 background. The
Phida2 null line was maintained on a pure C57BL/6 background. Stocks of wild
type C57BL/6 and 129/Sv females were maintained in the conventional
transgenic facility at Cardiff University. An outline of the maintenance of

transgenic lines is presented in Section 2.2.2.

2.2.1 Backcross to C57BL/6 background

Line 10-15 was maintained on the 129/Sv background for greater than 15
generations, and was thus considered pure 129/Sv. Lines 5D3 and 5A4 were
previously maintained on the 129/Sv x MF1 background. Embryonic lethality was
observed on both lines as the contribution of the 129/Sv background increased
(Andrews et al. 2007). For this work, lines 5D3 and 5A4 were backcrossed to the
C57BL/6 background until no lethality was observed. Line 10-10 was generated
by pronuclear injection of BAC DNA into C57BL/6 x CBA F1 hybrid eggs, and
backcrossed to the C57BL/6 background.

To backcross each transgenic line, confirmed transgenic males were
mated with a wild type C57BL/6 female, to yield live born pups. Male progeny
were earmarked and genotyped as described in Section 2.3.1, with wild type
males and all females killed prior to weaning. At four weeks of age, transgenic
males were weaned to separate cages, and at six weeks of age were mated with
a wild type C57BL/6 female. This procedure was repeated for at least six cycles,
to establish transgenic males of at least generation 6 C57BL/6 (GB6).
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Backcrossing to the C57BL/6 background was continued beyond G6, although
experimental conceptuses were generated using animals from G6 and beyond.
Table 2.1 shows the relative genetic contribution of each genetic background at

each generation.

Mai ing Progeny Genetic co ntribution

Male Female generation 129/Sv C57BL/6
129/Sv C57BLI/6 G1 50% 50%
G1 C57BL/6 C57BL/6 G2 25% 75%
G2 C57BL/6 C57BLI/6 G3 12.5% 87.5%
G3 C57BL/6 C57BLI/6 G4 6.2% 93.8%
G4 C57BL/6 C57BLI/6 G5 3.1% 96.9%
G5 C57BL/6 C57BL/6 G6 1.6% 98.4%
G6 C57BL/6 C57BLI/6 G7 0.8% 99.2%
G7 C57BL/6 C57BLI/6 G8 0.4% 99.6%

Table 2.1: Relative contribution of genetic background after successive
generations of backcrossing

The table shows the relative contribution of 129/Sv and C57BL/6 genetic
backgrounds over the course of eight generations of backcrossing from a
pure 129/Sv background to the C57BL/6 background.

2.2.2 Maintenance of stock animals

Stock animals for all transgenic lines were kept to an absolute minimum, with up
to six transgenic males maintained for each line, dependent upon the level of
usage. Stud males were used for breeding up to approximately one year of age,
or until breeding efficiency became noticeably reduced. Stud males were
renewed by mating a transgenic male with a wild type 129/Sv or C57BL/6 female
as required, genotyping male progeny (see Section 2.3.1) and selecting
transgenic animals for subsequent breeding. Wild type females were mated from
6 weeks of age until 6 months or until average litter size fell below five. All
transgenic lines yielded transgenic over-expression animals in approximate
Mendelian ratios, with 50% wild type and 50% transgenic animals born.

The primary use of the Phlda2 null line was to cross with line 5D3 to

observe the effect of returning Phlda2 gene dosage to normal. Due to the
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imprinted nature of Phlda2, female transmission of the Phlda2 null allele was
essential in experimental conceptuses. To minimise animal numbers,
heterozygous Phlda2 null females were generated from matings between
homozygous Phida2 null males with wild type C57BL/6 females. Two
homozygous C57BL/6 Phida2 null males were kindly provided by Miguel
Constancia of the University of Cambridge. All progeny of the first litter born to
each stud were genotyped to confirm 100% transmission of the null allele;
subsequently, no genotyping was performed on progeny from confirmed stud
animals. All male progeny were culled, except when required to mate with a
Phida2 null female to generate replacement homozygous stud males. Female
progeny were weaned at four weeks of age, and mated with 5D3 stud males

between 6 and 10 weeks of age as required.

2.2.3 Generation of conceptuses and experimental mice

Placental and embryonic phenotype characterisation was performed using mice
from five transgenic lines on both pure 129/Sv and 129/Sv x C57BL/6 genetic
backgrounds. Conceptuses on a pure 129/Sv background were generated by
mating a transgenic male on the 129/Sv background with a wild type female also
on the 129/Sv background. Conceptuses on a 129/Sv x C57BL/6 genetic
background were generated by mating a transgenic male from at least G6
C57BL/6 with a wild type female on the 129/Sv background thus generating F1
129/Sv x C57BL/6 progeny. Transgenic male mice were mated with a wild type
(or Phlda2 null) female and females checked each morning for the presence of a
vaginal plug. The day of plug discovery was recorded as embryonic day 0.5
(E0.5). Females were killed and embryos dissected at the appropriate stage as
described in Section 2.4.

Post-natal characterisation was performed using mice from line 10-15 on a
pure 129/Sv background. These mice were generated from mating hemizygous
stud males with wild type 129/Sv females, allowing the birth of progeny,
performing genotyping as described in Section 2.3.1 and weaning offspring at
four weeks of age. A maximum of five animals were co-housed, with no
experimental animals housed alone. All cages contained a mixture of both wild
type and transgenic animals, restricted where possible to animals from the same
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litter. Male animals from different litters were not mixed, and litters that contained
only one male were not used for experimental purposes.

To investigate the relative contribution of Sic22a78 and Phlda2 to the
observed placental phenotype, Phida2 gene dosage was restored to normal by
crossing the Phlda2 null line with the single copy over-expression line 5D3. A
hemizygous 5D3 male was mated with a heterozygous Phida2™ female, which
was expected to yield four potential genotypes in equal Mendelian ratios, as
depicted by the Punnett square in Table 2.2. Both 5D3 males and Phlda2 null
females were maintained on the C57BL/6 background, and thus all conceptuses
were at least G7 C57BL/6.

Maternal alleles
Wild type Phida2 null
Paternal Wild type Wild type Phida2 null
alleles Transgene Transgenic Phlda2 null & Tg

Table 2.2: Punnett square for mating 5D3 male with Phida2 null female

The Punnett square shows the four expected genotypes and ratios of
progeny generated from a cross between transgenic males of line 5D3 with
PhidaZ2 null females. Each genotype would be expected to occur with a 25%
frequency.

A summary of all breeding scenarios utilised during the course of this
investigation is presented in Table 2.3. The first two rows show the use of wild
type male and female mice from lines 129/Sv and C57BL/6 to produce wild type
females for mating with transgenic males. Wild type males were occasionally
retained from these litters to replenish stud males in maintaining these colonies.
The table is subsequently organised according to the transgenic line, followed by
the genetic background of transgenic males used for breeding from each line.
These transgenic males were mated with wild type females of the designated
genetic background to generate experimental animals either at various
gestational stages (“embryos and placentae” in table), or for adult animals
("experimental adults”). Mating scenarios used for backcrossing specific
transgenic lines are designated by the purpose of “stud males”.
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Line

129/Sv
C57BL/6

10-15

10-10

5A4

5D3

Phida2 null

Genetic background of:

Transgenic
male
129/Sv
C57BL/6

129/Sv

C57BL/6

129/Sv

C57BL/6

C57BL/6

C57BL/6

C57BL/6

Wild type female

129/Sv
C57BL/6

129/Sv

129/Sv
C57BL/6
129/Sv
129/Sv
C57BL/6
129/Sv
C57BL/6

129/Sv

C57BL/6

C57BL/6 (Phida2 null)
C57BL/6 (Pljicfa2null)

Usage

Wild type females
Wild type females
Embryos and placentae
Neonate weights
Experimental adults
Stud males
Embryos and placentae
Stud males
Stud males
Embryos and placentae
Stud males
Embryos and placentae
Stud males
Embryos and placentae
Neonate weights
Embryos and placentae
Stud males

Embryos and placentae

Homozygous stud males

Table 2.3: Summary of mouse breeding and usage

The table summarises all matings that were set up for each transgenic line
according to genetic background and

background of the stud male

intended usage. The genetic
is listed under “Stud” and the genetic

background of the female is listed under ‘female”. All females were wild type,
unless stated otherwise. The broad intended purpose of the breeding is
listed under the column “Usage”.
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2.3 Genotyping of transgenic mice

Two methods were utilised in order to determine the genotype of stock or
experimental animals. All transgenic lines could be genotyped by Polymerase
Chain Reaction (PCR) amplification of specific sequences from either tail
biopsies or yolk sac DNA. Additionally, the presence of the B-galactosidase
reporter construct in lines 10-15 and 10-10 allowed conceptuses from these
transgenic lines to be genotyped by p-galactosidase staining of the embryo. All
experimental animals were genotyped prior to weaning and genotype confirmed

from a second tail biopsy post-mortem.

2.3.1 Genotyping by Polymerase Chain Reaction

PCR is routinely used to genotype genetically modified mice. Primers are
designed to amplify a specific sequence of DNA, the size of which (or
alternatively the presence or absence of a product) is used to determine
genotype. Two PCR protocols were utilised to genotype animals used in this
investigation. Lines 10-15, 10-10, 5D3 and 5A4 were genotyped using primers
that specifically amplify a region of the pBeloBAC vector sequence that is
common to both the modified and unmodified transgene (Fig 2.2 A). Phida2 null
animals were genotyped using primers that span the deleted region of Phida2,
thus producing wild type and KO products of distinct sizes (Fig 2.2 B).

From two weeks of age, mice were ear marked and up to 5 mm of tail
removed under local anaesthetic. For embryonic stages, the yolk sac was
separated from the embryo and placenta during dissection (Section 2.4) and
used for genotyping. The tail biopsy or yolk sac was lysed in a shaking incubator
at 55°C overnight in 500 ul of lysis buffer (50 mM Tris (pH 8.0), 100 mM EDTA
(pH 8.0), 100 mM NaCl and 0.5 % SDS in water) containing proteinase K (400
ug/ml). Tissue lysate was diluted 20-fold in 10 mM Tris (pH 8.0) and heated to
95°C for twenty minutes to denature proteinase K. Genotyping was performed in
a total reaction volume of 25 ul (Table 2.4), using 1 ul of diluted lysate as
template. Reactions were incubated at the relevant temperatures for the desired
times in an MJ Research PTC-200 thermocycler.
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Volume (\i\)

dH20 16.7
Buffer (1 0X) (Sigma) 2.5
MgCE (25 mM) (Sigma) 2.0
dNTPs (10 mM each) (Roche) 0.8
Primers (Sigma Genosys) 1.0
Genomic Red Taq (Sigma) 1.0
Template DNA 1.0

Table 2.4: Reaction constituents for PCR genotyping

The table shows the volumes of each constituent required for a single PCR
genotyping reaction. For multiple reactions a master mix was made.

BAC transgenic mice were genotyped using primers R85 and R86 (see
Table 2.5 for sequences), designed using the Primer3 program (hosted at
http://frodo.wi.mit.edu/primer3/input.htm). Thermocycler conditions were; 94°C for
3 minutes, followed by 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds,
72°C for 30 seconds, then 72°C for 3 minutes. Approximately half of each
reaction was loaded on a 1% 1X Tris-acetate EDTA (TAE) agarose gel containing
0.5 pig/ml Ethidium Bromide (EtBr) (Sigma) (later SafeView (NBS Biologicals))
and visualised using a transilluminator (BioRad). Transgenic animals were
identified by the presence of a -575 bp product; with no product generated from
wild type genomic DNA. Technical problems encountered with this genotyping
protocol led to the design of a new set of primers. Primer set R85v2/R86v2 also
amplifies a region of pBeloBAC vector sequence, with transgenic animals
identified by the presence of a 314 bp product (Fig 2.2 C).

Genotyping of Phlda2 null animals was performed using primers R293 and
R294 (for sequences see Table 2.5). A touchdown PCR program was used in
order to amplify both the 2,025 bp wild type and 479 bp KO products.
Thermocycler conditions were; 94°C for 5 minutes, followed by 10 cycles of 94°C
for 30 seconds, 62°C for 30 seconds, 72°C for 1 minute. A further 20 cycles were
performed at 94°C for 30 seconds, 56°C for 30 seconds, 72°C for 1 minute, then
a final 72°C elongation step for 3 minutes. Primer sequences and thermocycler
protocol were provided by Professor Ben Tycko. Products were resolved on a 1%

TAE agarose gel as described above, with KO animals identified by the presence
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of a -500 bp product and wild type animals by a product of -2-kb; the presence
of both products identified heterozygous animals (Fig 2.2 D).

Primer Sequence (5’ - 3’) Tm(Primer3)
R85 ATT CTG CTT ACA CAC GAT GC 56.4
R86 TTC CGC AGA GGT CAA TCC 59.7
R85v2 GGG CAC CAA TAA CTG CCT TA 60.0
R86v2 GCG TGT TAC GGT GAA AAC CT 60.0
R293 CGA GAG CCT GCT TGG GAT TG 65.5
R294 GGG GCT TGT CCT CCA ATA AAA C 63.0

Table 2.5: Primer sequences for genotyping of transgenic mice

The table shows the sequences of primers used for genotyping transgenic
lines. Primers R85 and R86 (later R85v2 and R86v2) were used for BAC-
specific PCR, whereas R293 and R294 were used for Phlda2 KO genotyping.

2.3.2 Genotyping by fi-galactosidase staining

The p-galactosidase reporter gene is expressed from the modified transgene in
neural tissue during embryonic development (John et al. 2001). This allows
transgenic animals to be identified by the development of an intense blue stain in
the neural cord and brain stem when embryos are incubated with the [3-
galactosidase substrate X-Gal (Promega). This method of genotyping was
utilised to ascertain the genotype of embryos from lines 10-10 and 10-15 when
the embryo was not required for further investigation.

Staining of embryonic stages E14.5 and earlier was performed on whole
embryos. At developmental stages later than E14.5, embryos were decapitated
according to Schedule 1, and development of colour assessed in the severed
brain stem. Entire embryos or embryo heads were fixed in “LacZ fix” (2%
formaldehyde, 0.2% glutaraldehyde, 0.02% NP-40, 1 mM MgCI2 in phosphate
buffered saline (PBS)) for one hour at 4°C on a rocking platform, washed in two
changes of 1X PBS and then placed in lLacZ stain” (0.4 mg/ml X-Gal, 4 mM
potassium ferrocyanide, 4 mM potassium ferricyanide, 1 mM MgCl2 0.02% NP-
40 in PBS). Colour was allowed to develop in a lightproof box at room
temperature for several hours. Transgenic conceptuses were identified by the
development of an intense blue colouration; wild type embryos exhibit no such

stain (Fig 2.2 E).
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Figure 2.2: Genotyping of BAC transgenic and Phlda2 KO mice

A: Position of primers R85 and R86 used for genotyping of lines 10-10. 10-15,
5D3 and 5A4, which amplify the same product from both unmodified (above)
and modified (below) transgene. B: Result of genotyping reaction; transgenic
animals were identified by a 314 bp (previously ~575 bp) product; wild type
animals produce no product. C: Position of primers used to genotype Phlda2
null KO mice. Primer R293 binds upstream of exon 1, with primer R294
binding downstream of exon 2. Both exons are excised in KO mice, however
primer-binding sites remain intact. D: Result of genotyping reaction; wild type
animals were identified by the presence of a 2025 bp product, Phlda2 null
animals were identified by the presence if a 479 bp product. The presence of
both products indicated heterozygous animals. E: Development of
characteristic blue colouration of neural tissue following LacZ staining of wild
type and transgenic embryos from line 10-15 at E14.5.



2.4 Dissection and fixation of embryos and placentae

Transgenic males were mated with wild-type female 129/Sv mice, which were
monitored for the presence of vaginal plugs, with the day of plug discovery
recorded as day EQ.5. At the required stages of gestation, pregnant females were
killed by cervical dislocation, as per Schedule 1 and the uterus dissected out and
placed into cold PBS. Embryos and placentae were dissected free of the uterus
and placed separately into fresh, cold PBS in a 24-well plate. Yolk sacs were
separated and placed into microfuge tubes, and stored at -20°C prior to lysis as
described in Section 2.3.1. Embryos were killed by methods approved under
Schedule 1 of the Animals (Scientific Procedures) Act 1986, including immediate
decapitation or immersion in ice-cold fixative. Embryo and placental weights were
ascertained after removing excess PBS/fixative by drying on a paper towel.

In order to preserve the integrity of tissue structure for histology and to
prevent degradation of protein and nucleic acids, placentae were fixed in 4%
paraformaldehyde (PFA) (4% PFA (Sigma) w/v in 1X PBS) at 4°C overnight.
Fixative was removed and tissue washed three times for 10 minutes in cold PBS,
once for 10 minutes in 50% EtOH and stored in 70% ethanol prior to embedding
and sectioning. All solutions were made using diethyl pyrocarbonate (DEPC)
treated sterile distilled water. In instances where embryos and/or placentae were
required for subsequent extraction of RNA, tissue was immediately frozen in a
24-well plate placed directly onto dry ice, and stored at -80°C until required.

To assess relative organ size of transgenic animals, pups were dissected
on the day of birth (PO). The entire litter was removed from the cage and
maintained at a warm temperature in ample bedding under a lamp. Individual
pups were weighed and decapitated as per Schedule 1. Brain, liver, heart,
kidneys, lungs and pancreas were separated from the carcass and fixed in 4%
PFA overnight at 4°C. Organs were subsequently washed in PBS and 50% EtOH
as described for placentae above, and stored in 70% EtOH. After equilibrating in
70% EtOH for two days, organs were weighed and weights recorded.

2.5 Embedding and sectioning of placentae

Following fixation in PFA overnight, washing and transfer to 70% EtOH,
placentae were processed, embedded and sectioned by the Histology Unit
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(Cardiff School of Biosciences). Placentae were dehydrated for 1 hour
sequentially in 70% EtOH, 95% EtOH, 100% EtOH (twice), xylene (twice), and
passed through three changes of molten paraffin at 55°C for two hours each prior
to being orientated and paraffin embedded. Midline sagittal sections of 10 um
thickness were cut and floated onto slides in a 37°C water bath. Slides were dried
by incubating at 50°C overnight, and stored at room temperature in sealed slide
boxes.

For in situ hybridisation, placentae were processed immediately following
fixation. Placentae were dehydrated for two hours sequentially in 70% EtOH,
95% EtOH, 100% EtOH (twice), xylene (twice), and passed through three
changes of molten paraffin at 55°C for two hours each prior to being orientated
and paraffin embedded. Paraffin blocks were stored at 4°C in sealed containers
prior to sectioning. Sections were prepared and stored at 4°C on the day prior to
beginning the in situ protocol.

To measure the absolute volume of the spongiotrophoblast and labyrinth
layers, placentae were PFA fixed as described previously and paraffin embedded
by Histology Unit. Subsequently, sections of 10 um thickness were cut
throughout the entire depth of the placenta using a Microm HM310 microtome.
The first and every tenth section thereafter was retained and placed onto slides in
a known order prior to H&E staining. Cross-sectional area was measured as

described in Section 2.10.

2.6 Haematoxylin and eosin staining

Haematoxylin and Eosin (H&E) staining of placental midline sections was used to
assess placental structure and determine the relative contribution of
spongiotrophoblast and labyrinth regions. The protocol used for H&E staining
was provided by Katrina Varanou from the University of Cambridge.

Slides were deparaffinised in two changes of xylene for 10 minutes, and
rehydrated through graded ethanol solutions for 2 minutes each; 100% (twice),
95%, 70%, 50%, and 30% EtOH, followed by five minutes in dH,O. Slides were
immersed in Mayer's haematoxylin (Sigma) for two minutes and washed in
running tap water for 5 minutes. Slides were dipped in acid alcohol solution (0.5%
HCI in 70% EtOH) for 10 seconds, and rinsed again in running tap water for 5

minutes. Acid alcohol treatment was repeated, and slides washed first in running
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tap water, then in dH;0 for five minutes each. Slides were immersed in Eosin Y
Solution (Sigma) for 5 - 10 seconds and immediately dehydrated through graded
ethanol solutions of 30%, 50%, 70%, and 95% each for 5 - 10 seconds, then
100% EtOH for 2 minutes. Slides were fixed in xylene for 5 minutes and mounted

using DPX mounting medium (Sigma).

2.7 Detection of glycogen cells

Glycogen cells are a unique subtype of trophoblast found in the murine placenta,
characterised by large glycogen-filled vacuoles (Georgiades et al. 2002). Two
main techniques have been previously used to identify these cells, the first to be
used was Best’'s Carmine staining, which results in the staining of glycogen a
bright pink colour, with some mucins also staining a less intense colour (Lopez et
al. 1996). More recently, periodic acid Schiff (PAS) staining has been widely used
to identify such cells (including Bouillot et al. 2005; Coan et al. 2006). Both
techniques were employed in this investigation in order to compare the relative
effectiveness of each technique, and to assess the relative extent of glycogen
staining in wild type and transgenic placentae.

In addition to staining for glycogen in PFA fixed placentae, the use of an
alternative method of fixation was also investigated. Placentae were dissected as
described previously and placed directly into Tellyesniczky/Fekete (Telly’s)
fixative (20 parts 70% EtOH, 2 parts 40% Formalin, 1 part glacial acetic acid), as
recommended by the Jackson Laboratory for the preservation of glycogen
(http://jaxservices.jax.org/histology-fixatives.html). Following overnight fixation at
4°C, placentae ‘were washed and stored in 85% EtOH prior to processing and
embedding as described for PFA fixed placentae, but omitting the dehydration
step through 70% EtOH. Midline sections of 10 um thickness were cut and

floated onto slides as described in Section 2.5.

2.7.1 Periodic acid Schiff staining

Periodic acid Schiff (PAS) staining is based upon two chemical reactions, the first
is an oxidation of glycogen by periodic acid to form aldehyde groups, and the
second involves the reaction of these aldehyde groups with Schiff's reagent to
develop an intense pink colouration.
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Slides were deparaffinised as described in section 2.6, and rehydrated
through 100% (twice), 95% and 70% EtOH. Sections were circled using a PAP-
pen (Dako), and incubated with 1 ml of 1% (w/v) periodic acid (Sigma) in dH>O
for 5 minutes at room temperature. Slides were washed in running water for 5
minutes and incubated in 1 ml Schiffs reagent (Sigma) for 10 minutes at room
temperature. Slides were rinsed in running tap water for a further 10 minutes,
counterstained with haematoxylin for 1 minute and excess stain cleared by
washing in tap water. Slides were dehydrated by reversing the rehydration steps

and mounted using DPX mounting medium.

2.7.2 Best’s Carmine staining

Slides were deparaffinised and rehydrated to water as described in section 2.6.
Sections were stained in Mayer's haematoxylin (Sigma) for two minutes and
washed in running tap water for 5 minutes. Slides were dipped in acid alcohol
solution (0.5% HCI in 70% EtOH) for up to 10 seconds, and rinsed briefly in
running tap water. Slides were stained in Best's Carmine solution (Sigma) for 6
minutes, washed in Best's differentiator (40% EtOH, 20% MeOH in dH,0) for 2
minutes and 100% EtOH for 2 minutes. Slides were cleared in xylene for 5

minutes and mounted using DPX medium.

2.7.3 Comparison of glycogen staining techniques

A comparison of the four possible combinations for fixation and glycogen staining
was performed in order to determine the method that would yield the best results.
Initial observations suggested that Best’s Carmine staining of PFA fixed placental
sections yielded appropriate staining with good distinction between glycogen and
other cell types (Fig 2.3A). However, PAS staining is more extensively utilised in
recent publications, and yielded good results with both PFA-fixed sections and
Telly’s fixed sections, resulting in intense pink staining of glycogen cells (Fig 2.3B
and D respectively). Best's Carmine staining displayed poor reproducibility, with
colour not developing for either PFA or Telly’s fixed placentae in some instances
(Fig 2.3C and E respectively). PAS staining of PFA-fixed tissue was subsequently
used to detect glycogen cells because of the ability to use PFA-fixed placentae
for other histological techniques, including in situ hybridisation and the
reproducibility of PAS staining over Best's Carmine.
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Figure 2.3: Comparison of glycogen staining techniques

Fixation and staining method combinations were compared to determine the
optimum conditions for visualisation of glycogen cells. A: Best’s Carmine
staining of a PFA fixed section. B and C: PAS and Best’s Carmine staining
respectively of adjacent PFA-fixed sections. D and E: PAS and Best’s Carmine
staining respectively of adjacent PFA-fixed sections. Scale bar =100 pm.
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2.8 In situ hybridisation

In situ hybridisation was used to examine the spatial and temporal expression of
mRNA for a number of key placental markers. The technique utilises digoxigenin
(DIG) labelled RNA probes (riboprobes) that are complementary (anti-sense) to
and thus specifically bind the target mRNA sequence. An anti-digoxigenin
alkaline phosphatase-conjugated antibody was subsequently used to detect
probe binding by development of a purple stain. DIG labelled sense RNA probes
of the same sequence as the mRNA molecules were used as a negative control.
Probes were transcribed from a vector containing a full-length or partial cDNA
fragment of the appropriate mRNA in the multiple cloning site (MCS), flanked on
each side by a promoter sequence for T3, T7 or SP6 RNA polymerase (Fig 2.4
A). The RNA polymerase promoters were used to sequence the cDNA insert in
order to ascertain its orientation within the vector. The vector was then linearised
by two separate restriction enzymes, one cutting on each side of the insert, such
that the appropriate RNA polymerase could be used to transcribe “run-off’ probes
of consistent length (Fig 2.3 B).

Riboprobes for Phida2 and Slc22a18 were designed and generated
specifically for this investigation. In addition to these, a number of previously
published probes were also utilised to assess the relative expression of various
placental markers. The junctional zone marker Tpbpa is only expressed by
spongiotrophoblast and glycogen cells (Lescisin et al. 1988). Ascl2 is expressed
in the pre-implantation embryo, becoming restricted to the trophoblast lineage at
implantation. High levels of expression are observed in the ectoplacental cone
and chorionic epithelium at E7.5, with stronger expression seen in the
ectoplacental cone at E85. From ~E10.5, expression patterns in both
spongiotrophoblast and labyrinth regions becomes patchy and begins to decline,
with little Ascl2 expression at E18.5 (Guillemot et al. 1994; Rossant et al. 1998).
Cdkn1c mRNA is detected in cells of both the spongiotrophoblast and labyrinth
layers, but was not detected in glycogen cells or giant cells (Takahashi et al.
2000). In contrast, others have found high levels of Cdkn7c protein localised to
glycogen cells (Coan et al. 2006; Georgiades et al. 2001). Labyrinth development
was examined by assessment of the expression pattern of Gem1, which is

expressed at the branch-points of the dividing epithelium (Altshuller et al. 1996;
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Basyuk et al. 1999). Hand1 is expressed in cells of the spongiotrophoblast and
labyrinth, and acts to promote giant cell differentiation in opposition to the effect
of Ascl2 (Cross et al. 1995; Riley et al. 1998; Scott et al. 2000). During early
gestation, giant cells were examined by expression of prolactin family 3,
subfamily d, member 1 (Pri3d1, formerly placental lactogen 1 (PI1)), which is
expressed from at least E6.5 until approximately E11.5 (Carney et al. 1993;
Simmons et al. 2008; Yamaguchi et al. 1992). From E12.5, giant cells were
examined by expression of prolactin family 3, subfamily b, member 1 (Pri3b1,
formerly placental lactogen 2 (PI2)), which is expressed in all giant cell sub-types
except the spiral artery associated giant cells in addition to the
spongiotrophoblast cells (Simmons et al. 2008). Fetal capillaries in the labyrinth
were detected by expression of the VEGF receptor Kdr (Flk1) (Breier et al. 1995;
Dumont et al. 1995).
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Figure 2.4: Schematic of in situ “run-off” probe transcription

Sense and antisense run-off riboprobes were transcribed from a linearised
plasmid construct containing an appropriate cDNA. A) Full length or partial
cDNA fragments were cloned into appropriate vectors with an MCS flanked by
RNA polymerase promoter sequences (T3 and T7 or T7 and SP6). The
orientation of the cDNA was determined by sequencing using promoters specific
to the RNA polymerase promoter sites. The primer that resulted in a
complementary sequence to the mRNA transcript is the anti-sense probe. B)
Plasmid DNA was linearised in two separate reactions on each side of the
cDNA insert, and run-off riboprobes were transcribed with the appropriate RNA
polymerase. In this example the cDNA fragment was cloned into a vector
containing promoters for the RNA polymerases T3 and T7. Probe was
transcribed using T7 RNA polymerase from plasmid linearised with restriction
enzyme 1, and using T3 RNA polymerase from plasmid linearised with
restriction enzyme 2.
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2.8.1 Generation of Phlda2 and SIc22a8 cDNA constructs

Primer sets R356/357 and R358/359 were designed using Primer3 to amplify
fragments of the Phlda2 and Sic22a18 coding regions respectively (see Table 2.6
for sequences). Primer set R356/357 amplifies a 546 bp region of the Phlda2
spliced transcript, between nucleotides 120 and 666 inclusive (NCBI accession
number NM009434). Primer set R358/359 amplifies an 858 bp region of the
Silc22a18 spliced transcript, between nucleotides 440 and 1297 inclusive (NCBI
accession number NM008767).

Primer Sequence (5’ - 3’) Tm(Primer3)
R356 ACA GCC TGT TCC AGG TAT GG 60.0
R357 GGT TGG AAG CAG GTA ACC AA 60.0
R358 AGA GCG GCA CTC TCA CTC TC 60.0
R359 GGT CAA TGG TTG CAC AGA TG 60.0

Table 2.6: Primer sequences for amplification of Phida2 and Sic22a18 cDNA

Primer3 was used to design primers to amplify fragments of Phlda2 and
Slc22a18 transcripts in order to generate riboprobes for in situ hybridisation.

Target sequences were amplified from wild type E12.5 placental cDNA
(see Sections 2.11.1 and 2.11.2 for generation of cDNA) in separate reactions.
For each target, four separate reactions were set up according to Table 2.7,
using 2 \i\ of diluted cDNA as template. Thermocycler conditions were 94°C for 3
minutes, followed by 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds,
72°C for 30 seconds, then a 72°C final elongation step for 3 minutes. For each
target, the four reactions were combined in a single microfuge tube and 10 \i\
analysed on a 1.5% 1X TAE gel, using a 100 bp ladder (NEB) to quantify product
size. PCR-amplified products were purified using a PCR purification kit (Qiagen)
according to the manufacturer’s instructions and resuspended in 50 @l 10 mM
Tris (pH8.0). Concentration was determined from 1 using a NanoDrop 1000

(Thermo Scientific) and DNA stored at -20°C.
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Volume (p-)

dH20 334
Buffer (10X) (Sigma) 5.0
MgCl2(25 mM) (Sigma) 4.0
dNTPs (10 mM each) (Roche) 1.6
Primers (Sigma Genosys) 2.0
Genomic Red Taq (Sigma) 2.0
Template DNA 2.0

Table 2.7: Reaction constituents for PCR amplification of Phida2 and
Sic22a18 cDNA

The table shows the constituent volumes for PCR amplification of cDNA
fragments of Phlda2 and Sic22a18. Gene fragments were amplified in four
separate reactions each containing the above constituents.

Amplified cDNA fragments were ligated into the pGEM-T Easy Vector
System (Promega). The pGEM-T Easy Vector contains a single 3’
deoxythymidine overhang, which is complementary to the additional
deoxyadenosine that is added to the 3’ end of PCR products by most Taqg
polymerase enzymes. Two separate ligation reactions were set up for each
target, with either a 3:1 or a 5:1 insert to vector molar ratio, calculated using the
formula below:

Amount of insert (ng) = amount of vector (ng) x insert size (kb) x insert ratio
vector size (ng) vector

Ligation reactions were incubated overnight at 4°C. Following brief
centrifugation, 2 pi of ligation mixture was mixed with 50 %l of high efficiency
JM109 cells (Promega) in a 1.5 ml microfuge tube. Cells were incubated on ice
for 20 minutes, heat shocked at 42°C for 45 seconds to facilitate uptake of
plasmid and immediately placed on ice for 2 minutes. Room temperature SOC
medium (950 7l) was added to each tube and incubated at 37°C in a shaking
incubator for 90 minutes. Each culture was plated onto two agar plates containing
carbenicillin (Sigma), IPTG (Sigma) and X-Gal (Promega). One plate was
inoculated with 100 pi and the other with 900 pi of culture, and incubated at 37°C
overnight. The pGEM-T Easy Vector contains a /3-galactosidase reporter gene,

which is inactivated following successful ligation of a DNA fragment into the
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vector, thus allowing positive transformants (white colonies) to be selected over
negative colonies (blue).

Five white colonies were selected from each of the 100 ul plates and used
to inoculate 5 ml of LB medium containing carbenicillin, which was incubated
overnight at 37°C in a shaking incubator. Plasmid DNA was purified from 4.5 ml
of each culture using a mini prep kit (Qiagen), according to the manufacturer’s
instructions, with DNA eluted in 50 ul dH20. The remaining 0.5 ml of each culture
was used to generate a “glycerol stock” by mixing with an equal volume of 50%
glycerol in a sterile screw cap tube, labelled appropriately and stored at -80°C.
Plasmid DNA was quantified using a NanoDrop, and an EcoRI analytical digest,
designed to excise the cloned fragment, performed on approximately 500 ng of
DNA from each culture. DNA from cultures exhibiting the expected fragment size
was sent for sequencing at the Cardiff Sequencing Core utilising the SP6 and T7
promoter sites that flank the multiple cloning site (MCS) of the pGEM-T Easy
Vector. Insert sequences were aligned with published mRNA sequences
available from NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene). Insert
orientation with respect to SP6 and T7 promoters was determined and any
mismatches present in the cloned sequence were noted. Only constructs with
sequences identical to the published mMRNA sequence were retained for future
use. Glycerol stocks of transformants that did not display 100% sequence identity
were discarded, whereas glycerol stocks of those colonies that met this criterion
were stored at -80°C until required, with riboprobes prepared as described in
Sections 2.8.3 and 2.8.4.

2.8.2 Transformation of competent cells with cDNA vectors

In addition to the constructs created for Phida2 and Sic22a18 riboprobes, several
previously published in situ probes were also utilised. Constructs for these probes
were supplied as either a small volume (~5 pl) of purified plasmid DNA in Tris, or
“spotted” on a piece of 3MM paper, outlined in pencil and sealed in a sterile bag.
Plasmids that were supplied in Tris were stored at -20°C until required, whereas
those that were spotted on 3MM paper were placed in a sterile microfuge tube,
covered with the minimum amount of 10 mM Tris (pH 8.0), incubated at room
temperature for 5 minutes, and stored at -20°C.
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In order to facilitate large-scale purification of plasmid DNA, each construct
was transfected into chemically competent JM109 Escherichia coli (Promega),
which were subsequently cultured and plasmid DNA extracted by midi prep.
Competent cells (50 ul) were mixed with ~1 ug plasmid DNA (approximately 1-2
ul) and incubated on ice for 30 minutes. Cells were heat shocked at 42°C for 45
seconds and placed on ice for 2 minutes. Room temperature SOC medium (950
ul) was added and the culture incubated for 90 minutes at 37°C in a shaking
incubator. Cultures were plated onto two agar plates containing the relevant
antibiotic as described in Section 2.8.1, and plates incubated at 37°C overnight.

A single colony from the 100 ul plate was used to streak a second agar
plate containing antibiotic and incubated overnight at 37°C. Four well-isolated
individual colonies were selected from the second plate and grown overnight in a
shaking incubator at 37°C in 5 ml of LB medium containing the appropriate
antibiotic. Plasmid DNA was isolated from 4.5 ml| of culture using a mini prep kit
(Qiagen), following the manufacturers instructions and DNA eluted in 50 ul sterile
H20. A glycerol stock for each culture was prepared as described in Section 2.8.1
and stored at -80°C.

In order to confirm that the correct construct had been transfected and
purified, an appropriate analytical digest was performed on approximately 500 ng
of plasmid DNA. Each analytical digest was designed to excise the cloned insert,
thus generating two products, representing the vector backbone and the insert.
Table 2.8 shows the expected size of the cDNA fragment for each construct
when digested with the restriction enzyme shown. Restriction enzyme digests
were performed in reaction volumes of 10 ul (Table 2.9) and incubated at the
appropriate temperature for 4 hours prior to being analysed on a 1.5% TAE
agarose gel. One sample exhibiting the correct insert size was selected for each
construct and sequenced to ensure the correct cDNA fragment had been inserted
and to confirm its orientation with respect to the RNA Polymerase promoters.
Sequencing was performed from both promoters using 300 ng of DNA per
reaction and carried out at the Cardiff Sequencing Core, and sequences
compared with published mRNA sequences available from NCBI.
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Target Vector Resistance  Analytical Digest Fragment Size
Ascl2 pBlueScript Ampicillin EcoRlI 1,700 bp
Cdknlc pBlueScript Ampicillin Xhol 1,400 bp
Kdr pCDNA3 Ampicillin EcoRI 1,500 bp
Gem1 Topoll Ampicillin EcoRlI 400 bp
Handl pBlueScript Ampicillin Sa/l and Nof\ 1,700 bp
Phlda2 pPGEM T-Easy Ampicillin EcoRl 550 bp
PI1 pGEM2 Ampicillin Hind\\\ and Pst\ 800 bp
PI2 pGEM1 Ampicillin Hind\\\ and Sacl 800 bp
Sic22a18 pGEM T-Easy Ampicillin EcoRlI 850 bp
Tpbpa pBlueScript Ampicillin EcoRl 750 bp

Table 2.8: Constructs used for generation of riboprobes

The table depicts the vector, antibiotic resistance, restriction enzyme used for
analytical digest and size of insert for each riboprobes construct. All restriction
enzymes were from New England Biolabs (NEB).

Volume (\i\)

H20 to 10
Buffer (1 0X) 1.0
BSA (100X) 0.1
Enzyme 1 (0.5 each for double digest)
Plasmid DNA 0.5-1 ng

Table 2.9: Reaction constituents for analytical digests

Analytical restriction enzyme digests were performed to confirm the isolation of
the anticipated construct. The table shows the constituent volumes for a single
restriction enzyme digest reaction of mini or midi prep plasmid DNA.
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2.8.3 Midi prep of plasmid DNA and linearisation of probe constructs

Agar plates containing the appropriate antibiotic were inoculated using the
glycerol stock of the required construct and incubated overnight at 37°C. A single,
well-isolated colony was used to inoculate a second agar plate, and incubated
overnight at 37°C. A single colony from the second agar plate was used to
inoculate 5 ml of LB medium containing antibiotic and grown for 8 hours at 37°C
in a shaking incubator at 200 rpm. 100 ul of this culture was used to inoculate
200 ml LB medium, from which plasmid DNA was purified using a midi prep kit
(Qiagen) following the manufacturer’s instructions, with DNA resuspended in 200
ul 10 mM Tris (pH 8.0), and stored at -20°C. Analytical digests were performed
on plasmid DNA preps as described in Section 2.8.2.

Two separate reactions were set up using the restriction enzymes shown
in Table 2.10 to linearise each construct either side of the insert thus allowing the
independent transcription of sense and anti-sense probes. A total of 30 ug of
DNA was linearised in each reaction, with constituents as shown in Table 2.11.
Restriction digests were incubated overnight at the appropriate temperature, and
5 ul of reaction was run on an agarose gel alongside undigested vector to confirm
complete linearisation.

Linearised plasmid DNA was phenol/chloroform extracted by first adjusting
the volume to 500 ul with 10 mM Tris (pH 8.0), then adding an equal volume (500
ul) of phenol and mixing. The mixture was centrifuged at 13,000 rpm for 10
minutes at room temperature, and the upper aqueous phase was removed to a
clean microfuge tube to which an equal volume of chloroform was added and
mixed. The mixture was centrifuged as above, and the aqueous phase removed
to another microfuge tube. A volume of 3 M NaOAc (pH 5.2) equal to one-tenth of
the total volume of the aqueous phase was added in addition to 2.5 volumes of
100% EtOH. DNA was precipitated overnight at -20°C, and centrifuged for 20
minutes at 13,000 rpm at 4°C. The pellet was washed with 1 ml of 70% EtOH,
allowed to air dry and resuspended in 25 ul of 10 mM Tris (pH 8.0). DNA
concentration was determined using a NanoDrop as before, and adjusted to 1
ug/ul using 10 mM Tris (pH 8.0) as required.
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Anti-sense probe

Ascl2 Smal
Cdknlc Sacl
Kdr Clal
Gem1 Hind\\\
Handl Sall
Phlda2 Pst\
PI1 Hind\\\
PI2 Hind\\\
Slc22a18 Pst\
Tpbpa Xbal

Sense probe
Clal
Kpnl1
BamH\
Xho\
Not\
SacW
Pst\
Sacl
Sacll
Kpnl1

Table 2.10: Restriction enzymes for plasmid linearisation

linearised

in two separate reactions using the restriction

Constructs were
enzymes stated above. All restriction enzymes were obtained from NEB except

1from Promega.

RNase Free H20
Buffer (10X) (NEB)
BSA (1X) (NEB)
Enzyme

DNA

Volume
to 200 pi
20 pi
1o
10 pi
30 pg

Table 2.11: Reaction constituents for linearisation

The table shows the constituent volumes for a single reaction to linearise a
construct containing a cDNA fragment from which run-off DIG labelled

riboprobes were generated.
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2.8.4 DIG labelling of riboprobes

The linearised plasmid DNA prepared in Section 2.8.3 was used as a template for
the transcription of Digoxigenin-labelled riboprobes using SP6, T3 or T7 RNA
polymerase (Roche) as detailed in Table 2.12. Reaction constituents for DIG-

labelling of riboprobes are shown in Table 2.13.

Anti-sense probe Sense probe
Ascl2 T3 T7
Cdknlic T3 T7
Kdr T7 T3
Gem1 T7 SP6
Handl T7 T3
Phida2 T7 SP6
PH T7 SP6
PI2 T7 SP6
Sic22a18 T7 SP6
Tpbpa T3 T7

Table 2.12: RNA Polymerase enzymes for probe transcription

Run-off DIG-labelled riboprobes were transcribed from linearised plasmid DNA
using the appropriate RNA polymerase enzyme from Roche.

Volume
RNase Free H20 12 pi
Transcription Buffer (10X) (Roche) 2 pi
DIG RNA Labelling mix (Roche) 2 pi
RNasin (Promega) 1 pi
RNA Polymerase (Roche) 2 pi
DNA 1 pi (1 palpl)

Table 2.13: Reaction constituents for DIG labelling

The table shows the constituent volumes for a single reaction for the generation
of a DIG labelled run-off riboprobe.
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The DIG RNA labelling mix contains the nucleotide triphosphates ATP,
CTP and GTP at a concentration of 10 mM. UTP is present at a concentration of
6.5 mM and is supplemented with 3.5 mM DIG-11-UTP, to make a total
concentration of 10 mM. In this way, as the riboprobes are transcribed,
approximately one in every three UTP molecules contains the DIG label.

Transcription reactions were incubated for 2 hours at 37°C, and DNA
template digested by incubation with 20 units of DNasel (Ambion) for 15 minutes
at 37°C. Probes were precipitated by addition of 2 ul 3 M NaOAc (pH 5.2) and
100 ul 100% EtOH, and incubated at -20°C overnight. RNA was pelleted by
centrifugation at 13,000 rpm at 4°C for 20 minutes, the pellet washed with 70%
EtOH, and allowed to air dry for a few minutes. The pellet was resuspended in
100 ul of DEPC treated H,O and divided into 10 ul aliquots, which were stored at

-80°C.

2.8.5 Probe hybridisation

Slides were dewaxed in two changes of xylene for 10 minutes each, and
rehydrated through graded ethanols of 100% (twice), 95%, 85%, 75%, 50% and
30% for 1 minute each. Slides were incubated in 1X saline followed by 1X PBS
for 5 minutes each and incubated in 6% hydrogen peroxide (in 1X PBS) for 30
minutes at room temperature in order to inactivate endogenous alkaline
phosphatase activity. Slides were washed twice in 1X PBS for 5 minutes each,
fixed in ice cold 4% PFA (in 1X PBS) for 20 minutes and washed twice in 1X PBS
for 5 minutes each. Slides were incubated for 5 minutes in Proteinase K
(Melfords) (20 ug/ml Proteinase K, 50 mM Tris, 5 mM EDTA in H,O) at room
temperature, washed in 1X PBS for 5 minutes, post-fixed in 4% PFA for 5
minutes and washed in DEPC treated H,O for 2 minutes.

To reduce non-specific probe binding, slides were treated with acetic
anhydride (0.01 M in 0.1 M triethanolamine hydrochloride), by incubating at room
temperature for 10 minutes. Slides were washed with 1X PBS and 1X saline each
for five minutes at room temperature. Slides were rehydrated through 30%, 50%,
70%, 85%, 95% and 100% (twice) EtOH solutions, each for 1 minute, except for
70%, in which slides were left for five minutes to prevent salt precipitation. Slides
were air dried for 30 minutes, and placed into sealable boxes lined with
absorbent paper soaked in moisture buffer (6X SSC, 50% (v/v) formamide in

82



DEPC H,0). Probe was heated at 80°C for 3 minutes, and stored on ice, whilst
hybridisation buffer (56X SSC, 50% formamide, 1% SDS, 0.056 mg/ml heparin,
0.05 mg/ml calf liver tRNA in DEPC H,0O) was thawed at 80°C. An appropriate
amount of probe and hybridisation buffer were mixed (per slide: 1 ul probe per
100 wl hybridisation buffer), and applied to relevant slides. A piece of parafilm
was placed on top of the probe mixture, the box sealed with electrical tape and

incubated at 62°C overnight in a water bath.

2.8.6 Post-hybridisation treatment

Slides were incubated in pre-warmed 5X SSC at 65°C for 30 minutes, and
parafilm removed from solution using forceps. Slides were washed twice in pre-
warmed solution | (60% formamide, 5X SSC, 1% (v/v) SDS in DEPC H,0O) at
65°C for 30 minutes each, and then washed three times in solution Il (0.5 M
NaCl, 0.01 Tris (pH 7.5), 0.1% Tween 20 in DEPC H;0) at room temperature for
10 minutes each. Slides were treated with RNase (0.02 mg/ml in solution Il) to
digest unhybridised probe, by incubation at 37°C for 45 minutes, followed by a
final 10 minute was in solution |l at room temperature. Slides were washed twice
at 65°C in solution lll (50% formamide, 5X SSC in DEPC H,0) for 30 minutes
each. Slides were washed twice in PBT (0.1% Tween 20 in 1X PBS) for 10
minutes each and pre-blocked in 10% heat-inactivated sheep serum in PBT for 3
hours, covered with a piece of parafim as before. Anti-digoxigenin alkaline
phosphatase conjugated antibody (Roche) was pre-absorbed for 3 hours at 4°C
in 1% heat inactivated sheep serum in PBT containing 6 mg/ml dried,
homogenised wild type placenta. Parafilm was removed from slides by washing
in PBT for 5 minutes, and the pre-absorbed antibody diluted to a final
concentration of 1:2000 in 1% sheep serum in PBT. Antibody solution (100 wl)
was applied to each slide, covered with a piece of parafiim, and incubated
overnight at 4°C.

2.8.7 Signal detection

Parafilm was removed from slides by washing in PBT for 5§ minutes, followed by a
further two five minute washes in PBT, and a subsequent three washes for 30
minutes in PBT. Slides were preconditioned in three washes of NTMT (0.1 M
NaCl, 0.1 M Tris (pH 9.5), 0.05 M MgCl,, 0.1% Tween 20) containing 2 mM
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Levamisole (Sigma) for five minutes each. BM Purple substrate (Roche) was
applied directly onto each slide to completely cover sections. Slides were sealed
in a dark box and incubated at room temperature until signal of the desired
intensity developed. Slides were washed in PBT for 10 minutes, dH,O for 30
minutes, and counterstained in Eosin Y Solution (Sigma) for up to 10 seconds.
Excess eosin was washed in running tap water and slides air dried for 30
minutes. Slides were cleared briefly in xylene, air dried and mounted in DPX

mounting medium (Sigma).

2.8.8 Optimisation of in situ hybridisation

A number of steps were optimised during the development of the in situ
hybridisation protocol. An important consideration was to prevent the slides from
drying out following application of the probe. For this reason, slides were
incubated in a water bath during the probe hybridisation step. Initially this step
was performed in an incubator, which resulted in slides drying out and poor signal
intensity after staining. Similarly, parafim was used to prevent the slides drying
out during hybridisation, pre-blocking and incubation with secondary antibody.
Initially parafilm was only used during the hybridisation step, with the secondary
antibody solution tending to drain from the slides during the overnight incubation.
Following these adjustments to the protocol the signal intensity and
section integrity were determined to be suitable for experimental use. A number
of slides were subjected to the in situ protocol using various probes. These slides
were mounted using VectaMount Permanent Mounting Medium (Vector
Laboratories). However, after several months the majority of slides developed a
precipitate in the mounting medium that occasionally obscured the section.
Furthermore, the intensity of the eosin counterstain had dramatically reduced.
Subsequently all slides that were subjected to in situ hybridisation were mounted
using DPX mounting medium and to date no such precipitate or de-staining has
been observed. Due to the large number of slides that had been subjected to in
situ hybridisation at this stage it was not feasible to repeat all experiments. In
most instances a representative section could be found that was not obscured by
the precipitate, and which demonstrated the pattern of staining appropriately. A

comparison of the effects of the two mounting media used is shown in Figure 2.5.
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Figure 2.5: Effect of mounting medium on in situ hybridised section
integrity

Two mounting media were used for in situ hybridisation. A) Slides that were
hybridised with riboprobes were initially mounted with VectaMount, which
resulted in the development of a precipitate in the mounting medium of some
sections (not shown) and decolouration of eosin staining. B) Subsequent
slides were mounted in DPX mounting medium, which preserved the

intensity of eosin staining and did not result in any precipitate formation.
Scale bar = 1 mm.
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2.9 Digital photographs of placental sections

Photographs of placental sections were taken at varying degrees of magnification
both for visualisation and presentation of the placental phenotype and in order to
quantify the relative proportion of spongiotrophoblast and labyrinth regions.
Photographs of entire placental midline sections from which spongiotrophoblast
and labyrinth regions were measured were taken under low magnification using a
Nikon SMZ1000 dissection microscope mounted with a Nikon CoolPix digital
camera. Presentation quality photographs of all tissues including placentae were
taken under various degrees of magnification between 2X and 20X using an
Olympus BX41 light microscope mounted with a ColorView Il Soft Imaging

System digital camera operated through analySIS computer software.

2.10 Measurement of placental areas and volumes

Spongiotrophoblast and labyrinth areas were directly measured from H&E
stained placental sections (Section 2.6) using the ImageJ freeware developed by
NIH and downloaded from http://rsb.info.nih.gov/ij. Calibration was achieved by
measuring a known distance on a photograph of a ruler and setting the measured
length in pixels to equal the known distance. Photographs taken as described in
Section 2.9 were opened in ImageJ and the “Freehand Selection” tool used to
outline the relevant regions and derive their respective area. Spongiotrophoblast
and labyrinth regions were measured both separately and together (total area).

Spongiotrophoblast and labyrinth volumes were measured from E14.5
placenta. Whole placentae were sectioned end-to-end as described in Section
2.5, photographed as in Section 2.9 and areas measured from each section as
described above. Each area measured corresponded to every tenth section
throughout the placenta, at a known distance of 100 um apart. The measured
areas together with the distance between sequential sections allowed the volume
to be determined by the trapezium rule, using the formula below:

Volume (mm?®) ~ 50 (Ao + An+2 (ZA))

Where Ay is the area of the first section; A, is the area of the final section;
and A, represents the areas of all sections in between.
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2.11 Analysis of gene expression by qPCR

Expression of Phlda2, Sic22a18 and Cdkn1c was assessed in placentae of lines
10-15, 10-10 and 5D3 at E12.5 and E16.5. The relative expression of other
genes of interest in the placenta, including nutrient transporters, was also
assessed at E16.5 in lines 10-15 and 5D3. Quantitative reverse transcription
polymérase chain reaction (QPCR) was utilised to examine gene expression in
wild type and transgenic placenta. Expression levels were compared between
two wild type and two transgenic placentae from the same litter at each time
point, and confirmed by repeating the analysis on samples from a second litter.
Total RNA was isolated from the tissue to be analysed, complementary DNA
(cDNA) generated by reverse transcription of mRNA, and used as the template
for gPCR.

2111 Isolation of RNA from tissue samples

Conceptuses were dissected as described in Section 2.4, with tissue from which
RNA was to be extracted frozen on dry ice and stored at -80°C until genotypes
were ascertained (Section 2.3). Whole tissue (up to ~100 mg) was homogenised
in 1 ml RNA-Bee (Ams Biotechnology) with an RNase-Free pestle (VWR
International) in a 1.5 ml microfuge tube. Chloroform (200 ul) was added to the
homogenate, mixed vigorously and incubated on ice for five minutes. Tubes were
centrifuged at 13,000 rpm for 15 minutes at 4°C, the aqueous phase removed to
a fresh tube and 500 ul isopropanol added. The isopropanol precipitation was
incubated at room temperature for between 5 and 10 minutes and tubes
centrifuged at 13,000 rpm for 5 minutes at 4°C to pellet RNA. The RNA pellet was
washed in 75% EtOH (1 ml), and subsequently allowed to air dry prior to being
resuspended in 10 mM Tris (pH 8.0).

RNA-Bee is designed to isolate only RNA, and thus prevent DNA or
protein contamination. As a precaution to avoid potential genomic DNA
contamination, all RNA extracts were DNase-treated prior to use in generating
cDNA. Approximately 30 ug of RNA was DNase-treated in a 1.5 ml microfuge
tube as detailed in Table 2.14. RNA was incubated with RQ DNasel (Promega) at
37°C for 45 minutes and RNA purified by phenol/chloroform extraction and
NaOAc precipitation. Reaction volume was increased to 500 ul by addition of
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RNase-free H20, and an equal volume (500 pi) of phenol added. Tubes were
centrifuged at 13,000 rpm for 10 minutes at room temperature and the aqueous
phase transferred to a fresh tube. An equal volume of chloroform was added and
tubes centrifuged as before. The aqueous phase was removed to a separate tube
and RNA precipitated in 10% of aqueous phase volume 3 M NaOAc (pH 5.2) and
2.5X aqueous phase volume 100% EtOH. Tubes were incubated at -20°C
overnight and RNA pelleted by centrifugation at 13,000 rpm for 20 minutes at
4°C. The pellet was washed with 70% EtOH, allowed to air dry and resuspended
in 25 pi of 10 mM Tris (pH 8.0). RNA quality was assessed by running 1 pi on a
2% TAE agarose gel, concentration determined using a NanoDrop as described

previously, and adjusted to a concentration of 1 pg/pl in 10 mM Tris (pH 8.0).

Volume (pi)
dH20 to 100
RQ DNase | 10X Buffer (Promega) 10
RNasin 1
RQ DNase | (Promega) 10
RNA 30 pg

Table 2.14: Reaction constituents for DNase treatment of RNA

Total RNA was DNase treated to remove potential DNA contamination prior
to reverse transcription. The table shows constituent volumes for a single
DNase treatment reaction.

2.11.2 Reverse transcription of cDNA from total RNA

Single stranded RNA cannot be used as template material for a PCR reaction. To
enable relative transcript levels to be determined, cDNA was generated by
reverse transcription of mMRNA. First strand cDNA representing the entire mRNA
transcriptome was synthesised from DNase treated total RNA, using random
primers (also known as random hexamers) of 6 nucleotides length (Promega),
and the Moloney Murine Leukemia Virus Reverse Transcriptase enzyme (M-MLV
RT) (H-) (Promega). For each sample, two reactions were performed; one in the
presence of the reverse transcriptase (RT+) and one without reverse

transcriptase (RT-).
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For each reaction, total RNA (5 pg) was incubated at 70°C for 10 minutes
with 1 pi of random hexamers (0.5 pig”x) (Promega) in a total reaction volume of
11 pi in RNase-Free water (Ambion). First strand cDNA transcription master mix
(8 pi) (Table 2.15) was added to each reaction, and incubated at 37°C for 2
minutes. M-MLV (1 pg@l; 200 units) was then added to each RT+ reaction,

transcription allowed to proceed for 1 hour at 37°C, with a final 15-minute

incubation period at 70°C to denature the reverse transcriptase.

Volume (pi)
dH20 2.5
5X First strand synthesis buffer 4
RNasin 0.5
10 mM dNTPs 1

Table 2.15: Reaction constituents for reverse transcription of cDNA

DNase treated total RNA was used as the template for the reverse
transcription of cDNA. The table shows the constituent volumes for a single
reverse transcription reaction.

RT+ and RT- reactions were diluted 1:19 in 10 mM Tris (pH 8). The purity
of cDNA was assessed by PCR amplification of fi-Actin or Gapdh (see Table 2.17
for primer sequences). Separate PCR reactions using RT+ and RT- reactions as
template material were set up as outlined in Table 2.16. Thermocycler conditions
were 94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 60°C for
30 seconds, 72°C for 30 seconds, then a 72°C final elongation step for 3 minutes.
Half of the volume of each reaction was loaded on a 1.5% TAE agarose gel
containing Ethidum Bromide (later SafeView) and visualised under UV.
Successful reverse transcription resulted in the generation of the correct sized
product from RT+ cDNA. The absence of genomic DNA contamination in the
DNase-treated RNA was shown by the lack of product in RT- reactions; the
presence of a band of any intensity indicated the presence of genomic DNA
contamination. In such instances, RNA was incubated with DNase for an
increased time, and the process of cDNA transcription repeated until RT-
reactions were clean. Diluted cDNA was further diluted 1:4 in 10 mM Tris (pH 8)
and stored at -20°C until required for gPCR.
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Volume (pi)

dH20 16.7
Buffer (10X) (Sigma) 2.5
MgCi2(25 mM) (Sigma) 2.0
dNTPs (10 mM each) (Roche) 0.8
Primers (Sigma Genosys) 1.0
Genomic Red Taq (Sigma) 1.0
Template cDNA (1:19 dilution) 1.0

Table 2.16: Reaction constituents for PCR analysis of cDNA

Quality and purity of cDNA was assessed from RT+ and RT- reactions in
separate PCR reactions. The table shows constituent volumes for a single
PCR reaction utilised to assess cDNA quality.

2113 Design of primers for gPCR

Quantitative PCR is based on the same principle as standard PCR, except with
product amplification directly and quantitatively measured after each cycle rather
than a semi-quantitative analysis at the end of the entire procedure. The
generation of PCR product was analysed by measuring the incorporation of the
fluorescent dye “SYBR Green” (Finnzymes) into the PCR amplified product. Due
to the increased sensitivity required for qPCR, primers were designed to generate
a product of between 100- and 250 bp. When possible, forward and reverse
primers were designed to anneal within adjacent exons, thus providing an
additional level of control over potential genomic DNA contamination. Primers
were designed to amplify from mRNA sequences available through NCBI using
Primer3 (http://www.ncbi.nim.nih.gov/sites/entrez). These mMRNA sequences
were first aligned to the associated genomic DNA sequence (also from NCBI)
using the Spidey mRNA-to-genomic alignment program
(http://www.ncbi.nim.nih.gov/IEB/Research/Ostell/Spidey/index.html). The mRNA
sequences were then annotated with exon-exon boundaries before being entered
into Primer3 to design appropriate primers. Previously published primers were
used for the reference genes fi-actin (Ogawa et al., 2003) and Gapdh (Wu et al.
2004). A summary of all gPCR primer sequences and their melting temperature is

shown in Table 2.17, and their associated products in Table 2.18.
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Target ID Sequence Tm

R277 GAG CAG GAG CTG CTT GAC TT 59.9
Ascl2
R278 CAG TCA GCA CTT GGC ATT TG 60.5
R150 CCT GTA TGC CTC TGG TCG Ta 58.8
/3-Actin
R151 CCA TCT CCT GCT CGA AGT CT 59.6
R161 AGA GAA CTG CGC AGG AGA AC 60.0
Cdknlc
R162 TCT GGC CGT TAG CCT CTA AA 60.0
R327 GGC GGT GGT GAC AGT ATC TT 60.0
Kdr
R328 GTC ACT GAC AGA GGC GAT GA 60.0
R148 CAC AGT CAA GGC CGA GAA TG 61.8
Gapdh
R149 TCT CGT GGT TCA CAC CCA TC 62.0
R283 AGC CTG TGT TGA GCA GAC CT 60.1
Gem1
R284 TGT CGT CCG AGC TGT AGA TG 60.0
R287 CGC CTG GCT ACC AGT TAC AT 60.2
Hand!
R288 GCG CCC TTT AAT CCT CTT CT 59.8
R168 GTC GAT GTT GGT GCT TCT CA 59.8
1gf2
I R169 AAG CAG CAC TCT TCC ACG AT 60.0
EG36 TCA GCG CTC TGA GTC TGA AA 60.0
Phlda2
EG37 TCC TGG GCT CCT GTC TGA T 60.8
R309 GAT CGG CTC TTT CCA GTT TG 59.8
Slc2a3
R310 CAA TCA TGC CAC CAA CAG AG 60.1
R259 TGA TGA ATG CAC CCT TGT ACT TG 62.2
Slc3a2
R260 GCT CCC CAG TGA AAG TGG A 61.2
EG84 TGA TGT CCA GTG TGC TCC AT 60.1
Slc22a18
EGS85 AGA GTT CGG GTC AAT GGT TG 60.0
R331 ACT CAT ACC CCA CCA AGC AG 60.0
Slc38a2
R332 CAC AAT CGC ATT GCT CAG AT 59.8
Slc38a4 R323 TGA TTG GGA TGT TAG TCT GAG G 59.1
(4-kb specific) R324 GGC CTG GGT TAA AAT GTG TG 60.2
R285 TGA AGA GCT GAA CCA CTG GA 59.6
Tpbpa
R286 CTT GCA GTT CAG CAT CCA AC 59.5

Table 2.17: List of primers used for gPCR analysis of gene expression

The table summarises the sequences and melting temperature (Tn) of
primer sets used in qPCR analysis of gene expression.



Target

Ascl2
13-Actin
Cdknlc

Kdr

Gapdh

Gem1
Handl

Igf2
Phida2
Slc2a3
Slc3a2

Slc22a18
Slc38a2
Slc38a4
Tpbpa

MmRNA accession

number (NCBI)

NM 008554
NM 007393
NM 009876
NM 010612
NM 008084
NM 008103
NM 008213
NM 010514
NM 009434
NM 011401
NM 008577
NM 008767
NM 175121
NM 027052
NM 009411

Nucleotides
amplified
1007- 1182
502 - 761
1047- 1187
498 - 659
218-459
165-336
770 - 967
468 - 662
409 - 532
183-358
867- 1049
1140- 1305
1037-1163
1829- 1995
25-174

Prodluct
Size (bp)
176
260
141
162
242
172
198
195
124
176
183
166
126
167
150

Table 2.18: Summary of qPCR products

84
85
86
81

84
81

85
86
86
81

81

82
79
77
82

The table shows the amplicon size and melting temperature for qPCR
products. Approximate product Tmwas determined from melting curves from
Opticon Monitor and is provided for reference only. Anti primer-dimer steps
were performed at least 2 degrees below the melting temperature of the

product.
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2114 Determination of relative gene expression

Gene expression was compared between wild type and transgenic tissue
samples by qPCR. Relative transcript abundance was determined by measuring
the incorporation of SYBR Green (DyNAmo HS SYBR Green qPCR kit)
(Finnzymes) into the product detected by a Chromo4 Continuous Fluorescence
Detector mounted on a PTC 200 Thermocycler (MJ Research). Thermocycler
conditions were: 95°C for 15 min, followed by 35 cycles of 95°C for 30 sec, 60°C
for 30 sec, 72°C for 30 sec and an anti primer-dimer step performed at between
75°C to 82°C for 30 seconds. The anti-primer dimer step was performed to
denature potential primer dimers, which may contribute to the measured
fluorescence. The temperature of this step was set at least two degrees below
the pre-determined melting temperature of the PCR product, to prevent
denaturation of the specific product. Melting curve analysis was performed
between 70°C and 95°C, at 0.5°C intervals. Fluorescence and melting curves
were analysed using Opticon 3 software. Melting curves were examined to detect
non-specific amplification or the presence of primer-dimers, evidenced by
multiple peaks. A threshold fluorescence level was set in the early exponential
phase for each assay. The point at which the fluorescence for each amplicon
passed through this level was the cycle threshold (C+), and was used to quantify
relative transcript abundance.

Each assay consisted of a comparison between two wild type and two
transgenic placentae from the same litter. Each sample was run in triplicate for
each gene of interest (GOI) and reference genes S-Actin and Gapdh. The fold
change of gene expression in transgenic placentae compared to wild type was
calculated according to the 2-* T method (Livak and Schmittgen 2001). In each
assay, the mean C+ for each sample was determined for all genes of interest and
reference genes. The ACy for each gene of interest was determined by
subtracting the mean C+ for each reference gene from the mean C+ of each gene
of interest. Separate ACt values were calculated for each wild type and
transgenic sample, and for each of the two reference genes, as below.

Ct WT GOI — Cy WT g-Actin and Cy WT GOI - Cy WT Gapdh

Ct Tg GOI - Cy Tg S-Actin and CyTg GOl -Cy Tg Gapdh
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The AACt value was then determined for each combination of wild type

and transgenic sample comparisons, by subtracting the ACy of the wild type from
the ACt of the transgenic sample. Fold change was determined by the 22aCT

method relative to both reference genes as shown below:
2~ [CT Tg GOI - C1 Tg g-Actin] — [CT WT GOI — CT WT g-Actin]

2" [CT Tg GOI - CT Tg Gapdh] - [CT WT GOI — CT WT Gapdh]

For each assay, the mean fold change relative to the two reference genes
was calculated, and the procedure repeated on the same samples to confirm the
value. The same procedure was subsequently repeated on independent samples

such that a total of four wild type and four transgenic samples were compared.
2.15 Investigating the post-natal phenotype

2151 Weighing and dissection of adult mice

Adult mice were weighed weekly between P7 and 10 weeks of age, and
subsequently every fifth week until one year of age. All mice weighed as part of
this study were born within three weeks of each other, weaned at P28 and were
co-housed with littermates of the same sex irrespective of genotype. No singly
housed mice were included in this study. Mice were selected from this cohort at
10 weeks, 6 months and 1 year of age for fat pad and tibia measurements, thus
accounting for the decreasing value of n over the course of the year. Mice were
selected based on genotype, with at least four wild type and four transgenic mice
dissected at each time point. Dissections were performed blind, with the identity
and genotype of animals unknown until all animals had been dissected and
weights collected.

Mice were killed by CO; inhalation at 10 weeks, 6 months and one year of
age. Death was confirmed by the absence of response to pressure applied to the
limbs. Blood was removed immediately following death by piercing the heart with
a needle and removing blood into a syringe. Whole blood was immediately
ejected into a heparinised tube, spun at 5,000 rpm for 5 minutes at room
temperature and the serum removed and stored at -80°C until required.

Adipose tissue surrounding the intestines (mesenteric) and located behind

the kidney (retroperitoneal) was dissected and weighed under advice from Dr Tim
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Wells of Cardiff University. Adipose tissue was either fixed overnight in 4% PFA
at 4°C or frozen immediately on dry ice and stored at -80°C. Kidneys, liver and
pancreas were also dissected and weighed, with kidneys either fixed as above or
frozen and stored at -80°C, and liver and pancreas PFA-fixed. RNA was
extracted from frozen tissue as described in Section 2.11.1, cDNA generated as
described in Section 2.11.2 and gene expression assessed by qPCR (Section
2.11.4). PFA-fixed tissue was washed in PBS and stored in 70% EtOH as
described in Section 2.4, prior to embedding and sectioning by Derek
Scarborough, and H&E staining as detailed in Section 2.6. The tibia from the rear
left leg of each mouse was dissected under advice from Dr Tim Wells and the

length measured.

2.15.2 Measurement of adipocyte cell diameter

Adipocyte size was estimated according to the method of Ashwell and colleagues
(1976). Cell number was counted from three regions of H&E stained midline
retroperitoneal adipose tissue sections viewed under a light microscope at 20X
magnification. The “Touch Count” feature of analySIS software was utilised to
count cell number by marking counted cells such that no cell was included twice
or excluded from the analysis. In contrast to the published method, whereby cells
were included if at least half of their area was contained in the region, in this case
cells were included if they crossed the left or lower boundaries, but excluded if
they crossed the right or upper boundary of the field of view. The effect of such
an alteration is minimal, but excludes the need for a subjective decision as to
which cells to include and which to exclude. For each animal the three cell counts
were individually converted to a calculated cell diameter (see formula below), and
the mean value for each animal determined. Overall wild type and transgenic
mean estimated cell diameters were calculated from these values. Cell diameter
was calculated according to the formula:
d = 2xVA
m x V(n x n)

Where o is the calculated average cell diameter, A is the defined area of
the region from which cells were counted (in um?) m is the final magnification of
the section and n is the number of cells counted in the region. The value for A

was calculated using the scale bar in the analySIS window, instead of from
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photographs as described in the original method. Thus, as the defined area was
equal to the actual area of the region, the final magnification was effectively 1X.
Three regions were measured from three wild type and three transgenic animals
at each age. An average calculated cell diameter was then determined for each
individual, which was then used to calculate the mean cell diameter for wild type

and transgenic animals at each stage.

2.16 Glucose tolerance testing

Glucose tolerance tests (GTT) were performed as described in Ma et al., (2004).
Mice were removed to a clean cage and fasted overnight (approximately 16
hours), with ad libitum access to water. Each mouse was weighed and a short (1-
2 mm) piece of tail removed with a sterile sharp razor blade. The tail tip was
gently bled by applying pressure from the base of the tail towards the tip, and
blood collected in a HemoCue 201+ microcuvette (HemoCue) by capillary action.
Excess blood was cleaned from the surface of the cuvette, which was placed in a
HemoCue 201+ Glucose Analyser (HemoCue) to determine blood glucose
concentration. Following determination of fasting baseline glucose levels, each
mouse was injected with 2 mg/g filter-sterilised 2 M D-Glucose (Sigma) in dH;0.
Blood glucose concentration was measured every 30 minutes for two hours by
gently removing coagulated blood from the tail tip and following the same
procedure described above. A maximum of eight mice were subjected to the
procedure on any single day. Following the procedure, animals were placed in a
fresh cage, and closely monitored for at least 24 hours to ensure no adverse
effects ensued. Throughout the procedure animals were handled with care to
prevent undue distress being caused, which may adversely affect subsequent
measurements. Glucose tolerance tests were performed on the same cohort of
animals at 10 weeks, 6 months and 1 year of age.

2.17 Magnetic Resonance Imaging (MRI)

Mice were killed by CO»-asphyxiation and scanned in a Bruker Biospec 94/20
(9.4T) scanner, equipped with a 72 mm internal diameter quadrature coil.
Multislice spin echo scans with a TR of 3000 ms, TE of 12 ms and a flip angle of
180 degrees were performed. Sixty-four slices of 0.5 mm thickness were

generated from a field of view of 8 cm by 4 cm, using a matrix size of 512 x 256,
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giving a resolution of 156 um/pixel. MRI scans were performed by Pawel
Tokarczuk and Stephen Paisey at the EMRIC facility (Experimental MRI centre)
within Cardiff School of Biosciences.

Two scans were performed on each mouse, one with fat suppression off
and a second with fat suppression on. Fat suppressed scan images were
subsequently subtracted from the non-suppressed scan images to generate a set
of “fat-only” images from which total fat volumes were determined using Analyze
MRI analysis software (Biomedical Imaging Resource, Mayo Clinic, Rochester
MN). Whole animal volumes were determined from non-suppressed scan images,

thus enabling a fat to body volume ratio to be determined for each mouse.

2.18 Enzyme-Linked ImnmunoSorbent Assay (ELISA)

Serum concentration of insulin, leptin, and glucagon was determined by Enzyme-
Linked ImmunoSorbent Assay (ELISA). Concentration of all three hormones was
determined in the same reaction using 10 ul of serum (collected as described in
Section 2.15.1) and the Mouse Endocrine Lincoplex Kit (Millipore). Each reaction
was performed in duplicate on a 96-well microtitre plate alongside known
standards. Absorbance was measured using a Luminex 100 plate reader,
concentration of standards confirmed and used to determine the concentration of

each hormone in each sample.
2.19 Statistical analysis of data

2.19.1 Choice of statistical test

Throughout the course of this investigation, data was collected from wild type and
transgenic mice in order to compare a number of different variables, such as
weight, area or volume. Appropriate statistical tests were chosen and applied to
data sets to determine the probability that the two data sets (wild type and
transgenic) were different. In each instance, two hypotheses were formulated; the
null hypothesis (Ho) states that there is no difference between the two sets of
data, whereas the alternative hypothesis (H¢) states that there is a difference
between the two sets of data. The chosen statistical analysis tests whether or not

the null hypothesis is true, by generating a probability value between 0 and 1.

97



The closer this value is to 0, the less likely the null hypothesis is to be true
(Dytham 2003a).

Generally, one of two statistical tests was selected in order to compare the
two data sets, dependent upon the distribution of the data. The Student’s two-
tailed t-test (henceforth the t-test) was used in instances where the spread of
data followed a normal, or Gaussian distribution (Dytham 2003d). Alternatively,
for data that did not follow a normal distribution, statistical analysis was
performed using the Mann-Whitney U test (henceforth the Mann-Whitney test)
(Dytham 2003d). The choice of statistical analysis was critical in order to arrive at
the correct conclusion regarding the data.

To determine whether the f-test or Mann-Whitney test was used, data was
first analysed using the one-sample Kolmogorov-Smirnov test (henceforth the
Kolmogorov-Smirnov test), which tests whether the data is from a normal
distribution with the same mean and variance (Dytham 2003d). As for the t-test
and Mann-Whitney test, two hypotheses were formulated. Ho states that the data
follows a normal distribution with the same mean and variance as the sample
data, whereas H, states that the data does not follow a normal distribution as
described above. The Kolmogorov-Smirnov test tests whether or not the null
hypothesis was true, by calculating a probability value as described above. As
this test has low sensitivity when sample sizes are low (Dytham 2003c), it was
used only when sample size was sufficiently large (in this instance, more than
approximately 20 observations). When fewer than around 20 observations were
made, the Kolmogorov-Smirnov test could not be applied, and thus the spread of
data could not be tested. Neither could the data be assumed to follow a normal
distribution. In such instances, data were analysed using the Mann-Whitney test,

which makes no assumption as to the spread of data.

2.19.2 The p-value

All three statistical analyses calculate a probability, or p value, which relates to
the probability of the null hypothesis being correct. The smaller this value is, the
less likely Hp is to be true, and thus the more likely we are to reject Ho in favour of
H1. Generally, the minimum level at which Ho was rejected (called the critical
value) was 5%, such that Hy was rejected when p < 0.05. The critical value is

also referred to as the significance level of a test. Smaller p values are
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associated with greater confidence in the conclusion for example, when p < 0.01,
there is a 1% chance that Hy is true. Thus, for the Kolmogorov-Smirnov test, if p >
0.05, the null hypothesis was not rejected, and the data was assumed to follow a
normal distribution. Likewise, for both the f-test and Mann Whitney test, if p <
0.05, the null hypothesis was rejected, and the two data sets were said to be
“significantly different”.

The choice of statistical test was critical, as selection of the wrong type of
analysis could result in the incorrect conclusion being drawn. Generally, two
types of error are possible: a type | error results when the null hypothesis is
incorrectly rejected, whereas a type |l error occurs when the null hypothesis fails
to be rejected (Dytham 2003b). A type | error results in the “false positive”
identification of a statistically significant difference, where in fact there is no
difference between data sets. At the 5% significance level, there is a 5% chance
of making a type | error; using a lower significance level reduces the chance of a
type | error, but increases the likelihood of a type Il error. In general, the p value
of each statistical test is given in the text and summarised on figures by the use
of asterisks, the value to which they refer is defined in the figure legend.

2.19.3 The Chi-squared (x?) test

Genetic manipulation may directly or indirectly result in a varying degree of
embryonic or post-natal lethality. The rules of Mendelian genetics dictate that by
mating a transgenic male with a wild type female, transgenic and wild type
progeny should be observed at equal frequencies at all stages. Further, as the
transgene is not linked to a sex chromosome, transgenic and wild type animals
should be present in a 1:1 ratio in both males and females. At all gestational
stages examined, the observed number of wild type and transgenic animals was
compared to the expected number using the Chi-squared test. The Chi-squared
test tests the two hypotheses, Ho; that the observed number of animals is not
significantly different to the expected number, and Hy; that there is a difference
between the observed and expected numbers (Dytham 2003d). In all instances,
the significance level was 5% and there was 1 degree of freedom, such that Hg

was not rejected if the calculated p value was < 3.841.
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2194 Normalisation of data

A number of environmental factors affect the growth of both embryo and
placenta, which cannot be controlled for. Such factors result in a natural variation
of weights of animals of the same genotype both within a litter (e.g. due to
position in the uterus) and between litters (e.g. differences in litter size; slight
variations in precise gestational age) (McLaren 1965). Initially raw data was
analysed to identify any potential trends however, to account for the variation
between individual weights, which may potentially mask or even introduce
differences, all individual weights were “normalised”. The individual weight of both
wild type and transgenic embryos and placentae were adjusted by the ratio of
wild type mean at that gestational age to the wild type mean of the appropriate
litter.

Mean of wild type X Individual value

Mean of wild types from litter

This method does not affect the overall wild type mean, but individual
values were adjusted according to the above ratio thus reducing the standard
deviation of both wild type and transgenic data sets. Data were presented in
graphical form throughout this investigation, with graphs for both raw and
normalised data, with error bars representing the standard deviation. As the
standard deviation does not take into account the sample size, no conclusions
can be drawn regarding statistical significance from whether or not standard
deviation error bars overlap. Error bars representing standard deviation are used
in favour of those representing standard error as they portray the actual variance
of the data more accurately.
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Chapter 3:

Characterising the placental phenotype of over-
expressing Phlda2 and Sic22a18
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3.1 Overview

Over 100 imprinted genes have been identified in the mouse, of which a
significant number are expressed in the placenta (Coan et al. 2005; Tycko 2006).
The role of some of these genes in the placenta has been examined through
knockout mouse models, the phenotypes of which are summarised in Table 3.1.
Of the three genes located on the transgene used in this investigation, knockout
models have been generated for Cdkni1c and Phlda2. Cdkn1c exhibits
widespread, low level expression in the spongiotrophoblast and labyrinth. Cdkn1c
null mice develop placentomegaly as a result of a proportional expansion of
spongiotrophoblast and labyrinth layers, although there was no effect on giant
cell or glycogen cell number (Takahashi et al. 2000). In contrast, Phlda2
expression is restricted to the syncytiotrophoblast cells of the labyrinth. Loss of
Phida2 causes placentomegaly as a consequence of an expanded
spongiotrophoblast layer and increased glycogen cell abundance (Frank et al.
2002). Sic22a18 mRNA is detected in E12.5 and E14.5 placenta (Dao et al.
1998), although the cell type(s) that express this gene have not yet been
determined. The phenotype of Slc22a18 null mice is yet to be reported.

Examination of the phenotype resulting from the loss of an imprinted gene
is useful for assigning a function to a particular protein. Such knockout models
however, provide little insight as to the advantage of acquiring an imprint at a
specific gene or locus. Additionally, a number of human diseases result from
over-expression of imprinted gene due to their loss of imprinting. Thus, over-
expression animal models are vital in gaining a complete understanding of the
role of imprinted genes in development of the embryo and placenta. Generation
of such LOI models is significantly more difficult than creating a knockout model,
with no approach able to reactivate the silent allele of a single imprinted gene.
One approach involves the targeted deletion of the imprinting centre resulting in
LOI of all genes in the domain. Consequently, there is loss of expression of some
genes and two-fold expression of others making it difficult to assign a specific
phenotype to a particular gene in the domain. Such mice have been generated
for both the IC1 and 1C2 sub-domains of mouse distal 7.
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Gene Null phenotype Reference

Loss of spongiotrophoblast
(Guillemot et al. 1994)
Asc12 Disruption of labyrinth

(Tanaka et al. 1997)
Expansion of giant cell layer

Proportionate expansion of
Cdknlc (Takahashi et al. 2000)
spongiotrophoblast and labyrinth

Irregular expansion of

Cited 1
spongiotrophoblast (Rodriguez et al. 2004)
(X-linked)
Reduction and disruption of labyrinth
Expansion of spongiotrophoblast
Esx1 Increased glycogen cell number
(Li and Behringer 1998)
(X-lined) Mislocalisation of spongiotrophoblast
Disrupted vascularisation of labyrinth
(Charalambous et al.
Grb10 Placentomegaly
2003)
Disproportionate loss of labyrinth
(Lopez et al. 1996)
igf2 Disproportionate loss of glycogen

(Coan et al. 2008)
cells from junctional zone

Proportionate reduction of

Igf2P0 (Constancia et al. 2002)
spongiotrophoblast and labyrinth

Igf2r Placentomegaly (Lau et al. 1994)

Proportionate reduction of
Mest/Peg1 (Lefebvre et al. 1998)
spongiotrophoblast and labyrinth

Complete loss of spongiotrophoblast

Peg 10 (Ono et al. 2006)
Disrupted labyrinth development

Impaired passive transport due to

Rt1VPeg 11 (Sekita et al. 2008)
phagocytic attack of fetal capillaries

Expansion of spongiotrophoblast

Phida2 (Frank et al. 2002)
Increased glycogen cell number

Table 3.1: Placental phenotype of imprinted gene knockout mice

The table shows the placental phenotype(s) associated with targeted disruption
of specific imprinted genes. Maternally expressed genes are in red, paternally
expressed genes are in blue, X-linked imprinted genes are in black. The
paternally inherited X chromosome is preferentially inactivated in the
extraembryonic tissue of female mice.
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A mouse model of LOI at IC2 was generated by paternal inheritance of a
disrupted Kvdmr1, resulting in expression of Cdkn1c, Ascl2, Phlda2 and
Slc22a18 from both paternal and maternal alleles. Transgenic embryos exhibited
symmetric growth restriction, which persisted into adulthood (Fitzpatrick et al.
2002). Furthermore, transgenic placentae were approximately 20% lighter than
wild type (Salas et al. 2004). The Kvdmr1 null mouse clearly demonstrates a role
for Kvdmr1 in suppressing paternal expression of a number of adjacent imprinted
genes, and a role for these genes in placental and embryonic growth. However,
the model is limited by an inability to accurately determine the relative
contribution of each gene to the phenotype.

The contribution of Phida2 to the Kvdmr1*" phenotype was examined by
analysing the effect of restoring Phida2 gene dosage to normal. Mice that inherit
a paternal Kvdmr1 null allele in addition to a maternal PhidaZ2 null allele possess
a single active PhldaZ2 allele, albeit on the paternal allele, whereas all other genes
under the control of Kvdmr1 remain biallelic. Kvdmr1 null placentae were ~20%
lighter than wild type. Restoration of Phlda2 gene dosage to normal resulted in a
~10% reduction in placental weight compared to wild type and a ~50% rescue of
embryonic growth. Kvdmr1 null placentae also exhibit a reduced
spongiotrophoblast region, which was restored to within the normal range by
normalising PhldaZ2 expression (Salas et al. 2004). Such comparative phenotypic
analysis demonstrated a role for Phida2 in limiting expansion of the
spongiotrophoblast, reciprocal to the Phlda2 null mouse (Frank et al. 2002).
However, the biallelic expression of other imprinted genes complicates a more
detailed phenotypic analysis, particularly the investigation of adult phenotypes.
Despite a partial rescue of embryonic growth restriction, restoring Phlda2 gene
dosage to normal did not rescue the symmetric growth restriction observed at
P14 (Salas et al. 2004), which may to be due to over-expression of Cdknic
(Andrews et al. 2007).

The aim of the work presented in this chapter was to further characterise
the effect of over-expressing Phida2 and Sic22a18 in the mouse placenta.
Transgenic mice from line 10-15, which possess three copies of a modified BAC
transgene from which Phlda2 and Sic22a18 are expressed were used to

investigate the effect of over-expressing these genes in the placenta. Although
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not necessarily an optimal model for LOI due to the presence of an additional
three copies of the genes, such a transgenic model may allow the phenotypes
associated with Kvdmr1 null mice to be assigned to one or other of these genes.
Furthermore, the excess expression from the transgene may amplify any
associated phenotype. Gene expression was first examined using qPCR and in
situ hybridisation with probes specific for Phida2 and Slc22a18. Placental weights
were measured from E12.5 to E18.5 coupled with an examination of gross
placental morphology from midline placental sections stained with haematoxylin
and eosin staining. Labyrinth and spongiotrophoblast regions were directly
measured from H&E stained sections from mid-late gestation placentae.
Glycogen cell number was increased in Phlda2 null placentae; glycogen content
was assessed in transgenic placentae using periodic acid Schiff staining. Markers
for several trophoblast cell types were analysed by in situ hybridisation, including

those for giant cells, spongiotrophoblast and labyrinth.
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3.2 Results

3.2.1 Appropriate spatial and temporal expression of Phlda2 and

Sic22a18 in transgenic placentae

Southern blotting previously identified the presence of three copies of the
modified BAC transgene in line 10-15 (John et al. 2001). Expression of both
genes was reported to be at least 10-fold greater than endogenous levels in
transgenic placentae at E14.5 and E16.5 on a mixed genetic background (Salas
et al. 2004). Furthermore, in Kvdmr1 null placenta, despite the presence of only
two active copies of Phlda2, transcript levels were reported to be approximately
four-fold the level of wild type placentae (Salas et al. 2004). Microarray analysis
performed by Professor Tycko reported a 6.6 fold increase in Phlda2 transcript
levels in a comparison of three wild type and three transgenic placentae from line
10-15 on a mixed genetic background. Analysis of Slc22a18 expression on this
same microarray showed that expression was upregulated 5.4-fold in transgenic
placentae. Previous analysis of expression of S/lc22a18 and in particular of
Phida2 therefore suggested that transcript level was not correlated with the
number of active gene copies present. Expression of these two genes in addition
to Cdkn1c was further analysed by qPCR and in situ hybridisation.

Expression levels of Phlda2, Sic22a18 and the inactivated Cdkn1c were
first assessed in line 10-15 by qPCR at E12.5, when PhldaZ2 levels are at their
peak, and at E16.5, at which point only a few Phlda2-expressing cells remain in
the labyrinth (Frank et al. 2002). The relative fold change for each gene in
transgenic placentae compared to wild type at E12.5 and E16.5 is shown in
Figure 3.1. Fold changes represent the mean fold change observed between a
total of four wild type and four transgenic placentae, from two litters normalised to
two reference genes, as described in Section 2.11. Phlda2 was expressed at
3.70-fold (+ 0.53) wild type levels at E12.5 and 3.33-fold (+ 0.49) wild type levels
at E16.5. Similarly, Slc22a18 was expressed at 3.39-fold (= 0.87) the level of wild
type at E12.5 and 2.73-fold (= 0.49) wild type at E16.5. Consistent with
inactivation of Cdknic by insertion of the p-galactosidase reporter, Cdknic
expression was comparable in wild type and transgenic placentae at E12.5 (1.18
+ 0.26) and E16.5 (1.03 = 0.26).

106



Qocffyo P& o-grop

Phida2 Cdknlc
B
5|
By 4
D
.C
[0}
2 3
o
D2
(@]
Q:
1.
Phida2 Slc22a18 Cdknlc

Figure 3.1: Relative expression levels of Philda2, Sic22a18 and Cdknlic

Expression of Phlda2, Sic22a18 and Cdknlc was examined by qPCR to
determine if expression levels correlated with transgene copy number.
Relative expression levels were compared for the three genes located on the
transgene at E12.5 and E16.5. Graph shows the relative fold change in gene
expression determined by qPCR in transgenic placentae compared to wild
type from line 10-15 on a pure 129/Sv background. Error bars represent
standard deviation of fold change from four repeats.
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The critical difference between the previously reported expression levels
and the more recently generated data was the genetic background of the tissue.
Expression of Phlda2 was more than 10-fold endogenous levels on a mixed
genetic background, with four-fold expression observed on a pure 129/Sv
background. Intermediate levels of expression were observed in tissue collected
from conceptuses between these two stages. Expression was next examined by
in situ hybridisation. Visualisation of mMRNA expression enabled the spatial
expression pattern of both genes to be examined. Additionally, the Cdkn1c
spatial expression pattern was assessed by in situ hybridisation. Phlda2 and
Slc22a18 riboprobes were designed as described in Section 2.8.1, and
hybridised to midline placental sections of appropriate gestational stages as
detailed in Section 2.8.5 and 2.8.6.

Phlda2 is highly expressed during early gestation, with the number of
Phlda2-expressing cells declining dramatically by E14.5, although a small
number of labyrinth trophoblast cells continue to express the gene until late
gestation (Frank et al. 2002; Frank et al. 1999; Qian et al. 1997). Expression of
Phida2 was examined at E10.5 and E12.5 to compare relative expression levels
during early gestation and to confirm that the number of cells expressing Phida2
is comparable in transgenic and wild type placentae. In contrast, little is known
about the temporal or spatial expression of S/lc22a18, and thus expression was
initially assessed at E12.5.

Phlda2 expression in wild type and transgenic placentae was assessed by
in situ hybridisation at E10.5 and E12.5. At both stages signal was only detected
on slides hybridised with anti-sense probe, with no signal observed on slides
hybridised with the sense probe and stain developed for the same duration. At
E10.5, Phida2 expression was widespread in cells of the extraembryonic
ectoderm of both wild type and transgenic placentae (Fig 3.2 A and B). By E12.5,
expression became more restricted, with signal detected only in discrete cell
clusters of the labyrinth of both wild type and transgenic placentae (Fig 3.2 C and
D). There was no overt difference in the number of cells expressing Phlda2 in
transgenic placentae compared to wild type, although signal intensity was
noticeably greater in transgenic placentae.

The localisation of Sic22a18 expression in the mouse placenta has not
previously been described, although placental expression has been reported at
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E12.5 and E14.5, (Dao et al. 1998). As an organic cation transporter, expression
would be expected in cells of the labyrinth. /n situ hybridisation was utilised to
observe the expression pattern of S/ic22a18 at E12.5 in both wild type and
transgenic placentae, with widespread signal detected in the labyrinth and
increased signal intensity in transgenic placentae compared to wild type (Fig 3.2
E and F). As predicted by qPCR analysis of Cdkni1c expression, no overt
difference was observed in spatial expression between wild type and transgenic
placentae at E14.5 (Fig 3.2 G and H).

To confirm that elevated expression of Phida2 resulted in increased
translation and production of Phida2 protein, immunohistochemical staining using
an antibody specific for mouse Phida2 was performed by Ben Tycko (Colombia
University, New York). At both E10.5 and E12.5, Phlda2 protein signal was
overtly increased in transgenic placentae and similarly localised in the anticipated
regions (Fig 3.3).
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Figure 3.2: Expression of Phida2, SIc22a18 and Cdknlc during early
gestation

Spatial expression patterns for the three genes located on the transgene
were assessed by in situ hybridisation. Midline placental sections from line
10-15 on a pure 129/Sv background were hybridised with an anti-sense
probe specific for Phida2 (A-D), Sic22a18 (E and F) and Cdknlc (G and H).
Sections from wild type placentae (left panels) and transgenic placenta (right
panels) are at E10.5 (A and B), E12.5 (C-F) and E14.5 (G and H). Broken
line indicates boundary between labyrinth (lower) and spongiotrophoblast
(upper). Scale bar = 200 pirn.
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Figure 3.3: Inmunohistochemical localisation of Phlda2 at E10.5 and E12.5

To confirm that elevated expression of Phlda2 was associated with
increased translation, immunohistochemical staining using an antibody
specific to mouse Phlda2 was performed at E10.5 and E12.5. H&E stained
midline placental sections (left panels) and Phida2 IHC sections (right
panels) from line 10-15 on a pure 129/Sv background. Figure shows wild
type (A, B, E, F) and transgenic (C, D, G, H) at E10.5 (A-D) and E12.5 (E-H).
Phida2 protein signal was more intense in transgenic placentae, with no
overt effect on number of positive cells. Broken line indicates boundary
between labyrinth (lower) and spongiotrophoblast (upper). Scale bar = 200
pm
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3.2.2 Reduced weight of transgenic placentae

Targeted deletion of Phlda2 in the mouse placenta causes placentomegaly, with
a 22% increase in mean placental weight observed at E12.5 and a 27% increase
at E16.5. Both Phlda2™ and Phlda2“®" null lines displayed a comparable
increase in placental size, which was further enhanced when crossed onto a pure
C57BL/6 background (Frank et al. 2002). Initial characterisation of line 10-15 on a
mixed genetic background revealed a reciprocal phenotype to the Phlda2 KO,
with a 25% reduction in placental weight at E14.5 and a 17% reduction at E16.5
(Salas et al. 2004).

Placental weights were gathered throughout gestation on a pure 129/Sv
genetic background. Placental weight was examined from E12.5 until E18.5, in
order to characterise the effect of Phida2 over-expression on early placental
development and the extent of the placental phenotype prior to birth at E19. The
earliest time-point at which accurate weight data could be obtained was E12.5,
and thus placenta were weighed at E12.5, E13.5, E14.5, E16.5 and E18.5,
generating a set of weight data representing stages between mid gestation and
birth. At least six litters were collected at each stage, with data only utilised if at
least two wild type and two transgenic embryos were in the same litter. Raw
weight data was analysed and is presented in Figure 3.4A. Transgenic placentae
were 15.4% lighter than wild type at E12.5 (51.1 mg + 8.4 versus 42.3 mg + 9.7;
9 litters; n = 74; p = 7.8 x 10®), increasing to a 25.3% weight deficit at E13.5
(54.8 mg + 9.0 versus 41.0 mg + 9.6; 6 litters; n = 41; p = 2.9 x 10°). At E14.5,
transgenic placentae were 14.8% lighter (78.7 mg £ 12.5 versus 67.0 mg + 11.5;
9 litters; n = 53; p = 1.1 x 10°), and 17.6% lighter at E16.5 (82.3 mg + 10.1
versus 67.8 mg + 10.1; 8 litters; n = 58; p = 1.05 x 10°®). Prior to birth at E18.5,
transgenic placentae were only 6.5% lighter than wild type, without achieving
statistical significance (79.2 mg + 11.4 versus 75.5 mg + 18.3; 10 litters; n = 68; p
=0.310).

Individual raw weights of wild type placentae exhibited a standard
deviation of up to 17% the mean weight for each gestational stage, with greater
variation observed in transgenic placentae. Such variations in weight may be
caused by a number of factors that could not be controlled for, such as litter size,

exact gestational age, position of the conceptus in the uterine horn, maternal
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health and other environmental factors (McLaren 1965). To prevent such factors
from potentially disguising or influencing apparent weight phenotypes, individual
weights of both wild type and transgenic embryos were adjusted by the ratio of
the mean wild type weight for the gestational stage to the mean wild type weight
for the litter, as described in Section 2.19.4. Such manipulation did not alter the
mean wild type weight, but reduces the standard deviation of both wild type and
transgenic data sets. Mean normalised embryonic weights of wild type and
transgenic embryos are presented in Figure 3.4B, with error bars representing
standard deviation of normalised data. The mean transgenic weight is presented
as a percentage of mean wild type weight for each gestational stage.

Following normalisation of placental weight data, transgenic placenta were
15.4% lighter than wild type at E12.5 (61.1 mg + 6.5 versus 43.2 mg + 9.7; 9
litters; n = 74; p = 9.1 x 10°), increasing to a 26.2% difference at E13.5 (54.8 mg
+ 6.2 versus 40.5 mg + 8.6; 6 litters; n = 41; p = 5.5 x 10”). Transgenic placentae
were 14.9% lighter at E14.5 (78.7 mg £ 6.5 versus 66.9 mg + 6.4; 9 litters; n = 53;
p=31x 10'8), and 16.6% lighter at E16.5 (82.3 mg £ 6.3 versus 68.7 mg £ 11.3;
8 litters; n = 58; p = 3.99 x 107). At E18.5, transgenic placentae were observed to
be only 9% lighter than wild type (79.2 mg + 7.2 versus 72.5 mg + 11.6; 10 litters;
n =68; p =0.0018).

Wild type placentae reached their maximum weight at E14.5, exhibiting an
increase of approximately 50% between E12.5 and E14.5, with the majority of
this weight gain occurring from E13.5. Wiild type placental weight did not
significantly alter between E14.5 and E18.5. Transgenic placentae exhibited a
similar growth pattern, with a rapid gain in weight between E13.5 and E14.5. In
contrast to wild type placental growth, the weight of transgenic placentae
increased by approximately 10% between E16.5 and E18.5, such that the extent
of the weight difference at E18.5 was considerably less than at E14.5.
Furthermore, the weight of individual transgenic placenta was considerably more
variable than that of wild type, particularly at later gestational stages.
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Figure 3.4: Placental weights from line 10-15 between E12.5 and E18.5
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Placental weight was examined throughout gestation to examine the effect of
over-expressing Phlda2 and Sic22a18 in the placenta. Graphs show A) raw
and B) normalised mean weight of wild type and transgenic placenta at the
indicated stages during gestation from
background. Error bars show standard deviation. Significance level according
to the Student’s f-test indicated by asterisks: ** p < 0.01 ;*** p < 0.001.

line 10-15 on a pure 129/Sv



The number of wild type and transgenic conceptuses observed at each
developmental stage was compared to the number that would be expected
according to Mendelian ratios using the Chi-squared ( x 2 test. P values for each
analysis are shown in Table 3.2. At all stages examined the probability value was
less than the critical value of 3.841, thus indicating that there was no difference
between the expected number and observed frequency. The observed n values
include litters in which there were fewer than 2 individuals of each genotype, and

thus were excluded from weight analysis.

Wild itype Transgenic
Stage P(x2
Observed n Expected n Observed n Expected n
E12.5 43 44 45 44 0.046
E13.5 28 34 40 34 2.120
E14.5 39 41 43 41 0.195
E16.5 43 39 35 39 0.821
E18.5 48 44.5 41 44.5 0.551

Table 3.2: P-values for Chi-squared test

A factor to be considered when investigating transgenic mouse models is an
unexpected effect on embryonic viability, resulting in a reduced number of
transgenic progeny compared to the expected frequency. The Chi-squared
test was performed to determine if the observed frequency of wild type and
transgenic progeny at each stage during gestation differed significantly from
the expected frequency predicted by Mendelian inheritance. At the five stages
examined, there was no deviation from the expected frequency of transgenic
progeny.

3.2.3 Reduced spongiotrophoblast in transgenic placentae

In Phlda2 null placentae, the ratio of spongiotrophoblast to labyrinth cross-
sectional area was increased by approximately 50% at E16.5, as a consequence
of the disproportionate expansion of the spongiotrophoblast, with a slight
increase in labyrinth area (Frank et al. 2002). Over-expression of Phlda2 has
indirectly been shown to restrict development of the spongiotrophoblast. Mice
that inherit a paternal deletion of Kvdmrl, and thus over-express Phlda2 in
addition to Cdknlc, Ascl2 and others (Fitzpatrick et al. 2002), exhibit a 24%
reduction in the spongiotrophoblast to labyrinth ratio at E14.5. When Phida2

expression levels were restored to normal by maternal inheritance of a Phlda2
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null allele in addition to the paternally inherited Kvdmr1 null, the
spongiotrophoblast to labyrinth ratio was almost entirely rescued, with a 6%
reduction compared to wild type placentae observed at E14.5 (Salas et al. 2004).
Thus, over-expression of Phida2 accounts for around 75% of the alteration to the
spongiotrophoblast to labyrinth ratio at this stage. A similar pattern of results was
reported at E16.5, however the margins were greatly reduced and thus statistical
significance was not achieved between the comparisons as above.

The gross morphology of placentae between E10.5 and E18.5 was
examined from H&E stained midline sagittal sections (Fig 3.5). Transgenic
placentae were visibly smaller from as early as E10.5, although accurate weight
data could not be obtained at this early stage. At this stage, the ectoplacental
cone and extraembryonic ectoderm regions could not be distinguished
morphologically at low magnification. At E12.5, the spongiotrophoblast and
labyrinth regions of the placentae could be distinguished under low magnification
on a light microscope. At E14.5, H&E staining enabled the spongiotrophoblast
and labyrinth regions to be readily distinguished under low magnification on a
dissection scope. The spongiotrophoblast was generally more darkly stained and
exhibited large maternal blood lacunae in wild type placentae, which were
markedly reduced or absent in transgenic placentae. Wild type placentae at
E16.5 were essentially the same as E14.5, although with a larger labyrinth layer
at the expense of a smaller spongiotrophoblast with reduced maternal blood
spaces. Similarly, transgenic placentae exhibited a reduced spongiotrophoblast
with smaller maternal blood spaces. At E18.5, the size of the spongiotrophoblast
was reduced in wild type placentae, and was generally more compact than at
earlier stages. In transgenic placentae, the spongiotrophoblast region was barely
distinguishable at E18.5.

Spongiotrophoblast and labyrinth regions were previously quantified at
E14.5 and E16.5 from Kvdmr1 null and Kvdmr1/Phlda2 null placentae. Similarly,
these regions were quantified at these stages in wild type and transgenic
placentae from line 10-15. At E14.5, the volume of both regions was determined
and compared to areas measured from midline sections to assess whether
midline area measurements provided an adequate approximation of volume.

Midline areas were also measured at E16.5.
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Figure 3.5: H&E staining of midline placental sections

Gross placental morphology was assessed from H&E stained midline
sections of wild type (left panels) and transgenic (right panels) at (from top)
E10.5, E12.5, E14.5, E16.5 and E18.5. Placentae were from line 10-15 on
a pure 129/Sv background. Dashed lines denote boundary of
spongiotrophoblast, which was overtly reduced in transgenic placentae.
Scale bar = 500 Aim
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Spongiotrophoblast and labyrinth volumes were measured as described in
Section 2.10, with the total volume representing a separate measurement
encompassing both spongiotrophoblast and labyrinth regions. Volume
measurements for each region are displayed in Figure 3.6A. At E14.5, the mean
spongiotrophoblast volume of transgenic placentae was 60.4% less than that of
wild type (3.44 mm?® + 0.60 versus 1.36 mm® + 0.34; 1 litter; n = 8; p = 0.029),
whereas a 10.3% reduction in labyrinth volume was observed, although this did
not reach statistical significance (9.21 mm?® + 0.77 versus 8.26 mm® + 1.13; 1
litter; n = 8; p =0.200). The combined volume of spongiotrophoblast and labyrinth
of transgenic placentae was 24.5% smaller than that of wild type (12.81 mm’ +
1.20 versus 9.67 mm® + 1.40; 1 litter; n = 8; p = 0.029). The ratio of
spongiotrophoblast to labyrinth volume was reduced 2.3-fold in transgenic
placentae compared to wild type (0.37 + 0.056 versus 0.16 + 0.025; 1 litter; n = 8;
p = 0.029).

To determine if area measurements at the placenta midline could be used
as an estimate of region volume, spongiotrophoblast and labyrinth cross sectional
areas were measured from midline sections of placentae at E14.5 (Fig 3.6B), and
compared to volume measurements above (Table 3.3). At E14.5, the mean
spongiotrophoblast area of transgenic placentae was 59.9% smaller than that of
wild type (1.35 mm? + 0.40 versus 0.54 mm? + 0.13; 3 litters; n = 18; p = 6.28 x
107®), whereas a 2.7% reduction in labyrinth area was observed, although this did
not reach statistical significance (3.66 mm? + 0.36 versus 3.56 mm? + 0.59; 3
litters; n = 18; p = 0.930). The combined area of spongiotrophoblast and labyrinth
of transgenic placentae was 19% smaller than that of wild type (5.10 mm? £ 0.41
versus 4.13 mm? + 0.58; 3 litters; n = 18; p = 1.19 x 10'3). The ratio of
spongiotrophoblast to labyrinth area was reduced by 2.4-fold in transgenic
placentae compared to wild type (0.38 + 0.13 versus 0.16 £ 0.05; 3 litters; n = 18;
p=4.4x10%.
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Figure 3.6: Measurement of spongiotrophoblast and labyrinth at E14.5

Spongiotrophoblast and labyrinth size was quantified at E14.5 by
measurement of entire volume and midline areas. Graphs show A) raw volume
and B) raw area of spongiotrophoblast (Sp.), labyrinth (Lab.) and combined
spongiotrophoblast and labyrinth regions (Total) for wild type and transgenic
placentae of line 10-15 on a pure 129/Sv background at E14.5. Error bars
show standard deviation. Significance level calculated by the Mann Whitney
test is indicated by asterisks: * p < 0.05; ** p <0.01; *** p < 0.005.
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The two methods for quantification of region size by volume and area
measurement were compared to determine if area measurements provide an
adequate estimation of total volume, as shown in Table 3.3. Measurement of both
volume and area detected a ~60% reduction in spongiotrophoblast size. Although
slight differences in labyrinth and combined spongiotrophoblast and labyrinth
were observed between area and volume measurements, the ratio of
spongiotrophoblast to labyrinth region was consistent between the two methods.
Measurement of the cross-sectional area of a region at the placental midline

provides an accurate estimate for the total volume of the placental region.

Proportion of area in transgenic cwompared to area in wild type

Spongiotrophoblast Labyrinth Total Ratio
Volume 39.6* 89.7 75.5* 2.3*
Area 40.1 97.1 81.0 *** 24

Table 3.3: Comparison of volume and area measurements to estimate
spongiotrophoblast to labyrinth ratio

Spongiotrophoblast to labyrinth ratios were derived from mean area and volume
measurements and compared to determine if measurement of midline area
represents an acceptable approximation for volume. Significance level
calculated by the Mann Whitney test is indicated by asterisks: * p < 0.05; ** p <
0.01;***p< 0.005.

Area measurements at E16.5 revealed that the loss of spongiotrophoblast
observed at E14.5 persists to a similar extent at this later stage. The mean
spongiotrophoblast area of transgenic placentae was 62.3% smaller than that of
wild type (1.27 mm2 * 0.32 versus 0.48 mm2 *0.15; 3 litters; n = 21; p = 5.67 x
10'6), whereas a 4.9% reduction in labyrinth area was observed, although this did
not reach statistical significance (4.51 mm2 % 0.57 versus 4.29 mm2 * 0.87; 3
litters; n = 21; p = 0.349). The combined area of spongiotrophoblast and labyrinth
of transgenic placentae was 19% smaller than that of wild type (5.67 mm2 * 0.91
versus 4.77 mm2 * 0.87; 3 litters; n = 21; p = 0.043). The ratio of
spongiotrophoblast to labyrinth volume was reduced 2.4-fold in transgenic
placentae compared to wild type (0.28 * 0.06 versus 0.12 * 0.04; 3 litters; n = 21;
p =5.67x1 O%6).
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Figure 3.7: Measurement of spongiotrophoblast and labyrinth areas

Spongiotrophoblast and labyrinth areas were further quantified at E16.5 to
confirm the persistence of the phenotype at this stage. Graph shows mean
raw areas of spongiotrophoblast (Sp.), labyrinth (Lab.) and combined
spongiotrophoblast and labyrinth regions (Total) of wild type and transgenic
placentae from line 10-15 on a pure 129/Sv background at E16.5. Error bars
show standard deviation. Significance level calculated by the Mann Whitney
test is indicated by asterisks: * p < 0.05; ** p < 0.01; *** p <0.005.
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Philda2 is predominantly expressed during early gestation and thus it is
likely that the loss of spongiotrophoblast observed at E14.5 and E16.5 was a
consequence of perturbed placental development at earlier gestational stages. It
was not possible to clearly distinguish spongiotrophoblast and labyrinth on H&E
stained sections prior to E14.5. Expression of the trophoblast specific protein
alpha gene (Tpbpa) gene is restricted to cells of the junctional zone in rodent
placenta and can thus be used to clearly distinguish this region in wild type and
transgenic placenta (Lescisin et al. 1988). The Tpbpa gene shares homology to
cathepsin propeptide genes, which encode inhibitors of cathepsin proteases,
suggesting a role for Tpbpa in also inhibiting these proteases that function in
various aspects of placentation including proliferation, differentiation and
vascularisation (Rawn and Cross 2008; Screen et al. 2008)

The expression pattern of Tpbpa was examined by in situ hybridisation of
midline placental sections at E10.5, E12.5, E14.5, E16.5 and E18.5 in order to
assess the relative size of the junctional zone at these stages. The extent of
Tpbpa staining was markedly reduced in transgenic placentae at E10.5 (Fig 3.8 A
and B), although signal was correctly localised to cells of the ectoplacental cone.
A similar reduction in signal was observed at E12.5, with the spongiotrophoblast
appearing as a more compact region in transgenic placentae (Fig 3.8 C and D).
Analysis of Tpbpa expression by qPCR at E12.5 revealed a statistically
significant 2.1-fold reduction in transcript level in transgenic placentae (= 0.04; n
= 8; p = 0.014). The extent of Tpbpa staining was similarly reduced at E14.5 and
E16.5 (Fig 3.8 E - H). At E18.5, the spongiotrophoblast appeared as a distinct
zone in wild type placentae, albeit reduced in size compared to E16.5, with a
clear boundary existing between this and the labyrinth region (Fig 3.8 I). In
transgenic placentae however, this boundary between the two zones was
completely absent, with only a few Tpbpa positive cells localised in the
anticipated area, the majority of Tpbpa positive cells were instead dispersed
throughout the labyrinth region of transgenic placentae (Fig 3.8 J). Tpbpa positive
cells were observed to mislocalise in the labyrinth layer of three transgenic
placentae at E18.5, with no such mislocalisation seen in three wild type placentae
at the same stage. Similarly, a clear spongiotrophoblast boundary was not
observed at E18.5 in an additional five transgenic placenta stained with H&E.
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Figure 3.8: Spatial and temporal expression pattern of Tpbpa

A direct examination of junctional zone cells was performed throughout
gestation by hybridisation of placental sections with the spongiotrophoblast-
specific riboprobe Tpbpa. Figure shows midline placental sections from line
10-15 on a pure 129/Sv background. Wild type (left panels) and transgenic
(right panels) at (from top) E10.5, E12.5, E14.5, E16.5 and E18.5 hybridised
with the Tpbpa riboprobe. Scale bar = 200 urn.
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3.2.4 Reduced glycogen cell staining in transgenic placentae

The developmental origins of the glycogen cell are poorly understood, however
an alteration to glycogen cell number is often observed in mouse models of
disrupted placental development. For instance, the number of glycogen cells was
increased in Phlda2 null placentae, although the effect on glycogen cell number
was not reported in the Kvdmr1 null placenta (Frank et al. 2002; Salas et al.
2004). Glycogen cells are characterised by large glycogen-filled vacuoles and
express the spongiotrophoblast marker Tpbpa, leading some to suggest that
glycogen cells are a sub-type of the spongiotrophoblast lineage. Clusters of
Tpbpa-positive cells were observed within the labyrinth of transgenic placentae,
becoming increasingly more prominent towards term. Periodic acid Schiff staining
was utilised to determine if the mislocalised Tpbpa-positive cells contained stored
glycogen, and also to assess the relative abundance of glycogen cells in wild
type and transgenic placentae.

Glycogen cells can be first identified from ~E10.5 by a small accumulation
of glycogen stores, although the developmental origins of these cells appears to
be ~E7.5, with expression of the glycogen cell marker Pcdh12 first detected at
this stage (Bouillot et al. 2005). From around E12.5, glycogen cells are
identifiable by large glycogen stores and their progressive migration to the
decidua (Coan et al. 2006). The relative abundance of glycogen cells in wild type
and transgenic placentae was assessed between E10.5 and E18.5 (Fig 3.9). Few
PAS-positive cells were observed in wild type and transgenic placentae at E10.5,
consistent with glycogen accumulation beginning from this stage. PAS-positive
staining was observed in the decidua at this stage (Fig 3.9 A and B). Glycogen
staining was markedly reduced in transgenic placentae compared to wild type
throughout gestation from E12.5 to E18.5 (Fig 3.9 C - J). At E16.5, glycogen cell
staining of transgenic placentae appeared to persist in the spongiotrophoblast
region, whereas glycogen cells of wild type placentae predominantly appeared in
the maternal decidua at this stage (Fig 3.9 G and H).
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Figure 3.9: Glycogen staining as examined by Periodic acid Schiff staining

The relative abundance of glycogen cells was examined by PAS staining of
midline placental sections from line 10-15 on a pure 129/Sv background.
Figure shows midline placental sections of wild type (left panels) and
transgenic (right panels) at (from top) E10.5, E12.5, E14.5, E16.5 and E18.5.
Scale bar =100 m Broken line indicates boundary between labyrinth (lower)

and spongiotrophoblast (upper).
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At E18.5, Tpbpa positive cells were mislocalised within the labyrinth of
transgenic placentae (see Fig 3.8 J). Both spongiotrophoblast and the sub-
population of glycogen cells express this marker, and thus to determine whether
the mislocalised cells were glycogen cells, adjacent sections from E18.5
placentae were subjected to PAS staining and hybridised with the Tpbpa
riboprobe (Fig 3.10 A - F). PAS staining was not observed to co-localise with
Tpbpa positive cell clusters located in the labyrinth of transgenic placentae,
although some occasional PAS positive cells were observed in the labyrinth of

both wild type and transgenic placentae.
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Figure 3.10: Spatial expression pattern of Tpbpa compared with glycogen
staining at E18.5

The spatial expression of Tpbpa was compared with PAS staining to
determine if the mislocalised Tpbpa-positive clusters in the labyrinth of
transgenic placentae were glycogen cells. Glycogen cells were examined from
serial midline placental sections of line 10-15 on a pure 129/Sv background.
H&E stained sections (left panels) of wild type (upper panels) and transgenic
(lower panels) show a region of labyrinth bounded by the spongiotrophoblast
to the top (A and D). Adjacent sections hybridised with the Tpbpa riboprobe
show mislocalisation in the labyrinth region of transgenic placenta (B and E).
These mislocalised clusters do not co-stain for glycogen when subjected to
PAS staining (C and F). Broken line indicates boundary between labyrinth
(lower) and spongiotrophoblast (upper) layers. Scale bar = 100 pirn.
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High levels of Cdknlc protein are reported to be a marker of glycogen
cells at E15.5 (Georgiades et al. 2001), although at E17.5 no Cdknlc mRNA was
detected in glycogen cells (Takahashi et al. 2000). Adjacent sections of E14.5
midline placenta were stained for glycogen cells and hybridised with a Cdknlc
riboprobe to assess the co-localisation of staining (Fig 3.11). Cdknlc mRNA

appeared to co-localise, although was not specific for, glycogen cells at E14.5.

Figure 3.11: Co-localisation of Cdknlc and PAS staining at E14.5

The spatial expression of Cdknlc was compared with PAS staining to
determine if the glycogen cells can be identified by Cdknlc expression.
Glycogen cells were examined from serial midline placental sections of line
10-15 on a pure 129/Sv background. H&E stained sections (left panels) of wild
type (upper panels) and transgenic (lower panels) show a region of
spongiotrophoblast containing glycogen cells. Adjacent sections hybridised
with the Cdknlc riboprobe and subjected to PAS staining show a co-
localisation of positive signal. Cdknlc expression was also detected in discrete
cells of the labyrinth. Broken line indicates boundary between labyrinth (lower)
and spongiotrophoblast (upper) layers. Scale bar = 100 \im.
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3.2.6 Assessment of placental cell type marker expression

In situ hybridisation was utilised to examine expression of a number of placental
gene expression markers in wild type and transgenic placenta. Several mouse
models of defective placentation feature an alteration to giant cell abundance.
Furthermore, there is a defined relationship between the spongiotrophoblast layer
and giant cells, with giant cell precursors residing in the spongiotrophoblast layer.
Although no alteration to giant cell number was reported in PhldaZ2 null placentae,
Ascl2 null placentae lack spongiotrophoblast cells due to the excess
differentiation of giant cells from precursors (Frank et al., 2002; Guillemot et al.,
1994). Giant cell distribution was examined by in situ hybridisation of the giant
cell markers Pri3d (formerly placental lactogen 1) and Pri3b1 (formerly placental
lactogen 2). Three placental lactogen 1 genes exist in the mouse, placental
lactogen 1 alpha (Pri3d1), beta (Pri3d2) and gamma (Pri3d3), all of which are
expressed only in cells of the parietal giant cell layer (Simmons et al. 2008).
However, due to a large degree of sequence homology, the cDNA probe
hybridises with all three genes, and thus expression is summarised as Pri3d. The
placental lactogen 1 (Pri3d) genes exhibit transient expression between E6.5 until
E11.5. Expression of placental lactogen 2 (Pri3b1; formerly PI2) is first detected
at E11.5 and persists until term (Carney et al. 1993; Yamaguchi et al. 1992).
Pri3b1 expression is first observed in the giant cell layer only, but is later
observed in all layers of the placenta (Simmons et al. 2007). Pri3b1 is expressed
by cells of the parietal giant cell layer in addition to the canal trophoblast giant
cells and sinusoidal giant cells in the labyrinth layer. Additionally,
spongiotrophoblast but not glycogen cells also express Pri3b1 (Simmons et al.
2008). Accordingly, relative giant cell distribution was assessed by in situ
hybridisation of the Pri3d probe at E10.5 and the Pri3b1 probe at E12.5, E14.5
and E16.5.

There was no overt difference in Pr/3d staining at E10.5 (Fig 3.13 A and B)
with the relative distribution of Pri3b1 staining comparable between wild type and
transgenic placentae between E12.5 and E16.5 (Fig 3.13 C to H). However, the
extent of Pri3b1 staining at these stages was visibly reduced within the
spongiotrophoblast region, likely representing an indirect consequence of the loss
of cells from the junctional zone.
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Figure 3.12: Spatial and temporal expression pattern Pri3d and Pri3b1

The relative abundance of giant cells was examined in midline placental
sections from line 10-15 on a pure 129/Sv background by hybridisation with
probes for Pri3d and Pri3b1. Pri3d expression in wild type (A) and transgenic
(B) placentae at E10.5. Pri3b1 expression in wild type (C, E, G) and transgenic
(D, F, H) placentae at E12.5 (C and D), E14.5 (E and F) and E16.5 (G and H).
Scale bar = 500 pm.
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Ascl2 is expressed in cells of both the spongiotrophoblast and labyrinth
regions with expression levels declining from E10.5 such that little Asc/2
expression is observed at E18.5 (Rossant ef al. 1998). At E16.5, microarray
analysis on a mixed genetic background indicated a 1.7-fold lower expression
level of Ascl2, although without achieving statistical significance. As endogenous
Ascl2 expression is relatively low at E16.5 expression was further examined by
gPCR at E12.5, in addition to in situ hybridisation analysis of the spatial
expression pattern at E10.5 and E12.5.

Expression of Ascl2 at E12.5 was 1.5-fold (= 0.11; n = 8; p = 0.014) down
regulated according to qPCR analysis (Fig 3.14 A). The spatial expression
pattern of Asc/2 in transgenic placentae at both E10.5 and E12.5 was largely
comparable with that of wild type placentae at the same stage. The notable
exception to this was the loss of Asc/2 expression associated with
spongiotrophoblast region at both stages. At E10.5, Asc/2 expression associated
with spongiotrophoblast cells was overtly reduced (Fig 3.14 C), whereas at E12.5
Ascl2 expression was almost entirely absent from this region (Fig 3.14 E).

Ascl2 acts to maintain the spongiotrophoblast population by preventing
differentiation of giant cells. The basic helix-loop-helix transcription factor
encoded by Hand1 acts antagonistically to Asc/2 and is essential for giant cell
differentiation and marks precursors of this trophoblast sub type (Riley et al.,
1998; Scott et al., 2000). Microarray analysis of Hand1 expression at E16.5 on a
mixed genetic background identified a 1.3-fold reduction in Hand1 expression in
transgenic placentae, although without achieving statistical significance. At
E12.5, expression of Hand1 according to gPCR analysis was reduced by 1.3-fold
(= 0.18; n = 8; p = 0.014) in transgenic placentae (Fig 3.15 A). This correlates
with the reduced Pri3b1 staining observed in the transgenic placentae and is
likely an indirect consequence of the loss of spongiotrophoblast. Examination of
the spatial expression pattern of Hand1 by in situ hybridisation did not reveal any
overt differences in Hand1 mRNA distribution (Fig 3.15 B — E).
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Ascl2

Figure 3.13: Expression of Ascl/2 at E10.5 and E12.5

Ascl2 expression was examined by qPCR at E12.5 (A) and by in situ
hybridisation at E10.5 and E12.5 (B-E). Graph (A) shows relative fold change
of Ascl2 expression in transgenic placenta compared to wild type at E12.5.
Error bar represents standard deviation. Statistical significance calculated by
the Mann Whitney test is denoted by asterisks: * p < 0.05. Asc/2 mRNA was
examined by in situ hybridisation of midline placental sections from line 10-15
on a pure 129/Sv background. Asc/2 expression at E10.5 (B and C) and E12.5
(D and E) in wild type (B and D) and transgenic (C and E) placentae. Asci2
expression associated with the spongiotrophoblast region was reduced or
absent in transgenic placentae (arrow heads) Scale bar = 200 *m.

131



Handl

Figure 3.14: Spatial expression of Hand/l at E10.5 and E12.5

Handl expression was examined by qPCR at E12.5 (A) and by in situ
hybridisation at E10.5 and E12.5 (B-E). Graph (A) shows relative fold change
of Handl expression in transgenic placenta compared to wild type at E12.5.
Error bar represents standard deviation. Statistical significance calculated by
the Mann Whitney test is denoted by asterisks: * p < 0.05. Handl/ mRNA was
examined by in situ hybridisation of midline placental sections from line 10-15
on a pure 129/Sv background. Handl expression at E10.5 (B and C) and
E12.5 (D and E) in wild type (B and D) and transgenic (C and E) placentae.
Scale bar =200 Aim
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Gcem1-marks branch-points of the labyrinth and is essential for branching
morphogenesis of this layer of the placenta (Anson-Cartwright et al. 2000).
Microarray analysis of Gem1 expression at E16.5 on a mixed genetic background
indicated that there was no significant alteration to Gem71 expression. At E12.5,
expression of Gem1 according to qPCR analysis was increased by 1.4-fold (=
0.16; n = 8;, p = 0.014) in transgenic placentae (Fig 3.16 A). However,
examination of the spatial expression pattern of Gem1 by in situ hybridisation did
not reveal any overt differences in Gem1 mRNA distribution (Fig 3.16 B — E).

Kdr (FIk1) encodes the VEGF receptor-2 and marks fetal vasculature in
the labyrinth layer of the placenta (Breier et al. 1995; Dumont et al. 1995).
Microarray analysis of Kdr expression at E16.5 on a mixed genetic background
revealed a statistically significant 1.5-fold elevation in expression levels in
transgenic placentae. At E12.5, gPCR analysis of Kdr expression reported a 1.4-
fold increase (+ 0.31; n = 8; p = 0.014) in expression levels in transgenic
placentae (Fig 3.17 A). A qualitative analysis of the spatial expression pattern of
Kdr by in situ hybridisation did not reveal any overt differences in Kdr expression
at E12.5 (Fig 3.17 B-E).
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Figure 3.15: Spatial expression of Gem1 at E10.5 and E12.5

Gem1 expression was examined by qPCR at E12.5 (A) and by in situ
hybridisation at E10.5 and E12.5 (B-E). Graph (A) shows relative fold change
of Gem1 expression in transgenic placenta compared to wild type at E12.5.
Error bar represents standard deviation. Statistical significance calculated by
the Mann Whitney test is denoted by asterisks: * p < 0.05. Gecm7 mRNA was
examined by in situ hybridisation of midline placental sections from line 10-15
on a pure 129/Sv background. Gecm1 expression at E10.5 (B and C) and
E12.5 (D and E) in wild type (B and D) and transgenic (C and E) placentae.

Scale bar = 200 Aim.
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Kdr

Figure 3.16: Spatial expression of Kdrat E12.5

Kdr (Flk1) expression was examined by qPCR at E12.5 (A) and by in situ
hybridisation at E12.5. Graph (A) shows relative fold change of Asci2
expression in transgenic placenta compared to wild type at E12.5. Error bar
represents standard deviation. Statistical significance calculated by the Mann
Whitney test is denoted by asterisks: * p < 0.05. Kdr mRNA was examined by
in situ hybridisation of midline placental sections from line 10-15 on a pure
129/Sv background. Kdr expression pattern under low (B and C) and higher
magnification (D and E) at E12.5 in wild type (B and D) and transgenic (C and
E) placentae. Scale bar = 200 |*m (A and B) 100 Aim (C and D).
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3.3 Discussion

The principal aim of the work presented in this chapter was to further characterise
the placental phenotype associated with over-expression of Phida2 and Slc22a18
from a BAC transgene. Spatial and temporal expression patterns of Phida2 and
Slc22a18 were first examined by gPCR and in situ hybridisation techniques. The
subsequent work builds upon initial observations reported by Salas and
colleagues (2004), who reported a reduction in placental weight at E14.5 and
E16.5. A more detailed examination of the placental phenotype was performed,
with placental structure assessed using various techniques between E10.5 and
E18.5.

3.3.1 Expression of Phlda2 and Sic22a18 in transgenic placenta

Expression of Phlda2 and Sic22a18 from the transgene as detected by Northern
blotting was previously reported to be at least 10-fold greater than the level
observed from the endogenous locus at E14.5 and E16.5 (Salas et al. 2004). In
contrast, QPCR analysis of gene expression at E12.5 and E16.5 indicated that
expression of these two genes was consistent with transgene copy number. This
was further supported by the relative staining intensity of wild type and transgenic
placental sections hybridised with probes specific for Phlda2 or Sic22a18.
Interestingly, Phlda2 expression was observed at nearly 4-fold the level of wild
type in Kvdmr1*" | Phida2” placentae, despite the presence of only two active
copies (Salas et al. 2004). There are a number of potential explanations for the
variable levels of expression reported for Phlda2 and Si/c22a18 in different
models. One possibility is that Phlda2 acts via a positive feedback mechanism to
directly promote its own expression. Similarly, Phlda2 may act to maintain
adjacent cells in a Phlda2-positive state. Although the first possibility could not be
directly examined in the context of this investigation, in situ hybridisation of
Phlda2 mRNA at E10.5 or E12.5 did not indicate any alteration to the number of
Phlda2-positive cells in transgenic placentae, indicating instead that elevated
expression was due to increased expression in the same number of cells.
Furthermore, such explanations do not address the relatively high expression of
Sic22a18, which suggests that the observed elevated expression levels are due
to over-expression of the transgene.

136



Another possible explanation for the variable expression levels observed is
the effect of genetic background. Line 10-15 was generated by pronuclear
injection of a BAC transgene containing genomic DNA from a 129/Sv genome
into a C57BL/6 x CBA F1 hybrid. This line was initially bred for approximately four
generations into the 129/Sv background at which point initial characterisations
were performed and expression was observed at ~10-fold endogenous levels
(Salas et al. 2004). Following a further four generations of breeding into the
129/Sv background, expression levels determined by microarray analysis
revealed Phlda2 was expressed at ~6.6-fold wild type and Sic22a18 at ~5.4-fold
wild type levels. At least a further four generations of breeding into the 129/Sv
background took place prior to beginning this investigation, at which point
expression levels were found to correlate with transgene copy number. The
decreasing level of Phlda2 and Sic22a18 expression following successive
generations of breeding onto the 129/Sv background demonstrates a clear effect
of genetic background on transgene expression. Perhaps unsurprisingly
appropriate expression of the transgene is achieved when the genetic
background of the transgenic line matches the origin of the genomic fragment
contained within the transgene.

Neither the spatial or temporal expression patterns of Slc22a18 have been
previously described in detail in the literature, although placental expression has
been reported at E12.5 and E14.5 (Dao et al. 1998). In situ hybridisation at E12.5
revealed that Sc/l22a18 is expressed by a subset of cells within the labyrinth. This
expression pattern correlates with the predicted role of the S/c22a18 gene
product in solute transport. No overt difference was observed in the spatial
expression pattern between wild type and transgenic placentae, with elevated
expression evidently due to increased expression in a comparable number of
cells. A comparison of the ACt values between S/c22a18 and the mean of the
two reference genes from wild type placentae at E12.5 and E16.5 indicated an
approximate 1.5-fold increase in expression level between these time-points. A
similar increase in expression level was observed when ACr: values were
compared between transgenic placentae. Thus, assuming that expression of
Gapdh and B-actin remains constant between these stages, Slc22a18 expression

increases moderately between E12.5 and E16.5. A similar comparison of the AC+
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values for Phida2 revealed a ~20-fold decrease in expression between E12.5 and
E16.5 in both wild type and transgenic placentae, correlating with the previously
reported dramatic decline in expression from ~E12.5 (Frank et al. 2002).

Although no overt differences in Phida2 or Sic22a18 positive cell
abundance was observed between the wild type and transgenic placenta
examined, cell number was not directly assessed. Ideally, the protein level of
both Phlda2 and Slc22a18 could be further investigated using Western blotting to
directly quantify total protein levels in wild type and transgenic placenta.
Additionally, the number of cells expressing Phlda2 and Slc22a18 could be
directly quantified from a number of placental sections to confirm that the number
of cells expressing the genes is not altered. This will also enable an examination
of possible ectopic expression to confirm that expression of the genes from the

transgene is restricted to the cell types that endogenously express these genes.

3.3.2 Placental weight reduction of transgenic placentae

Placental weight of transgenic conceptuses was significantly reduced at all
gestational stages examined between E12.5 and E18.5. The weight deficit of
transgenic placentae varied between 15% and 25% from E12.5 to E16.5, with the
most severe weight deficit of 25% observed at E13.5. The observed effect on
placental weight was consistent with the previously reported 17% weight
reduction at E14.5 and the 25% difference at E16.5 (Salas ef al. 2004). Similarly,
the degree of placental weight loss was also comparable to the extent of
placentomegaly reported in Phlda2 null mice, for which knockout placentae
weighed on average 22% more than wild type at E12.5 and 27% more at E16.5
(Frank et al. 2002).

The extent of weight loss in transgenic placentae was greater than
perhaps would have been predicted from a comparison between Kvdmr1 null and
Kvdmr1 / Phlda2 double null mice. Kvdmr1 null mice essentially possess one
additional copy of each gene in the imprinted domain, although expression of
Phlda2 was 4-fold wild type levels. Crossing the Kvdmr1 null line with the Phlda2
null line generates double transgenic mice that possess one active copy of
PhldaZ2 but retain the two active copies of the other genes in the domain. Thus, a
comparison of phenotypes between these two genotypes allowed the effect of
Phlda2 over-expression to be elucidated. Conceptuses that lack the ICR at
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Kvdmr1, and thus exhibit loss of imprinting of all genes in the domain possess
placentae that are ~18% lighter than wild type at both E14.5 and E16.5.
Restoration of Phlda2 gene dosage in the double transgenic placenta results in
an approximate 50% rescue of the weight deficit, indicating that over-expression
of Phlda2 is associated with a ~9% reduction in placental weight. Loss of
expression of Cdkn1c is associated with significant placentomegaly resulting from
an approximate doubling of spongiotrophoblast and labyrinth cell number
(Takahashi et al. 2000). This would suggest that over-expression of Cdkn1c, as
occurs in the Kvdmr1 null and Kvdmr |/ Phida2 double null placentae, would
account for a significant proportion of the weight deficit observed. However, the
presence of a comparable weight deficit between the BAC transgenic mice that
over-express only Phlda2 and Sic22a18 and the Kvdmr1 null placentae, which
over-express all genes in the domain, suggest that over-expression of Phlda2
and Slc22a18 are the causative factors.

Alternatively, it is possible that the effect of Phida2 and/or Sic22a18 over-
expression is dosage dependent, with more severe phenotypes resulting from
elevated expression levels. The BAC transgenic mice possess three additional
copies of Phlda2 and Sic22a18, whereas in Kvdmr1 null mice, only one additional
copy of each gene is present. It is also possible that over-expression of Sic22a18
accounts for the remaining placental weight deficit in Kvdmr1 / Phlda2 double null
conceptuses. Furthermore, the genetic background of the transgenic lines
examined may also be a contributory factor, with BAC transgenic mice examined
on a 129/Sv background, whereas the Kvdmr1 null mice were maintained on a
129/Sv x C57BL/6 background (Fitzpatrick et al. 2002) and the Phlda2 null line on
a C57BL/6 background (Frank et al. 2002). Each of these potential scenarios is
addressed in Chapter 4.

Comparison of wild type and transgenic placental weights for both raw and
normalised data sets achieved statistical significance according to the t-test at the
0.1% significance level for all stages examined between E12.5 and E16.5. At
E18.5 however, statistical significance was only achieved when comparing
normalised placental weights, with significance achieved only at the 1%
significance level. Wild type placenta reached a maximum weight at E14.5,
whereas the weight of transgenic placentae plateaued between E14.5 and E16.5,
but subsequently increased by approximately 10% between E16.5 and E18.5.
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Thus, while the difference in weight between wild type and transgenic placentae
between E12.5 and E16.5 was approximately 20%, at E18.5 this weight deficit
was only 10%. This late gestation increase in placental weight was only observed
in transgenic placenta and may be a consequence of the reduction in
spongiotrophoblast proportion at this stage. The labyrinth region continues to
expand until term at the expense of the spongiotrophoblast (Coan et al. 2004),
thus causing a relative decline in the proportion of cells that exhibit a phenotype.
Alternatively, the modest increase in weight in late gestation may be
compensatory for the weight deficit that has persisted throughout earlier gestation
enabling increased efficiency at the time of maximal embryonic demand. The
absence of a significant weight deficit at E18.5 when examining raw weight data
correlates with human data in which placentae of low birth weight infants
exhibited elevated PHLDA2 expression yet did not exhibit a significant weight
deficit compared to normal (Apostolidou et al. 2007).

3.3.3 Loss of spongiotrophoblast in transgenic placentae

The reduced placental weight observed throughout gestation was evidently due
to a ~60% loss of spongiotrophoblast area at both E14.5 and E16.5. Although a
slight reduction in labyrinth area was observed at both stages, this was not
statistically significant, and is reciprocal to the slight expansion of the labyrinth
observed in Phida2 null placentae (Frank et al. 2002). Although not quantified at
earlier gestational stages, Tpbpa staining was overtly reduced as early as E10.5,
indicating that the loss of spongiotrophoblast results from an earlier defect. The
spongiotrophoblast layer comprises two distinct trophoblast sub-types, namely
spongiotrophoblast cells and glycogen cells. Collectively these cell populations
are sometimes referred to as the junctional zone, although this classification
occasionally includes the giant cell layer in addition.

The exact role of the spongiotrophoblast layer has not been defined.
However, the presence of this region is critical for embryonic survival, as
exemplified by Asc/2 null conceptuses, which have no spongiotrophoblast layer in
the placenta and die at E10.5 (Guillemot et al. 1994). Similarly, Bircé deficient
mice die between E11.5 and E14.5 due to loss of spongiotrophoblast (Hitz et al.
2005). The majority of mouse models of defective placentation exhibit perturbed
labyrinth formation either in isolation or alongside other placental defects. For
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example, placentomegaly associated with Cdkn7c null conceptuses is due to
expansion of both spongiotrophoblast and labyrinth layers. Similarly, loss of
placenta-specific /gf2 expression causes a placental weight deficit due to loss of
both spongiotrophoblast and labyrinth layers (Constancia et al. 2002). Even Asc/2
null placentae exhibit additional labyrinth layer defects and excess giant cell
abundance, due to the role of Ascl2 in maintaining the spongiotrophoblast and
preventing giant cell differentiation (Guillemot et al. 1994; Tanaka et al. 1997).
Phida2 appears to be the only gene described to date that regulates development
of only the junctional zone. This is perhaps even more interesting given the
discrete expression of this gene in a subset of labyrinth cells.

Placentomegaly associated with Phida2 null placenta was due entirely to a
disproportionate expansion of the spongiotrophoblast layer, including an
increased abundance of glycogen cells. Although a marginal increase in labyrinth
area was observed, this did not achieve statistical significance (Frank et al.
2002). In this investigation, transgenic placentae expressing Phida2 and
Slc22a18 at four-fold wild type levels displayed a weight deficit to a similar
degree as the placentomegaly of Phida2 null conceptuses. This weight deficit
could be directly attributed to a ~60% loss of spongiotrophoblast area in
transgenic placenta. This was supported by a ~2-fold decrease in Tpbpa levels in
transgenic placéntae at E12.5. Similar to Phlda2 null placentae a marginal
decrease in labyrinth area was observed, although this did not achieve statistical
significance. The relative distribution of glycogen cell staining was reduced
throughout gestation in transgenic placenta. The gross phenotype of the BAC
transgenic placentae was reciprocal to that observed in Phlda2 null placentae. No
overt labyrinth phenotype was evident, although this does not eliminate a
possible phenotype at the cellular level as discussed later.

The most striking phenotype was observed at E18.5, at which stage the
distinct spongiotrophoblast boundary was entirely absent from transgenic
placenta, with Tpbpa-positive cells instead dispersed throughout the labyrinth
layer. Tpbpa expression is specific for spongiotrophoblast and glycogen cell
populations, leading some to believe that glycogen cells are a sub-type of
spongiotrophoblast cells (Adamson et al. 2002; Georgiades et al. 2002).
However, expression of Protocadherin12 (Pcdh12), a glycogen cell specific
marker (Rampon et al. 2005), is observed as early as E7.5, suggesting that
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spongiotrophoblast and glycogen cells represent distinct cell populations (Bouillot
et al. 2005). PAS staining was performed on adjacent sections to those
hybridised with Tpbpa at E18.5 in an effort to determine which population of
trophoblast sub-type these mislocalised clusters represented. Although PAS
staining was reduced at all stages examined, the Tpbpa-positive clusters did not
also stain with PAS, suggesting that these mislocalised cells were not glycogen
cells.

Migration of glycogen cells appeared to be perturbed at E16.5 with
glycogen cells of transgenic placentae observed primarily within the
spongiotrophoblast layer, whereas those of wild type placenta had migrated to
the decidua. Additionally, the presence of a relatively intact spongiotrophoblast
layer at E16.5 followed by a complete disruption and mislocalisation of this layer
at E18.5 further indicated perturbed cell migration was causative of the
spongiotrophoblast mislocalisation. However, the absence of PAS staining from
the Tpbpa-positive clusters in the labyrinth region was somewhat surprising given
that spongiotrophoblast cells are not inherently a migratory cell type, whereas this
is a characteristic property of glycogen cells. One possibility is that the
mislocalised pockets of Tpbpa-positive cells represent an immature glycogen cell
population. Glycogen cells can be identified from as early as E7.5 by expression
of the marker Pcdh12, but only begin accumulating glycogen stores between
E10.5 to E12.5 (Bouillot et al. 2005; Coan et al. 2006). The isolated Tpbpa-
positive cells may thus represent this immature cell type that has failed to
accumulate glycogen appropriately. Alternatively, as glycogen cell number rapidly
declines between E16.5 and E18.5 due to a combination of migration and
glycogen release (Coan et al. 2006), the mislocalised cells may represent
glycogen cells that have released their glycogen stores and migrated into the
labyrinth instead of the decidua.

It is interesting to note that the placentae of cloned mouse conceptuses
exhibit placentomegaly characterised by an expansion of the spongiotrophoblast
layer (Tanaka ef al. 2001). For example, conceptuses generated by somatic cell
nuclear ftransfer (SCNT) possess placenta that have an expanded
spongiotrophoblast with a disrupted boundary with the Ilabyrinth layer.
Additionally, the expanded spongiotrophoblast of these placentae contain a
disproportionate abundance of glycogen cells at E19.5 (Wakisaka et al. 2008).
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Analysis of imprinted gene expression in cloned placentae revealed that
expression of genes including /gf2, H19 and Cdkn1c was appropriate. However,
expression of the maternally expressed Grb70 and paternally expressed Mest
were reduced in cloned placentae (Inoue et al. 2002). Interestingly, the expanded
spongiotrophoblast associated with cloned placenta correlates with the
placentomegaly of Grb70 null mice (Charalambous et al. 2003), although
contrasts somewhat with the proportionate reduction in Ilabyrinth and
spongiotrophoblast of Mest deficient mice (Lefebvre et al. 1998). It will be
interesting to determine whether expression of Phlda2 is altered in cloned
conceptuses.

Despite the absence of PAS staining in the Tpbpa-positive clusters in the
labyrinth of transgenic placentae, it is possible that these cells indeed represent a
population of glycogen cells as discussed above. Glycogen cells are
characterised by a number of other markers, including /gf2 (Redline et al. 1993),
Cdkn1c (Georgiades et al. 2001) and Connexin31 (Gjb3) (Coan et al. 2006).
Although spongiotrophoblast cells do not express /gf2 from mid gestation, /gf2
expression is maintained in cells of the labyrinth layer (Carter et al. 2006; Redline
et al. 1993), thus preventing glycogen cells from being specifically identified by
Igf2 expression. Furthermore, although PAS staining was observed to co-localise
with Cdkn1c mRNA wild type and transgenic placentae at E14.5, Cdkn1c
expression was also observed in other cells of the Ilabyrinth and
spongiotrophoblast. Furthermore, Takahashi et al. reported that Cdknic
expression was not detectable in glycogen cells at E17.5 (Takahashi et al. 2000),
thus eliminating Cdkn1c as a specific marker for glycogen cells at E18.5.
Connexin31 has recently been reported to specifically identify differentiated
glycogen cells in the murine placenta (Coan et al. 2006). Expression of this
marker may therefore be used in future to determine if the mislocalised Tpbpa-
positive cells represent glycogen cells. Indeed, microarray analysis of gene
expression revealed a significant 1.7-fold decrease in expression of the gene
encoding Connexin31 (Gjb3).

3.3.4 Examination of placental marker expression

Expression of a number of markers representing specific trophoblast sub-types
was examined by microarray and in situ hybridisation to determine if any subtle
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placental phenotypé exists that may remain undetected by histological
examination of placental sections. Asc/2 expression was significantly decreased
in transgenic placenta. This decrease could be accounted for by the loss of
spongiotrophoblast cells that express this gene.

A close relationship exists between spongiotrophoblast and giant cells,
and thus an examination of giant cell abundance was performed by analysing
expression of the giant cell markers Pri3d and Pri3b1, in addition to the
transcription factor Hand1, which regulates giant cell differentiation.
Differentiation of trophoblast cells into giant cells appears to be the default
pathway (Cross 2005), although cell fate is ultimately regulated by expression of
the transcription factors Asc/2 and Hand1. Expression of Hand1 marks giant cell
precursors and is promotes giant cell differentiation (Scott et al., 2000), whereas
Ascl2 maintains potential precursor cells in the spongiotrophoblast lineage, with
loss of Ascl2 resulting in an abundance of giant cells at the expense of the
spongiotrophoblast (Guillemot et al. 1994). At E10.5, there was no overt
difference in Pri3d staining between wild type and transgenic placenta. At later
stages, giant cell abundance was examined by expression of Pri3b1, the
distribution of which appeared to be comparable between wild type and
transgenic placenta. Reduced Pri3b71 staining was observed in the
spongiotrophoblast, consistent with endogenous expression of this gene in
spongiotrophoblast cells (Simmons et al. 2007; Simmons et al. 2008), and is
likely an indirect consequence of the loss of this layer in transgenic placenta.

The two placental VEGF receptors exhibit characteristic expression
patterns, with Flt1 expressed in the spongiotrophoblast and Kdr (Flk1) expressed
in the labyrinth layer (Breier et al. 1995; Dumont et al. 1995). Microarray analysis
of gene expression revealed a 1.7-fold decrease in F/t1 expression, whereas Kdr
expression was upregulated to a similar degree. Both F/t1 and Kdr mark placental
vasculature, with the decline in Fit1 likely an indirect consequence of the reduced
spongiotrophoblast area in transgenic placentae. Kdr expression level was
confirmed by gPCR although in situ hybridisation did not reveal the cause of the
apparent increase in expression. The elevated expression of Kdr may represent a
compensatory mechanism, either in direct response to the reduced Fit1
expression or as an indirect response to the loss of the spongiotrophoblast. It is
possible that the increased Kdr level is indicative of increased placental
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vasculature, potentially increasing the transport efficiency of the placenta. This
could not be directly determined in the course of this investigation, although one
approach to examine this possibility is discussed in Section 3.3.6. Alternatively,
the altered expression of Kdr and Flt1 may be an indirect consequence of the
altered proportion of labyrinth and spongiotrophoblast cells in transgenic placenta
compared to wild type.

Two striking alterations to gene expression were a ~7-fold down-regulation
of Psg18 and a ~9-fold down-regulation of Psg719. These pregnancy specific
glycoproteins are expressed specifically by cells of the spongiotrophoblast
(Kromer et al. 1996; Wynne et al. 2006), and thus the reduced expression is likely
a direct consequence of the disproportionate loss of spongiotrophoblast in
transgenic placentae. However, the ~7-fold reduction in transcript level does not
correlate with the approximate 60% loss of spongiotrophoblast area. This
suggests that the cells that secrete these glycoprotein molecules also display a
disproportionate reduction in transgenic placenta. Interestingly, expression of
Cd9, the gene encoding the Psg receptor, exhibited a moderate increase in
expression according to microarray data (1.3-fold; p = 0.048). However, the
altered expression of Psg18 and Psg19 reported from the microarray were not
validated by qPCR and thus the microarray data must be interpreted cautiously.
This indication of a reduction in the endocrine function of the placenta may prove
useful in clarifying the function of the spongiotrophoblast layer, as discussed in
Section 3.3.6.

3.3.5 Summary of main findings

The work presented in this chapter sought to build upon initial observations
reported by Salas et al. (2004), and involved a more detailed characterisation of
the placental phenotype of line 10-15 on a pure 129/Sv genetic background.
Expression of both Phlda2 and Slc22a18 were observed to correlate with
transgene copy number, in contrast to previous reports of ~10-fold endogenous
levels. This over-expression appeared to be due to elevated expression in a
comparable number of cells. Over-expression of the discrete locus encompassing
the maternally expressed imprinted genes Phida2 and S/c22a18 results in a
severe placental phenotype throughout gestation:
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. Placental weight deficit from at least E12.5 until term, although transgenic
placenta exhibit a marginal increase in weight between E16.5 and E18.5,
which was absent in wild type placenta

. Spongiotrophoblast area was reduced from at least E10.5 until term, with a
reduced relative abundance of glycogen cells

. Tpbpa-positive cells were mislocalised within the labyrinth region at E18.5

3.3.6 Future directions

In this investigation, the placental phenotype was characterised between E10.5
and E18.5. Although placental weight could not be accurately recorded at E10.5,
in situ hybridisation of sections at this stage clearly demonstrated a reduced
expression pattern of the spongiotrophoblast marker Tpbpa. Future investigations
could thus focus on investigating earlier stages of placental development in order
to isolate the stage at which a placental phenotype is first apparent. Expression
of Phlda2 is first detectable in the polar trophectoderm, followed by the
ectoplacental cone at E5.5, later becoming restricted to a subset of cells in the
labyrinth layer (Frank et al. 1999). From mid gestation Phlda2 expression is
restricted to the syncytiotrophoblast bilayer of the labyrinth (Frank et al. 2002),
yet the phenotypic consequences of Phlda2 over-expression are observed on the
adjacent spongiotrophoblast layer. It is possible therefore, that the
spongiotrophoblast defect derives directly from altered expression of Phlda2 in
the ectoplacental cone at ~E5.5, from which the spongiotrophoblast develops.
Such a phenotype would be difficult to examine in vivo, and thus the use of in
vitro cell culture studies could be employed to investigate the developmental
potential of various trophoblast cell types in which PhidaZ2 is over-expressed.

As discussed in Section 3.3.3, the identity of the mislocalised Tpbpa-
positive cells remains unclear. Although the absence of PAS staining indicates
that these cells are not glycogen cells, the apparent migration of these cell
clusters between E16.5 and E18.5 does not correlate with the properties of
spongiotrophoblast cells, which are non-migratory. In contrast, glycogen cells are
inherently a migratory cell type, albeit invading the maternal decidua from mid
gestation. Further characterisation of these cell clusters is necessary in order to
confirm which cell type they represent. The glycogen cell specific marker
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Connexin31/Gjb3 is a potential candidate by which these clusters may be
identified.

Microarray analysis of the two placental VEGF receptors Flt1 and Kdr
(FIk1) revealed a striking pattern of altered expression in transgenic placentae.
Expression of Fit1, which is restricted to the spongiotrophoblast, was significantly
downregulated, a likely consequence of the disproportionate reduction in this
region in transgenic placenta. In contrast, expression of the labyrinth-specific
VEGF receptor Kdr (Flk1) was significantly upregulated. Expression of Kdr
examined by in situ hybridisation appeared to be widespread and at a relatively
low level. For this reason, it may be difficult to observe moderate differences in
vasculature of the labyrinth layer. The alteration to Kdr expression level may
represent a compensatory mechanism of the placenta of increasing fetal blood
flow to minimise the impact of the reduced spongiotrophoblast layer on
embryonic growth. A direct method of examining placental vasculature would be
to generate resin vascular casts of wild type and transgenic placenta as
described by Adamson et al. (2002). Vasculature could be examined at various
stages throughout gestation. If elevated Kdr represents an increase in
vasculature of the labyrinth as a response to the reduced spongiotrophoblast,
then this could be directly quantified from the vascular casts. An alternative
approach to creating vascular casts would be to use stereology examine the
structure of the labyrinth layer. This would enable a direct quantification of all
volume, surface area and length measurements in this region of the placenta as
described by Coan et al. (2004).

Further work may also be directed to further investigating the altered
expression of the Psg18 and Psg19 genes reported on the microarray. Initially,
these altered expression levels must be validated by qPCR, with expression
levels of additional Psg genes also potential targets of qPCR analysis. Such
dramatically reduced levels of pregnancy-related hormones may be indicative of
the functional role of the spongiotrophoblast, which to date has not been
definitively characterised. The spongiotrophoblast is predicted to perform an
endocrine role through secreting hormones that target maternal physiology to
favour embryonic growth. However, a definitive role for this region of the mouse
placenta has not been described to date. The transgenic model described in this

chapter is unique in only exhibiting a spongiotrophoblast defect, and may thus
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provide an invaluable tool for elucidating the function of the spongiotrophoblast. If
the spongiotrophoblast secretes hormones that alter maternal physiology, this
could be investigated in pregnant females containing conceptuses that are all
hemizygous for the BAC transgene described previously. All such conceptuses
would have placentae with a significantly reduced spongiotrophoblast layer. This
would be predicted to result in a reduction in the level of circulating hormones in
the pregnant dam. These levels could be compared against those of pregnant
females containing entirely wild type conceptuses in a similar sized litter.

The placental phenotype described in this chapter correlates with the initial
reports of a placental weight deficit at E14.5 and E16.5. Phlda2 was isolated as
the likely cause of this phenotype from examination of a Kvdmr1 / Phlda2 double
null placenta. The weight deficit was additionally attributed to a disproportionate
loss of the spongiotrophoblast (Salas et al. 2004). Although evidence suggests a
causative role for Phida2 in the phenotype, the presence of Sic22a18 on the
transgene means that a role for this gene cannot be ruled out. This scenario is

addressed in Chapter 4.
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Chapter 4:

Effect of gene dosage and genetic background on
placental phenotype
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4.1 Overview

The effect of over-expressing a discrete imprinted locus containing the maternally
expressed genes Phlda2 and Slc22a18 was discussed in Chapter 3. These
characterisations were performed using mice on a pure 129/Sv genetic
background. An important aspect to consider when investigating mouse models
that possess a transgene is the indirect effect that integration of this transgene
may have. For instance, the transgene may integrate within the coding region of
another gene. Any observed phenotype may therefore be the result of either
excess expression from the transgene or loss of expression of the gene at the
site of integration. In order to eliminate the possibility that the placental
phenotype is a consequence of the site of transgene integration, rather than over-
expression of the genes Phlda2 and/or Slc22a18, an independent transgenic line
was generated containing the same modified BAC transgene.

This second transgenic line was named 10-10, and was initially maintained
on a C57BL/6 background, with phenotypic analysis performed on the 129/Sv x
C57BL/6 background. To enable a direct comparison between the transgenic
lines 10-15 and 10-10, line 10-15 was also characterised on the 129/Sv x
C57BL/6 background. The effect of genetic background of mouse models is often
not a major consideration when performing phenotypic analyses. There is,
however precedent that genetic background affects the phenotype of mouse
models of placentation. For instance, the degree of placentomegaly in Phida2 null
animals at E16.5 was increased in a pure C57BL/6 background (33% larger than
wild type) compared with the C57BL/6 x 129/Sv background (27% than wild type)
(Frank et al. 2002).

A genetic background-dependent placental defect is also observed in
Myod family inhibitor Mdfi (I-mfa) null mice. Homozygous null mice on a C57BL/6
background have significantly fewer trophoblast giant cells with embryonic death
resulting at E10.5. In contrast, the same mutation on the 129/Sv background
does not cause a placental phenotype although embryos display neurological
defects (Kraut et al. 1998). Additionally, mice that lack expression of the gene
encoding the epidermal growth factor receptor (Egfr) have smaller placentae with

a reduced spongiotrophoblast layer. On a pure 129/Sv background, embryonic
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death occurs around E12.5, whereas some embryos survive to birth on the
129/Sv x C57BL/6 background (Sibilia and Wagner 1995; Threadgill et al. 1995).

The placental phenotype was also examined in an additional two
transgenic lines, which possess either one or two copies of the unmodified
transgene. These animals contain intact copies of Cdkn1c on the transgene.
However, placental-specific enhancer elements are absent and thus Cdkn7c is
only over-expressed in a subset of embryonic tissues (John et al. 2001). Use of
these transgenic lines, in addition to line 10-10, enabled an examination of the
effect of transgene copy number on the placental phenotype. More importantly,
line 5D3, which contains a single copy of the unmodified transgene, represents a
model for LOI at the discrete locus containing the imprinted genes Phlda2 and
Sic22a18. The placental phenotype observed in lines 10-15 and 10-10 was
therefore compared with that of line 5D3 to determine whether the multiple copy
transgenic lines exhibit a similar phenotype.

To elucidate the relative contribution of Phlda2 and Sl/c22a18 to the
observed placental phenotype, the placental phenotype was examined in
placentae in which Phlda2 gene dosage was restored to normal while S/c22a18
remains elevated. Such “double transgenic” conceptuses were generated by
mating a hemizygous 5D3 transgenic male with a heterozygous Phida2 null
female. A direct comparison of double transgenic placentae with both wild type
and 5D3 transgenic placentae from the same litter was undertaken to examine
the effect of restoring Phlda2 gene dosage to normal. A similar approach was
undertaken to investigate over-expression of Phlda2 by comparing Kvdmr1 null

placentae and doubile Kvdmr1 and Phlda2 null placentae (Salas et al. 2004).
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4.2 Results

4.2.1 Characterising line 10-15 on the 129/Sv x C57BL/6 background

The effect of over-expressing Phlda2 and Slc22a18 was initially examined using
mice on a pure 129/Sv genetic background (Chapter 3). The placental phenotype
of line 10-15 was additionally investigated on the 129/Sv x C57BL/6 genetic
background to determine if there were any differences in the phenotype. This was
necessary, as further analysis of the placental phenotype would include three
independent lines maintained on a different genetic background.

Expression levels of Phida2 and Sic22a18 were consistent with transgene
copy number in line 10-15 on a pure 129/Sv background (see Section 3.2.1). To
confirm that similar expression levels were maintained on the 129/Sv x C57BL/6
background the expression of Phida2 and Sic22a18 was assessed by qPCR at
E12.5. Phida2 was expressed at 3.0-fold (= 0.18) wild type and S/ic22a18 was
expressed at 3.78-fold (= 1.39) wild type levels (Fig 4.1).

On a pure 129/Sv background, mean transgenic placental weight was
~15% less than that of wild type at E14.5, with an approximate 50%
compensation in placental weight occurring by E18.5, with transgenic placentae
~9% lighter. Placental weight was examined at E14.5 and E18.5 on the 129/Sv x
C57BL/6 background, with data presented in Figure 4.2. At E14.5, a similar
weight difference to transgenic placenta on a pure 129/Sv background was
observed, with transgenic placentae 19.1% lighter than wild type (104.7 mg + 8.4
versus 84.7 mg + 9.0; 5 litters; n = 35; p = 1.07 x 107). In contrast to transgenic
placenta on a 129/Sv background, this degree of weight deficit persisted to
E18.5, with transgenic placentae 19.6% lighter at this stage (118.9 mg + 6.2
versus 95.6 mg + 8.2; 6 litters: n=37; p =2.22 x 10™").
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Figure 4.1: Transgene expression at E12.5 in placentae of line 10-15 on the
129/Sv x C57BL/6 background

Expression of Phlda2 and Sic22a18 was examined in E12.5 placentae from
line 10-15 on the 129/Sv x C57BL/6 background to determine if appropriate
expression levels were maintained. Graph shows mean fold change for
Philda2 and Sic22a18 in transgenic placentae compared to wild type
placentae from the same litter. Error bars represent standard deviation

between independent samples.
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Figure 4.2: Placental weights at E14.5 and E18.5 from line 10-15 on the
129/Sv x C57BL/6 background

To confirm that the placental phenotype persists on the 129/Sv x C57BL/6
background, placental weights were examined at E14.5 and E18.5. The
graph shows the mean placental weight of wild type and transgenic
placentae, with error bars representing standard deviation. Percentage
values indicate the ratio of mean transgenic weight to wild type. Statistical
significance as determined by ttest is denoted by asterisks *** p < 0.001.
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Transgenic placentae of line 10-15 on a pure 129/Sv background exhibit
a significantly reduced spongiotrophoblast area at E14.5, with a complete loss of
the spongiotrophoblast-labyrinth boundary and mislocalisation of Tpbpa-positive
cells in the labyrinth at E18.5. E14.5 and E18.5 placentae from line 10-15 on the
129/Sv x C57BL/6 background were hybridised with the Tpbpa probe to examine
the extent of spongiotrophoblast loss and mislocalisation (Fig 4.3). At both E14.5
and E18.5, the spongiotrophoblast was overtly reduced in size in transgenic
placenta, with Tpbpa-positive cells observed in the labyrinth of transgenic
placentae at both stages. Some Tpbpa-positive cells were also detected in the
labyrinth of wild type placentae at E14.5, although to a lesser extent compared to
transgenic, and with no such mislocalisation in wild type placentae at E18.5. At
E18.5, transgenic placentae exhibit a similar pattern of Tpbpa-positive cells in the
labyrinth, although not to the extent that is seen on the pure 129/Sv background,
with a relatively intact spongiotrophoblast-labyrinth border existing at this stage
(Fig 4.3F and H)

The area of placental regions was measured as before at E14.5.
Spongiotrophoblast area was significantly reduced in transgenic placentae,
accounting for only 57% of the area in wild type placentae (3.177 mm? + 0.76
versus 1.81 mm? + 0.42; 4 litters; n = 22; p = 4.19 x 10™) (Fig 4.4). No significant
effect on labyrinth area was observed (4.02 mm? + 0.56 versus 3.78 mm? + 0.60;
p = 0.339), with the combined area of the two regions reduced by approximately
21% (7.16 mm? £ 0.74 versus 5.63 mm? + 0.82; p = 6.84 x 107).

To examine the glycogen content of wild type and transgenic placentae,
PAS staining was performed at E14.5 and E18.5. Similar to transgenic placentae
on the pure 129/Sv background, PAS staining was markedly reduced in
transgenic placentae on the 129/Sv x C57BL/6 background at both stages (Fig
45 C, D, G and H). Occasional PAS-positive staining was observed in the
labyrinth, however this was seen in both wild type and transgenic placentae and
did not consistently co-localise with Tpbpa-positive cells within the labyrinth.

In summary, the placental phenotype of line 10-15 on a pure 129/Sv
background was maintained on a 129/Sv x C57BL/6 background. Although there
were two notable variations, with the ~20% placental weight deficit persisting to a
similar degree at E18.5 on the 129/Sv x C57BL/6 background, at which stage the
spongiotrophoblast mislocalisation defect appeared to be less severe.
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Figure 4.3: Loss of spongiotrophoblast in line 10-15 on the 129/Sv x
C57BL/6 background

To visualise placental structure and determine if spongiotrophoblast was
reduced in transgenic placentae, placental sections were hybridised with the
Tpbpa riboprobe. Wild type sections (left column) and transgenic sections
(right column) were examined at E14.5 (A-D) and E18.5 (E-H). Sections in A,
B, E and F are shown under higher magnification in C, D, G and H
respectively. Scale bar = 1 mm (A, B, E, F); and 0.5 mm (C, D, G, H).
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Figure 4.4: Midline placental areas at E14.5 from line 10-15 on the 129/Sv x
C57BL/6 background

Spongiotrophoblast and labyrinth regions were measured at E14.5 to
determine the extent of spongiotrophoblast loss. Graph shows mean area of
spongiotrophoblast (Sp.), labyrinth (Lab.) and combined spongiotrophoblast
and labyrinth regions (Total), with error bars representing standard deviation.
Percentage values show the ratio of transgenic to wild type area. Statistical
significance as determined by Mann-Whitney test is denoted by asterisks; ***
p < 0.05.
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Figure 4.5: Glycogen cells in placentae of line 10-15 on the 129/Sv x
C57BL/6 background

General placental morphology was examined by H&E staining, with relative
glycogen cell number assessed by PAS staining. Figure shows H&E (A, B, E,
F) and PAS (C, D, G, H) staining at E14.5 (upper four) and E18.5 (lower four)
of wild type (left column) and transgenic (right column) placentae. Dashed
boxes indicate region of section stained for glycogen cells and shown at
higher magnification below. Broken lines indicate boundaries of placental
layers; labyrinth at bottom. Scale bar = 500 *m (H&E) and 200 “im (PAS).
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4.2.2 Characterising line 10-10 on the 129/Sv x C57BL/6 background

A second transgenic line was also generated that possesses the same modified
transgene as line 10-15 but at an independent integration site and with an
unconfirmed copy number. This line was generated by pronuclear injection into
C57BL/6 x CBA F; embryos and subsequently bred into the C57BL/6
background. The placental phenotype was studied on a 129/Sv x C57BL/6
background thus allowing a direct comparison with placentae from line 10-15 on
a similar genetic background.

The transgene copy number of line 10-10 was not quantified by Southern
blotting. However, expression of Phida2 and Slc22a18 was examined at by qPCR
E12.5 from placenta on the 129/Sv x C57BL/6 background. Phlda2 was
expressed at 2.8-fold (+ 0.38) wild type and S/c22a18 at 1.8-fold (= 0.56) wild
type level (Fig 4.6), suggesting that the line contained 1-2 copies of the BAC
transgene.

Transgenic placentae from line 10-15 on the 129/Sv x C57BL/6
background were approximately 20% lighter than wild type at both E14.5 and
E18.5 (see Section 4.2.1). A similar effect on placental weight was observed in
line 10-10, with transgenic placentae 20.2% lighter than wild type at E14.5 (111.0
mg + 9.0 versus 88.6 mg * 9.8; 7 litters; n = 46; p = 3.12 x 107, and 16.9%
lighter at E18.5 (112.3 mg + 6.8 versus 93.4 mg £ 9.3; 5 litters; n = 34; p = 1.01 x
107) (Fig 4.7).

Placentae from line 10-10 at E14.5 and E18.5 were hybridised with the
Tpbpa probe to examine the extent of spongiotrophoblast loss and
mislocalisation (Fig 4.8). At both E14.5 and E18.5, the spongiotrophoblast was
overtly reduced in size in transgenic placenta. Although discrete clusters of
Tpbpa-positive cells were observed in the labyrinth of transgenic placentae at
both stages, this feature of the phenotype was not as pronounced at E18.5 as for

line 10-15 on both genetic backgrounds examined at this stage.
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Figure 4.6: Transgene expression at E12.5 in placentae of line 10-10 on the
129/Sv x C57BL/6 background

Expression of Phlda2 and Slic22a18 was examined at E12.5 in placentae
from line 10-10 on the 129/Sv x C57BL/6 background to estimate the
transgene copy number and allow a comparison with line 10-15 for which
transgene copy number was known. Graph shows mean fold change for
Phlda2 and SIc22a18 in transgenic placentae compared to wild type
placentae from the same litter. Error bars show standard deviation.
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Figure 4.7: Placental weights at E14.5 and E18.5 from line 10-10 on the
129/Sv x C57BL/6 background

To confirm that the placental phenotype is due to over-expression of the
imprinted locus, placental weights were examined at E14.5 and E18.5 from
the independent line 10-10. The graph shows the mean placental weight of
wild type and transgenic placentae, with error bars representing standard
deviation. Percentage values indicate the ratio of transgenic weight to wild
type. Statistical significance as determined by /-test is denoted by asterisks
***p< 0.001.
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Figure 4.8: Loss of spongiotrophoblast in line 10-10 on the 129/Sv x
C57BL/6 background

To visualise placental structure and determine if spongiotrophoblast was
reduced in transgenic placentae, placental sections from line 10-10 were
hybridised with the 7pbpa riboprobe. Wild type sections (left column) and
transgenic sections (right column) were examined at E14.5 (A-D) and E18.5
(E-H). Sections in A, B, E and F are shown under higher magnification in C,
D, G and H respectively. Scale bar = 1 mm (A, B, E, F); and 0.5 mm (C, D,
G, H;j.

162



At E14.5, similar to line 10-15 on both a pure 129/Sv and 129/Sv x
C57BL/6 background, the spongiotrophoblast area was significantly reduced in
transgenic placentae of line 10-10, accounting for only 54.9% the area in wild
type placentae (3.17 mm? + 0.54 versus 1.74 mm?  0.49; 4 litters; n = 29; p =
2.10 x 10®). No significant effect on labyrinth area was observed (3.75 mm?
0.91 versus 3.39 mm? + 1.19; p = 0.511), with the combined area of the two
regions reduced by approximately 25% (6.91 mm? + 1.20 versus 5.17 mm? +
1.46; p = 3.30 x 10®) (Fig 4.9).

Glycogen cell staining was overtly reduced in transgenic placentae at both
stages examined (Fig 4.10). Although some glycogen cells were detected in the
labyrinth region of transgenic placentae at E14.5, this did not correlate with, the
number of Tpbpa-positive clusters in the transgenic placentae.

In summary, the placental phenotype of line 10-10 on a 129/Sv x C57BL/6
genetic background was comparable to that of line 10-15 on a similar genetic
background. Similar to line 10-15 on the 129/Sv x C57BL/6 background, the
placental weight deficit observed at E14.5 persisted to a similar degree at E18.5,
with a similar mislocalisation phenotype apparent at this stage. This comparable
placental phenotype is despite an apparently lower expression of Phlda2 and
Slc22a18 in transgenic placentae of line 10-10.
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Figure 4.9: Midline placental areas at E14.5 from line 10-10 on the 129/Sv x
C57BL/6 background

Areas of spongiotrophoblast, labyrinth and combined areas (total) from
midline placental sections at E14.5 from line 10-10. Graph shows mean
midline areas of spongiotrophoblast (Sp.), labyrinth (Lab.) and combined
spongiotrophoblast and labyrinth regions (Total), with error bars representing
standard deviation. Percentage values indicate the ratio of transgenic area to
wild type. Statistical significance as determined by Mann-Whitney test is
denoted by asterisks; ** p < 0.005 *** p < 0.001.
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Figure 4.10: Glycogen cells in placentae of line 10-10 on the 129/Sv x
C57BL/6 background

General placental morphology was examined by H&E staining, with relative
glycogen cell number assessed by PAS staining. H&E (A, B, E, F) and PAS
(C, D, G, H) staining at E14.5 (upper four) and E18.5 (lower four) of wild type
(left column) and transgenic (right column) placentae. Dashed boxes indicate
region of section stained for glycogen cells and shown at higher
magnification below. Broken lines indicate boundaries of placental layers;
labyrinth at bottom. Scale bar = 500 (H&E) and 200 *m (PAS).
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4.2.3 Effect of genetic background on wild type placenta

Wild type placentae on a pure 129/Sv background were overtly smaller compared
to wild type placentae on the 129/Sv x C57BL/6 background at both E14.5 and
E18.5 (Fig 4.11). Normalised wild type placental weights from 129/Sv x C57BL/6
litters of lines 10-15 and 10-10 were combined and compared to wild type
placental weights from line 10-15 on a pure 129/Sv background. By weight, wild
type 129/Sv x C57BL/6 placentae were 38.1% heavier than pure 129/Sv wild type
placentae at E14.5 (78.7 mg £ 12.5 versus 108.6 mg + 9.2; wild type placentae
from 19 litters; n =73; p =2.10 x 10'18). A similar difference in weight persisted at
E18.5, with 129/Sv x C57BL/6 placentae 45.1% heavier than pure 129/Sv wild
type (79.6 mg £ 6.9 versus 115.4 mg % 7.2; wild type placentae from 22 litters; n
=82; p=7.22x107).

The increased weight of placentae on the 129/Sv x C57BL/6 background
appears to be due entirely to the presence of a larger spongiotrophoblast area,
which is 2.34 times larger in placentae of the 129/Sv x C57BL/6 background
compared to those on the pure 129/Sv background (1.36 mm? + 0.40 versus 3.17
mm? + 0.61; wild type placentae from 11 litters; n = 37; p = 3.29 x 10%). In
contrast, there was no significant difference in the area of the labyrinth region
(3.66 mm? + 0.36 versus 3.85 mm? + 0.79; p = 0.104). The difference in the
combined area of spongiotrophoblast and labyrinth regions was comparable to
the weight difference between the two genetic backgrounds, with a 37%
increased area in placentae of the 129/Sv x C57BL/6 background (5.10 mm? +
0.41 versus 7.00 mm? + 1.04; p = 7.17 x 10®) (Fig 4.12).
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Figure 4.11: Comparison of wild type placental weights at E14.5 and E18.5
between pure 129/Sv and 129/Sv x C57BL/6 backgrounds

Wild type placental weight was compared between the two genetic
backgrounds used. Mean normalised weights of wild type placentae are
shown on the 129/Sv and 129/Sv x C57BL/6 genetic backgrounds at A)
E14.5 and B) E18.5. Percentage values indicate the ratio of mean placental
weight on the 129/Sv x C57BL/6 background to that on the 129/Sv
background. Error bars show standard deviation and asterisks denote
significance level according to the Student’s f-test: *** p < 0.001.
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Figure 4.12: Comparison of midline placental areas at E14.5 on a pure
129/Sv and 129/Sv x C57BL/6 genetic background

To determine whether placentae on a 129/Sv x C57BL/6 background were
proportionately larger than those on a pure 129/Sv background,
spongiotrophoblast and labyrinth areas were compared. Graph shows mean
midline areas of spongiotrophoblast (Sp.), labyrinth (Lab.) and combined
spongiotrophoblast and labyrinth regions (Total), with error bars representing
standard deviation. Percentage values indicate the ratio of midline area on a
129/Sv x C57BL/6 background to the area on a pure 129/Sv background.

Asterisks denote significance level according to the Mann-Whitney test: *** p
< 0.001.
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4.2.4 Characterising line 5D3 on the 129/Sv x C57BL/6 background

The effect of over-expressing Phlda2 and Sic22a18 in the mouse placenta was
characterised in two independent transgenic lines, one possessing three
additional copies of each gene, and the other with an undetermined transgene
copy number. The key placental phenotypes of both transgenic lines were
comparable, indicating that the transgene integration site was not a significant
contributory factor to the phenotype. Both lines 10-15 and 10-10 possess more
than one copy of the BAC transgene. Loss of imprinting of the IC2 domain would
be equivalent to the presence of two active copies of the genes investigated in
this study. We next examined whether a lower dosage of Phlda2 and Sic22a18
showed a similarly severe placental phenotype by making use of a single copy
transgenic line (5D3) and a two-copy transgenic line (5A4). The transgene
present in these transgenic lines contains an intact Cdknic gene, but since the
Cdkn1c placenta-specific enhancers are not on the BAC (John et al. 2001), lines
5D3 and 5A4 can be compared with lines 10-15 and 10-10, as only Phlda2 and
Slc22a18 are over-expressed in the placenta of all three lines.

Transgene copy number was previously determined by Southern blotting,
with gene expression further assessed by qPCR. At E12.5, expression of Phlda2
in transgenic placentae on the 129/Sv x C57BL/6 background was 4.9-fold (+ 1.3)
compared to wild type with Sic22a18 expression elevated by 4.6-fold (+ 1.8) (Fig
4.13A). To examine if the inconsistency between observed gene expression and
the anticipated expression level predicted by the transgene copy number was
due to genetic background differences, expression was also assessed from
generation 7 C57BL/6 placentae by gPCR. Expression of Phida2 and Sic22a18
correlated more closely with the predicted expression level, with Phida2
upregulated by 2.3-fold (+ 0.9) compared to wild type and Sic22a18 expression
elevated by 1.6-fold (= 0.8) (Fig 4.13B). However, as exemplified by the large
standard deviations, expression levels remained variable between the individual
placentae that were compared.
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Figure 4.13: Transgene expression at E12.5 in placentae of line 5D3 on two
genetic backgrounds

Expression from the transgene was first examined on the 129/Sv x C57BL/6
background, and subsequently from a G7 C57BL/6 mating. Fold change
between wild type and transgenic placentae of line 5D3 on A) 129/Sv x
C57BL/6 genetic background and B) G7 C57BL/6 genetic background. Error
bars show standard deviation.
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The placental phenotype was examined in line 5D3 on the 129/Sv x
C57BL/6 background. At E13.5 trahsgenic placentae were approximately 27%
lighter than wild type (87.1 mg + 9.8 versus 63.9 mg + 13.1; 5 litters; n =40; p =
1.98 x 10°), a phenotype which persisted to a similar degree at E14.5 (106.5 mg
+ 8.8 versus 78.3 mg + 8.4; 3 litters; n = 22; p =4.40 x 107) and E18.5 (110.1 mg
+ 12.3 versus 84.8 mg + 10.8; 7 litters; n = 59; p = 6.51 x 10?®) (Fig 4.14A). A
more severe placental weight deficit was observed in transgenic placentae of line
5A4, which possess two copies of the unmodified BAC transgene. At E13.5
transgenic placentae were approximately 40% lighter than wild type (90.2 mg +
12.9 versus 54.1 mg £ 12.5; 7 litters; n = 50; p = 1.08 x 10‘6), with a similar
difference at E14.5 (107.0 mg £ 3.9 versus 66.2 mg + 5.5; 4 litters; n = 25; p =
3.56 x 107'%), and a ~30% weight deficit at E18.5 (115.5 mg + 10.7 versus 81.5
mg * 12.7; 7 litters; n = 54; p =2.04 x 10™%) (Fig 4.14B).

At E14.5, spongiotrophoblast area was significantly reduced in transgenic
placentae, accounting for only 40% of the area in wild type placentae (3.18 mm?
+ 0.68 versus 1.28 mm? + 0.27; 2 litters; n = 17; p = 7.24 x 107) (Fig 4.15B). No
significant effect on labyrinth area was observed (4.38 mm? + 0.65 versus 4.04
mm? + 0.44; 2 litters; n = 17; p = 0.831), with the combined area of the two
regions reduced by approximately 30% (7.64 mm? + 0.97 versus 5.32 mm?
0.52; 2 litters; n = 13; p = 7.08 x 107%). Furthermore, the mean spongiotrophoblast
area of transgenic placentae from line 5D3 was significantly less than that of
transgenic placentae of lines 10-15 and 10-10 on the 129/Sv x C57BL/6
background (see Table 4.1). Glycogen staining was reduced although correctly
localised as seen in transgenic placentae from both lines 10-15 and 10-10 (Fig
4.17).

In summary, transgenic mice that possess two active copies of Phida2 and
Slc22a18 exhibit a placental phenotype that is similar to that of lines 10-15 and
10-10. Placental weight was reduced to a comparable degree, although the loss
of spongiotrophoblast area in line 5D3 was more severe than observed in lines
10-15 and 10-10. Placental weight of transgenic placentae from line 5A4 was
more severely reduced that observed in lines 10-15, 10-10 and 5D3.
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Figure 4.14: Placental weights from lines 5D3 and 5A4 on the 129/Sv x
C57BL/6 background

Placental weights were compared between lines 5D3 and 5A4 at E13.5, E14.5
and E18.5. Graphs show mean normalised placental weight of wild type and
transgenic placentae of A) line 5D3 on the 129/Sv x C57BL/6 background at
E13.5, E14.5 and E18.5 and B) line 5A4 at E13.5, E14.5 and E18.5.
Percentage values indicate the ratio of transgenic weight to wild type. Error
bars represent standard deviation. Statistical significance as determined by t
test is denoted by asterisks *** p < 0.001.

172



Figure 4.15: Loss of spongiotrophoblast in line 5D3 on the 129/Sv x

C57BL/6 background

Placental morphology was examined by H&E staining of wild type (A and C) and
transgenic (B and D) placentae at E14.5 (A and B) and E18.5 (C and D) from line
5D3 on the 129/Sv x C57BL/6 background. Dashed lines indicate boundary of

spongiotrophoblast. Scale bar = 1 mm.

Area (mm2)

5D3 1.28 £0.27
10-15 1.81 £0.42
10-10 1.74 £0.49

Combined 10-15 and 10-10 1.77 £0.45

% of WT area

40%
57%
55%
56%

0.00387
0.0190
0.00421

Table 4.1: Comparison of mean spongiotrophoblast area of transgenic
placentae from lines 10-15, 10-10 and 5D3 on the 129/Sv x C57BL/6

background

The table shows the mean spongiotrophoblast area of transgenic placentae from
lines 5D3, 10-15, 10-10 and the combined data for lines 10-15 and 10-10. The
midline spongiotrophoblast area of transgenic placentae from line 5D3 was
significantly smaller than that of lines 10-15 and 10-10. The p value represents a
comparison between the spongiotrophoblast area of transgenic placentae of line
5D3 and the area of the designated line on the 129/Sv x C57BL/6 background.
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Figure 4.16: Midline placental areas in line 5D3 on the 129/Sv x C57BL/6
background

Spongiotrophoblast (Sp.), labyrinth (Lab.) and combined (Total) areas were
measured from midline placental sections of line 5D3 at E14.5. Percentage
values indicate the ratio of transgenic area to wild type. Error bars show
standard deviation. Statistical significance as determined by Mann-Whitney
test is denoted by asterisks; ** p < 0.005.



Figure 4.17: Glycogen cells in placentae of line 5D3 on the 129/Sv x
C57BL/6 background

H&E (A, B, E, F) and PAS (C, D, G, H) staining at E14.5 (upper four) and
E18.5 (lower four) of wild type (left column) and transgenic (right column)
placentae. Dashed box indicates region of section stained for glycogen cells
and shown at higher magnification below. Broken lines indicate boundaries of
placental layers; labyrinth at bottom. Scale bar = 500 Aim (H&E) and 200 [jm

(PAS).
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4.2.5 Restoration of Phida2 gene dosage to normal to assess the role

of Sic22a18 in the placental phenotype

All transgenic lines utilised throughout this investigation over-express both
Phida2 and S/c22a18 in the placenta. Lines 10-15 and 10-10 contain modified
BAC transgenes, whereby Cdknic is inactivated by the presence of a S
galactosidase reporter construct. Enhancers required for placental Cdknic
expression are not located on the transgene, thus Cdkn1c is not over-expressed
in placentae of lines 5D3 or 5A4 (John et al. 2001).

A consequence of over-expressing two genes is that the resulting
phenotype cannot be directly attributed to either gene. Previously published
observations however, indicate that the placental deficit and reduced
spongiotrophoblast observed in this model are primarily due to over-expression of
Phida2. Firstly, the small placenta and reduced spongiotrophoblast characteristic
of transgenic placentae is the reciprocal to the phenotype of Phlda2 null
placentae, which exhibit placentomegaly and an increased spongiotrophoblast
region (Frank et al. 2002). Furthermore, in mice that lack paternal Kvdmr1, and
thus over express Phlda2 and Sic22a18, the placenta is reduced in size with a
small spongiotrophoblast. Restoration of Phlda2 gene dosage to normal by
paternal inheritance of the Kvdmr1 null allele with maternal inheritance of the
Phlda2 null allele rescued both placental weight and spongiotrophoblast
phenotypes (Salas ef al. 2004).

A similar approach was undertaken in an attempt to dissect out the
contribution of Phlda2 and Slc22a18 to the placental phenotype. Mating a stud
male from the single copy transgenic line (5D3) with a female Phlda2 null mouse,
generated progeny that possess both the transgene and the Phlda2 null allele.
These progeny thus have two active Sic22a18 alleles but only one active Phida2
allele, which is located on the transgene. By investigating the effect of restoring
Phlda2 gene dosage to normal, it was envisaged that the contribution of over-
expression of this gene to the phenotype would be revealed. Utilising both
heterozygous male and female mice enabled four genotypes to be generated in
each litter, with an expected Mendelian ratio of 1:1:1:1 (Fig 4.1). In doing so, a
direct comparison of wild type, transgenic and “rescue” placentae was possible in
placentae from the same litter.
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Wild type [ 4
Wild type Wild type PhidaZ
Paternal
Transgene Transgenic PhldaZ"with transgene

Punnett Square showing resulting genotypes from a mating between a
hemizygous 5D3 transgenic male and a heterozygous Ph/daZ2 null female.

Table 4.2: Punnett square showing potential genotypes generated in double
transgenic matings

The four potential genotypes generated in such a breeding program differ
according to the number of active alleles of Phida2, Sic22a18 and Cdknlc (Table
4.2). Wild type conceptuses possess a single active allele for each gene,
whereas transgenic conceptuses possess two active alleles for Phlda2 and
Slc22a18, and a single active Cdknlc allele. Phida2 null conceptuses possess a
single active allele for S/ic22a18 and Cdknic, but no active PhldaZ2 allele. The
combined inheritance of the transgene and Ph/da2 null allele results in two copies

of Sic22a18, while Philda2 gene dosage is maintained at normal level of one

active allele.
Phida2 Sic22a18 Cdknlc
Wild type 1 1 1
Transgenic 2 2 1+
PhidaZ+ 0 1 1
PhldaZK with transgene 1 2 1+

Table 4.3: Number of active alleles according to genotype in the placentae
of conceptuses from double transgenic matings

1 Cdknlc is represented by the presence of two alleles in these progeny,

although they are only actively expressed in the embryo, as Cdknlic is not
expressed from the transgene in the placenta.
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Phlda2 expression was quantified by qPCR at E12.5 to determine whether
expression levels were restored to wild type levels in the double transgenic
placentae. Optimally, a direct comparison of Phida2 expression would be made
between double transgenic and wild type placentae. However, this was not
possible, as none of the four litters collected at E12.5 contained two wild type and
two double transgenic placentae. Instead, expression of Phlda2 and Si/c22a18
was compared between double transgenic and 5D3 transgenic placentae.
Assuming that appropriate copy number-dependent Phlda2 expression exists
from the transgene, such a comparison would be expected to yield a 2-fold
reduction in Phlda2 levels with S/ic22a18 expression remaining comparable
between the two genotypes. Consistent with this prediction, Phlda2 expression
was reduced by 2.24-fold (+ 0.13) in double transgenics, whereas S/c22a18
remained unaffected (0.96-fold *+ 0.08) (Fig 4.18). Thus, Phlda2 expression was

reduced in double transgenic placentae compared to 5D3 transgenic placentae.

SO@%

Qs 3t e

34 o Phlda2 o Slc22a18

Figure 4.18: Relative expression levels of Phlda2 and Sic22a18

Placental expression of Phlda?2 and S/c22a18 in double transgenic placenta
compared with 5D3 transgenic placentae. Graph shows mean fold change with
error bars representing standard deviation.
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Expression of Phlda2 was also examined at E13.5 by in situ hybridisation
(Fig 4.17A-D). Comparison of Phlda2 probe hybridisation between wild type,
transgenic and double transgenic placentae indicated that Phlda2 expression
was most similar between wild type (Fig 4.19A) and double transgenic placentae
(Fig 4.19C). Although not a quantitative measure, comparison of signal intensity
between wild type and single BAC transgenic placentae (Fig 4.19B) indicated that
Phida2 expression was greater than two-fold wild-type levels in this individual
sample. This is consistent with qPCR analysis of expression from placentae of
line 5D3 on the 129/Sv x C57BL/6 background, which suggests that Phida2
expression can vary. Thus, although Phida2 expression was reduced in double
transgenic placentae compared to 5D3 transgenic placentae, expression levels
appear to remain elevated above wild type levels. As anticipated, no signal was
observed in Phlda2 null placentae (Fig 4.17D).

Figure 4.19: Phlda2 expression atE13.5 in each of the four genotypes
generated by double transgenic matings

Expression of Phlda2 was examined by in situ hybridisation at E13.5 in
placentae from double transgenic matings. A) Wild type, B) 5D3 transgenic, C)
5D3 transgenic and Phida2 null, D) Philda2 null. Broken lines indicate
boundaries of placental layers: labyrinth at bottom. Scale bar = 500 pm.
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Placentae and embryos were dissected at E14.5 and wet weights
recorded as described previously. Fourteen litters were obtained at E14.5,
comprising 24 wild type, 24 transgenic, 34 Phida2 null and 18 double transgenic
conceptuses. Due to the four potential genotypes arising in each litter, only nine
of the 14 litters contained at least two wild-type conceptuses. All data collected
were first analysed as raw data (Fig 4.20 A). Consistent with results reported in
Section 4.2.3, transgenic placentae were 20% lighter than wild type at E14.5
(106.0 mg + 18.71 versus 84.1 mg + 13.88; 14 litters; n = 48; p = 3.22 x 107).
Furthermore, and consistent with previously published results, Phlda2 null
placentae were significantly heavier than wild type (106.0 mg + 18.71 versus
132.1 mg + 24.21; 14 litters; n = 58; p = 4.36 x 10°). The double transgenic
placentae were 8% lighter than wild type placentae, but this result was not
statistically significant at the 5% significance level (106.0 mg + 18.71 versus 97.7
mg * 14.86; 14 litters; n = 42; p = 0.128). In contrast, the mean weight of double
transgenic placentae was significantly greater than that of 5D3 transgenic
placentae (84.1 mg £ 13.88 versus 97.7 mg + 14.86; 14 litters; n = 42; p = 4.1 x
1073).

The weights obtained from the nine litters with at least two wild type
conceptuses were normalised and analysed separately. A similar pattern of
results was observed; transgenic placentae were 15.2% lighter than wild type
(104.0 mg + 16.5 versus 83.8 mg + 21.4; 9 litters; n = 33; p = 0.0167), and
Phlda2 null placentae were significantly heavier than wild type (104.0 mg + 16.5
versus 118.8 mg + 25.9; 9 litters; n = 43; p = 5.37 x 10”). Double transgenic
placentae appeared to be 10.5% lighter than wild type, although this failed to
achieve statistical significance (104.0 mg + 16.5 versus 93.1 mg + 12.2; 9 litters;
n = 21; p = 0.0741). In contrast to analysis of raw data however, there was no
significant difference between the mean weights of 5D3 transgenic or double
transgenic placentae (87.2 mg + 21.4 versus 93.1 mg + 12.2; 9 litters; n = 22; p =
0.446).
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Figure 4.20: Placental weights from double transgenic matings at E14.5

Mean (A) raw and (B) normalised placental weights from each genotype at
E14.5 from a cross between 5D3 and Phida2'+ Graphs show mean weight,
with error bars denoting standard deviation. Percentage values indicate the
weight ratio relative to wild type. Significance level calculated by the f-test is

indicated by asterisks: * p < 0.05, ** p < 0.01, *** p <0.005.
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Sections from placentae representing each of the four genotypes were
hybridised with the Tpbpa probe at E14.5 and E18.5 to examine the relative
spongiotrophoblast area in each genotype (Fig 4.21). The mislocalisation of
Tpbpa-positive cells in the labyrinth, which was a prominent feature of transgenic
placentae at both E14.5 and E18.5, was comparably less severe in transgenic
placentae examined from double transgenic matings. Spongiotrophoblast of
rescue placentae appeared larger than that of transgenic placentae. To
determine the extent of this apparent return to the wild type state,
spongiotrophoblast area was measured from midline sections of placentae from a
number of litters (Fig 4.22).

As anticipated, spongiotrophoblast area was significantly reduced in
transgenic placentae, representing approximately 44% the spongiotrophoblast
area observed in wild type (3.52 mm? + 0.57 versus 1.58 mm? + 0.49; 5 litters; n
= 19; p = 2.80 x 10™). Spongiotrophoblast area in rescue placentae was
approximately 70% that of wild type (3.52 mm? + 0.57 versus 2.40 mm? + 0.20; 5
litters; n = 20; p = 1.09 x 107, although this represented a significant ~50%
increase over the transgenic placentae (1.58 mm? + 0.49 versus 2.40 mm? +
0.20; 5 litters; n = 21; p = 2.87 x 10™). In agreement with previously published
results, the spongiotrophoblast area of Phlda2 null placentae was approximately
40% larger (3.52 mm? + 0.57 versus 4.77 mm? + 1.18; 5 litters; n = 18; p = 5.02 x
10%). The extent of glycogen staining at E14.5 and E18.5 appeared to correlate
with spongiotrophoblast area (Figs 4.23 and 4.24). Increased glycogen staining
was observed in double transgenic placentae in comparison to 5D3 transgenic
placentae, although visibly less than wild type placentae at the same stage. As
expected, glycogen staining was overtly stronger in Phlda2 null placentae.
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Figure 4.21: Assessment of spongiotrophoblast in placenta from double
transgenic matings

Spongiotrophoblast in placentae from double transgenic matings. E14.5 (A-D)
and E18.5 (E-H). A and E) Wild type, B and F) 5D3 transgenic, C and G) 5D3
transgenic and Phlda2 null, D and H) Phlda2 null. Scale bar = 500 Aim.
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Figure 4.22: Spongiotrophoblast area from double transgenic matings

Spongiotrophoblast area was measured from midline placental sections at
E14.5. Error bars show standard deviation. Percentage values indicate the

weight ratio relative to wild type. Statistical significance as determined by
Mann-Whitney test is denoted by asterisks; ** p < 0.005 *** p < 0.001.
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Figure 4.23: Glycogen staining at E14.5 in double transgenic matings

Placental morphology was examined from H&E stained sections at E14.5 (upper
panels) and glycogen cells detected by PAS staining (lower panels). A and E)
Wild type, B and F) 5D3 transgenic, C and G) 5D3 transgenic and Phlda2 null,
D and H) Phida2 null. Broken lines indicate boundaries between placental
layers: labyrinth at bottom. Scale bar = 500 pm for A-D and 200 pm for E-H.
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Figure 4.24: Glycogen staining at E18.5 in double transgenic matings

Placental morphology was examined from H&E stained sections at E18.5 (upper
panels) and glycogen cells detected by PAS staining (lower panels). A and E)
Wild type, B and F) 5D3 transgenic, C and G) 5D3 transgenic and Phlda2 null,
D and H) Phlda2 null. Broken lines indicate boundaries between placental
layers: labyrinth at bottom. Scale bar = 500 pim for A-D and 200 pm for E-H.
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4.3 Discussion

There were three primary aims to the work presented in this chapter:

1. To confirm the key placental phenotypes of line 10-15 in an independent
transgenic line

2. To determine if the placental phenotype associated with three additional
copies of Phida2 and Sic22a18 is affected by dosage of these genes

3. To dissect the relative contributions of Phlda2 and Sic22a18 to the

placental phenotype

4.3.1 Confirmation of phenotype in an independent line

As transgenic males from the second transgenic line (10-10) were initially bred
into the C57BL/6 genetic background, the placental phenotype of this line could
only be examined on the 129/Sv x C57BL/6 background. To enable a direct
comparison of the placental phenotype between lines 10-15 and 10-10, the
phenotype of line 10-15 was first examined on the 129/Sv x C57BL/6
background. In addition to enabling a direct comparison of phenotypes between
lines 10-15 and 10-10, this also provided an opportunity to assess the effect of
genetic background on placental phenotype.

The placental phenotype of line 10-15 on the 129/Sv x C57BL/6
background at E14.5 was comparable to that of line 10-15 on a pure 129/Sv
background. At this stage, transgenic placentae were ~20% lighter due to the
disproportionate loss of spongiotrophoblast area, including an overt reduction in
glycogen cell staining. No compensatory weight gain was observed in transgenic
placentae on the 129/Sv x C57BL/6 background between E14.5 and E18.5. At
E18.5, transgenic placentae on the pure 129/Sv background displayed a ~50%
restoration of the weight towards the wild type mean, with a weight deficit of ~9%
persisting to this stage. In contrast, the ~20% weight deficit of transgenic
placentae on the 129/Sv x C57BL/6 background persisted until E18.5. A striking
mislocalisation of Tpbpa-positive cells was observed in transgenic placentae on a
129/Sv background at E18.5, with a distinct spongiotrophoblast boundary absent
at this stage. This phenotype was somewhat less severe on the 129/Sv x
C57BL/6 genetic background, with a clear spongiotrophoblast-labyrinth border
observed at E18.5. Occasional Tpbpa-positive cells were observed within the
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labyrinth of transgenic placentae at both E14.5 and E18.5, although to a lesser
extent than in placentae on a pure 129/Sv background. Additionally, Tpbpa-
positive cells were observed in the labyrinth of wild type 129/Sv x C57BL/6
placentae at E14.5, although this appeared to occur at a lower frequency than in
transgenic placentae, and was not observed in wild type placentae at E18.5. In
contrast, Tpbpa positive cells were not observed to this extent in the labyrinth of
wild type placenta on a pure 129/Sv background. This may represent another
genetic background effect, with Tpbpa positive cells previously observed in the
labyrinth of wild type placenta on an ICR x 129/Sv genetic background. However,
in this same genetic background, placentae lacking Parp1 expression exhibit a
reduced spongiotrophoblast layer with an absence of Tpbpa positive cells in the
labyrinth layer (Hemberger et al. 2003). This contrasts with this study in which
mutant placenta displayed increased Tpbpa expression in distinct clusters of the
labyrinth layer. Similar to transgenic placentae on a pure 129/Sv background,
glycogen cell staining was visibly reduced at both E14.5 and E18.5 in placentae
on the 129/Sv x C57BL/6 background. Additionally, glycogen staining did not co-
localise with Tpbpa-positive cell clusters in the labyrinth in either wild type or
transgenic placentae.

Despite the small variations in the phenotype described above, the
placental consequences of over-expressing Phlda2 and Sic22a18 were
comparable between a pure 129/Sv background and the 129/Sv x C57BL/6
background. The phenotype initially appeared to be more severe on the 129/Sv x
C57BL/6 background, with the placental weight deficit persisting until term.
However, histological examination of placental structure revealed that the
mislocalisation of spongiotrophoblast was less severe in comparison to the
129/Sv placentae. These phenotypic variations underline the importance of
characterising line 10-15 on the 129/Sv x C57BL/6 background in order to allow a
direct comparison with line 10-10, which could only be investigated on the 129/Sv
x C57BL/6 background.

Line 10-10 was generated during the course of this investigation and was
initially bred into the C57BL/6 genetic background. Backcrossing of this line to the
129/Sv background has commenced, however due to time restraints, only
transgenic animals on a C57BL/6 background were available to begin the
characterisation of the placental phenotype. The transgene copy number of line
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10-15 was previously determined by Southern blotting, and although this is a
long-term aim for 10-10, it was not deemed necessary to accurately determine
transgene copy number in this way. Instead, given the apparently stable
expression of the transgene in line 10-15 on the 129/Sv x C57BL/6 background
as determined by qPCR, this technique was also utilised to estimate copy
number in line 10-10. Data from a comparison of two wild type and two
transgenic placentae from the same litter suggest that line 10-10 contains 1-2
copies of the transgene. The primary objective for line 10-10 was to provide an
independent transgenic line possessing the same transgene as line 10-15 in
which to confirm a causative role for the genes located on the transgene. Further
to this, line 10-10 additionally provided a line with an alternative transgene copy
number to line 10-15 in which gene dosage effects could be investigated, which
is discussed in Section 4.3.3.

The placental phenotype of line 10-10 was comparable to that of line 10-
15 on the 129/Sv x C57BL/6 background. Transgenic placentae were ~20%
lighter at E14.5, a deficit that persisted until E18.5, similar to line 10-15 on the
129/Sv x C57BL/6 genetic background. Furthermore, as for line 10-15 on the
129/Sv x C57BL/6 background, a distinct spongiotrophoblast boundary existed at
both stages examined. Occasional Tpbpa-positive clusters of cells were observed
in the labyrinth of transgenic placentae at E18.5, with varying frequency of these
cells at E14.5 in wild type and transgenic placentae. The placental phenotypes of
lines 10-15 and 10-10 were largely equivalent when examined on a similar
129/Sv x C57BL/6 background.

The development of similar placental phenotypes in two independently
generated transgenic lines carrying the same transgene effectively excluded the
possibility that the placental defect was a consequence of the site of transgene
integration. A causative role for the site of transgene integration was considered
an unlikely contributory factor to the placental phenotype given the previously
reported results directly implicating Phlda2. Firstly, the phenotype of line 10-15
was reciprocal to that of the Phida2 null line, in which placentomegaly occurs due
to an expansion of the spongiotrophoblast. Furthermore, the placental weight
deficit and loss of spongiotrophoblast associated with Kvdmr1*" placentae was
rescued by restoring Phlda2 gene dosage to normal in Kvdmr1* | Phida2™
double transgenic conceptuses (Salas et al. 2004). Nonetheless, the presence of
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comparable phenotypes in two independent lines demonstrates a causative role
for Phlda2 and/or Sic22a18.

A striking visual difference was observed between wild type 129/Sv
placentae and wild type placentae on the 129/Sv x C57BL/6 background. Those
on a pure 129/Sv background appeared to have a smaller diameter and were
more robust to handle prior to fixation. Wild type placentae from 129/Sv x
C57BL/6 matings appeared to have a larger diameter and were considerably less
rigid when handled prior to fixation. These initial visual characterisations of the
two placentae prompted a comparison of weight and area data collected from
wild type placentae on the two genetic backgrounds. At both E14.5 and E18.5,
wild type placentae on the 129/Sv x C57BL/6 background were around ~40%
heavier in comparison to those on a pure 129/Sv background. This increased
weight was apparently due entirely to the presence of a larger spongiotrophoblast
area in placentae on the 129/Sv x C57BL/6 background. The midline area of the
spongiotrophoblast of these placentae was ~2.5 times greater than that seen in
pure 129/Sv placentae, with no overt difference in the cross-sectional area of the
labyrinth. Interestingly, perhaps due to the inherently larger spongiotrophoblast
area of placentae on the 129/Sv x C57BL/6 background, transgenic placenta on
this background possessed a larger spongiotrophoblast midline area than wild
type placenta on a pure 129/Sv background (1.35 + 0.40 versus 1.77 + 0.45; n =
36; p = 0.0122). A summary of the mean midline spongiotrophoblast area is
presented in Table 4.3.

To our knowledge, the striking structural differences between Mus
musculus placentae on different genetic backgrounds discussed above have not
been previously described, although F1 hybrid placentae of a C57BL/6 x C3H
cross were ~20% heavier than those of an inbred C57BL/6 cross (MclLaren
1965). However, genetic background is known to impact upon phenotype
severity, as demonstrated by the increased placentomegaly associated with
Phlda2 null mice on a pure C57BL/6 background compared with those on a
C57BL/6 x 129/Sv background (Frank et al. 2002). The underlying cause of such
genetic background effects remains uncertain. An awareness of the effect that
genetic background may have on placental phenotype will be an important
consideration for future investigation of the mouse placenta.
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WT area (mm2) Tg area (mm2) P

10-15 (129/Sv) 1.35 £0.40 0.54 £0.13
10-15 (129/Sv XC57BL/6) 3.17 £0.76 1.81 £0.42 0.0153
10-10 (129/Sv XC57BL/6) 3.17 £0.54 1.74 £0.49 0.0497

Combined 10-10 and 10-15
(129/Sv x C57BL/6)

3.17 £0.61 1.77 £0.45 0.0122

Table 4.4: Comparison of spongiotrophoblast midline area according to
genetic background

Mean spongiotrophoblast midline area is presented for wild type and transgenic
placenta of line 10-15 on a pure 129/Sv and the 129/Sv x C57BL/6 genetic
backgrounds, line 10-10 on the 129/Sv x C57BL/6 genetic background, and the
combined data for lines 10-15 and 10-10 on the 129/Sv x C57BL/6 background.
Transgenic placentae of lines 10-15 and 10-10 on the 129/Sv x C57BL/6
background possess a larger midline spongiotrophoblast area than wild type
placentae on a pure 129/Sv genetic background. The p value according to the
Student’s f-test represents a comparison between area on a pure 129/Sv
background and area on the 129/Sv x C57BL/6 background.

Furthermore, abnormal placental development has been described in
interspecific hybrids between different species of the genus Mus. For instance,
hyperplasia was observed in placenta of a Mus spretus x Mus musculus cross,
whereas the reciprocal Mus musculus x Mus spretus cross was associated with
placental hypoplasia. Placental hyperplasia in these crosses was characterised
by an expanded and disrupted spongiotrophoblast layer, whereas hypotrophic
placenta were characterised by a reduction or complete loss of this layer
(Zechner et al. 1996). The paternally expressed Igf2 and the X-linked imprinted
gene Esx1 have been implicated in the placental dysplasia observed in

interspecific hybrids (Zechner et al. 2002).

4.3.3 Effect of gene dosage on phenotype

Initial attempts to investigate the effect of gene dosage on phenotype focused on
attempting to generate homozygous transgenic conceptuses of line 10-15 by
mating hemizygous males with hemizygous females. Eleven litters were obtained
at E14.5, comprising 19 wild type and 57 transgenic conceptuses, of which 7
were dying and an additional 20 conceptuses were at various stages of
resorption. Although no statistical analysis was performed, the level of embryonic

lethality observed was greater than seen in hemizygous matings with wild type
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females, and thus it was decided not to proceed with this line of investigation.
Instead, the alternative transgenic lines 10-10, 5D3 and 5A4 were used to
examine the effect of gene dosage.

Analysis of gene expression by gPCR indicated the presence of 1-2 copies
of the transgene in line 10-10. However, as discussed previously the placental
phenotype of line 10-10 was comparable to that of line 10-15 (3 copies) on a
similar genetic background, suggesting that dosage of Phlda2 and Sic22a18 did
not impact the severity of the phenotype. To further investigate the effect of
dosage on the phenotype a further two transgenic lines that possess similar
transgenes to lines 10-15 and 10-10 were characterised. Lines 5D3 and 5A4
possess one and two copies of an unmodified BAC transgene respectively. The
Cdkn1c gene is intact on these transgenes, although it is expressed only in a
subset of embryonic tissues, with no placental expression from the transgene
(John et al. 2001). Both lines were investigated on a similar 129/Sv x C57BL/6
genetic background to lines 10-15 and 10-10.

The placental phenotype observed in line 5D3 was similar to that seen in
lines 10-15 and 10-10, with transgenic placentae ~27% lighter at E14.5 and
~23% lighter at E18.5. This placental weight deficit could be attributed to a
disproportionate loss of the spongiotrophoblast layer. However, the extent of
spongiotrophoblast loss in line 5D3 was more severe than in lines 10-15 and 10-
10 on the 129/Sv x C57BL/6 background, with a 60% reduction in
spongiotrophoblast area in transgenic placentae of line 56D3, compared to a
~45% reduction in area of lines 10-15 and 10-10. Furthermore, transgenic
placentae of line 5A4 were ~40% lighter at E14.5 and ~30% lighter at E18.5,
suggesting that the placental weight deficit in a transgenic line possessing two
copies of an unmodified transgene is more severe than that of a line possessing
a single copy of the same transgene.

There are two potential explanations to account for the increased severity
of the placental phenotype observed in line 5A4 and to some extent in line 5D3.
One possible explanation is that expression of the transgene is not copy number
dependent in lines 5D3 and 5A4, with expression of Phlda2 and Sic22a18
actually greater than the two or three-fold wild type levels that would be expected
in lines 5D3 and 5A4 respectively. Indeed, expression of these genes in line 5D3
on the 129/Sv x C57BL/6 genetic backgrouhd was more than twice the
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anticipated level. Thus, the more severe placental phenotype could be directly
attributed to elevated Phida2 and Slc22a18 expression. However, this seems
unlikely, as the phenotype of line 10-15 has remained relatively constant despite
initial reports of greater than 10-fold endogenous levels of Phlda2 and Sic22a18
(Salas et al. 2004).

An alternative explanation for the more severe placental phenotype seen
in lines 5A4 and 5D3 is to consider the effect of Cdkn1c over-expression in the
embryo. As a consequence of excess Cdkn7c in a subset of tissues, transgenic
embryos from lines 5D3 and 5A4 were intrinsically growth restricted in a dosage
dependent manner (Andrews ef al. 2007). It can be presumed that such
inherently smaller embryos place less demand on the placenta compared to wild
type embryos. Consequently, the placenta of transgenic embryos from lines 5D3
and 5A4 would not need to be as large as normal in order to deliver the nutrients
required for the embryos to reach their genetic growth potential. In contrast,
embryos from lines 10-15 and 10-10 can be considered to have a normal growth
potential and thus place greater demand on their associated placentae. The
consequences of this scenario are addressed in Chapter 5. It is possible that the
transgenic placenta of lines 5D3 and 5A4 in which Phlda2 and Sic22a18 are
over-expressed would exceed the size required by the intrinsically small embryo.
This relatively lower embryonic demand on the placenta may thus account for the
more severe weight deficit of placentae from these lines and the greater
reduction in spongiotrophoblast area observed. A potential method to investigate
this theory would be to generate chimeric conceptuses comprising transgenic
5A4 or 5D3 embryos and wild type tetraploid embryos that contribute only to
extraembryonic tissue (Nagy et al. 1990). In this way, if transgenic embryos
directly limit the size of their associated placenta, then the mean weight of
placentae from such chimeric animals would be significantly smaller than that of
placentae from chimeric conceptuses consisting of wild type and tetraploid wild
type cells. The potential for interaction between the embryo and placenta is
discussed further in Chapter 5.

4.3.4 Attributing the phenotype to Sic22a18 or Phida2

The relative contribution of Phlda2 to the placental phenotype was examined in a
cross between the Phlda2 null line and the single copy transgenic line 5D3. The
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aim of this cross was to generate double transgenic conceptuses with a normal
gene dosage of Phlda2 but with two copies of Sic22a18 and which could be
compared to both wild type and 5D3 transgenic conceptuses. The basic
principles of this experiment were similar to that described in Salas et al. (2004),
in which the role of Phlda2 in the Kvdmr1 null phenotype was isolated by
restoring Phlda2 dosage to normal by crossing lines Kvdmr1*™" and Phida2™. A
comparison between Kvdmr*" and Kvdmr1*" | Phida2™ placenta revealed that
restoring Phlda2 gene dosage to normal entirely rescued the spongiotrophoblast
deficit with a 50% rescue of the weight deficit at both E14.5 and E16.5 (Salas et
al. 2004). Interestingly, Phida2 mRNA levels were somewhat variable in both
Kvdmr*"™ and Kvdmr1* | Phida2™ placenta, with Phlda2 expression apparently
failing to completely normalise in some Kvdmr1*" | Phida2™ placenta.

In this investigation, the mean placental weight of double transgenic
placentae was restored to within the normal range at E14.5, with no significant
difference existing between placental weight of wild type and double transgenic
placentae. In contrast, only a 50% rescue in spongiotrophoblast area was
achieved at this stage, with the area of double transgenic placentae significantly
larger than that of 5D3 transgenic placentae but remaining significantly smaller
than that of wild type. This could be because Phlda2 gene expression was not
restored to wild type levels. However, this seems unlikely, as data presented in
this chapter suggests that gene dosage does not affect phenotype severity, with
lines 10-15 and 10-10 exhibiting a comparable placental phenotype despite
different levels of Phlda2 expression. Furthermore, the phenotype of line 10-15
has remained comparable to the previously published report despite a ~2.5 fold
reduction in Phida2 expression levels (Salas ef al. 2004).

Alternatively, the reduced spongiotrophoblast area may be attributed to an
effect of Cdkn1c over-expression in the embryo. Transgenic embryos of line 5D3
are intrinsically growth restricted due to excess embryonic Cdkn1c expression in
a subset of tissues (Andrews et al. 2007). Additionally, embryos of the Phlda2
null line used in this investigation were also reported to be 13% lighter than wild
type at E16.5 (Frank et al. 2002). As described in Section 4.3.3, the extent of
spongiotrophoblast loss in line 5D3 was more severe than observed in lines 10-
15 and 10-10. One possible explanation for the reduced spongiotrophoblast of
double transgenic placentae is that the growth potential of the embryo may be
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linked to the volume and functional capacity of the placenta. Thus, restoring
Phlda2 gene dosage to normal would be unable to entirely rescue the
spongiotrophoblast loss, with the remaining phenotype instead attributable to the
effect of an intrinsically small embryo exerting reduced demand on the placenta.

One way in which to determine whether excess placental Phlda2 is
causative of the remaining spongiotrophoblast deficit would be to measure
spongidtrophoblast area only from placenta in which Phlda2 expression is
restored to wild type levels. This would be achieved by determining gene
expression and spongiotrophoblast area from opposite halves of the same
placenta. This approach assumes that Phida2 expression will be restored to wild
type levels in some placenta. However, this assumption seems reasonable given
that Phlda2 expression is variable even in wild type placenta, with expression
levels in individual placenta previously observed to range between 0.5 and 1.5
times the mean wild type level (Salas et al. 2004).

Although these results do not fully exclude a role for excess Sic22a18 in
the placental phenotype described, it seems unlikely that S/ic22a718 plays a
significant causative role for several reasons. Firstly, the phenotype of placenta
that over-express Phlda2 and Sic22a18 is reciprocal to that observed in Phlda2
null placenta, thus solely implicating a role for Phida2. Secondly, the Philda2 and
Slc22a18 gene products have distinct functions, with Slc22a18 being a putative
organic cation transporter (Dao et al. 1998), and Phida2 implicated in
phosphatidy! inositol phosphate signalling (Frank et al. 2002; Saxena et al. 2002).
These diverse functions do not implicate excess S/lc22a18 in altering placental
structure or spongiotrophoblast size. Thirdly, introduction of the targeted Phida2
null allele to the single copy BAC line is able to restore an almost normal
phenotype. Confidently excluding a role for SIc22a7188 in the described placental
defect will require the generation of new transgenic lines in which either Phida2
or Slc22a18 are over-expressed in isolation.

4.3.5 Summary of main findings

Two of the three primary objectives to this work were achieved in full. The
independent transgenic line 10-10 was characterised at two key stages,
demonstrating a comparable phenotype to line 10-15, and thus confirming a
causative role for Phlda2 and/or Sic22a18 in the placental phenotype. The effect
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of gene dosage was investigated in four transgenic lines possessing between
one and three copies of either a modified or unmodified transgene. Similar
placental phenotypes were observed in transgenic lines possessing a single copy
of the unmodified transgene and lines possessing two or three copies of the
modified transgene demonstrating that there was no overt gene dosage effect on
phenotype severity. Furthermore, these results indicate that lines 10-15 and 10-
10 may be used as a model for LOI of Phida2 and Sic22a18. This will prove
particularly useful in embryonic and post-natal investigations due to the absence
of excess Cdkn1c that persists in line 5D3.

To attempt to dissect the relative contributions of Phlda2 and Sic22a18 to
the placental phenotype, the single copy transgenic line was crossed with the
Phida2™ line to generate conceptuses possessing a single active copy of Phida2
but maintaining two active copies of S/c22a18. However, despite the presence of
only one active copy of Phlda2, expression level of this gene failed to normalise
in such conceptuses. It was therefore not possible to entirely exclude a role for
Slc22a18 in the placental phenotype, although as discussed above it seems
unlikely that both Phlda2 and Sic22a18 would have similar functions. Potential
approaches for examining the contribution of Slc22a18 are discussed below.

4.3.6 Future directions

A number of opportunities exist for pursuing further work based upon the findings
reported in this chapter. A clear effect of genetic background on the phenotype
was demonstrated between placentae on a pure 129/Sv background and those
on the 129/Sv x C57BL/6 background. Line 10-10 is currently being bred onto the
129/Sv background with the intention of characterising the phenotype at E14.5
and E18.5, enabling a future comparison with line 10-15 on a pure 129/Sv
background. Further interest may also lie in characterising the placental
phenotype on a pure C57BL/6 background. This is due to the intended future use
of adult mice on a pure C57BL/6 background in post-natal studies. To
complement the characterisation of the above transgenic lines on both pure
129/Sv and 129/Sv x C57BL/6 genetic backgrounds, future work could also focus
entirely on describing the development and structure of the mouse placenta
across different genetic backgrounds. For example, Coan et al. (2004)
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characterised placental development in the pure C57BL/6 strain, although a
comparison with other genetic backgrounds was not performed.

An important aspect remains unresolved in that a role for Slc22a18 in the
placental phenotype could not be entirely excluded based on the results
obtained. The failure to restore Phida2 expression to wild type levels may reflect
the variable expression of Phlda2 from the transgene (Salas et al. 2004). This
persistent expression of Phlda2 above the anticipated level may be restored
following further generations of breeding line 5D3 onto the C57BL/6 background.
Thus, additional material will be generated using transgenic 5D3 animals that
have been bred further into the C57BL/6 background. After weighing, each
placenta will be cut approximately in half, with one side of the placenta used for
RNA isolation and the other side fixed and paraffin embedded for sectioning.
Following genotyping, Phida2 expression will be examined and only double
transgenic placenta in which ACt values are restored to wild type levels will be
analysed. This is clearly a more labour intensive and time-consuming approach,
and assumes that the failure to rescue the phenotype can be attributed to
variable Phlda2 levels in double transgenic placenta. A more direct approach
would be to generate a new transgenic line, of which several possibilities exist.
The existing transgene could be modified to disrupt either Phlda2 or Sic22a18
thus enabling the effect of over-expressing only one of these genes to be
examined in isolation. The preferred option would be to target Sic22a18 thus
creating a transgenic line in which the placental, embryonic and post-natal
consequences of over-expression of Phlda2 could be studied. A third potential
option would be to create an Sic22a18 null model. This model would reveal
Slc22a18 gene function, however it would not provide a tool in which to examine
the imprinting of this gene.

Finally, and perhaps most intriguingly, data presented in this chapter could
suggest an interaction between Cdkni1c dosage in the embryo and Phida2
dosage in the placenta in order to achieve a balance between embryonic demand
and placental supply of nutrients. Generation of a transgenic line possessing a
single copy of the modified BAC transgene would enable a direct comparison
with line 5D3 and further investigation of this hypothesis.
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Chapter 5:

Embryonic and post-natal consequences of excess
Phlda2 and Sic22a18
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5.1 Overview

Work presented in chapters 3 and 4 characterised the placental defects
associated with increased dosage of Phlda2 and Sic22a18. The consequence of
such over-expression was a significant reduction in placental weight due to the
restricted expansion of the spongiotrophoblast layer. Initial results indicated that
embryonic growth on a mixed genetic background remained normal until E14.5
but was significantly impaired at E16.5 (Salas et al. 2004). The placental defect
and associated late gestation embryonic growth deficit is consistent with
placental insufficiency negatively restricting growth of the embryo.

In the Western world, placental insufficiency is predicted to be the primary
causative factor of IUGR (Henriksen and Clausen 2002), affecting up to 7% of all
births (Brodsky and Christou 2004; Vandenbosche and Kirchner 1998). Placental
insufficiency is generally associated with asymmetric IUGR with the growth-
restricting factor affecting growth during the third trimester (Lin and Santolaya-
Forgas 1998; Sifianou 2006). Approximately 70-80% of IUGR cases are
classified as asymmetric, characterised by an increased head circumference to
abdominal circumference (HC/AC) ratio. This disproportionate growth restriction
is a consequence of the relative sparing of brain and skeletal development at the
expense of liver and subcutaneous fat development (reviewed in Fay and
Ellwood 1993; Platz and Newman 2008; Valsamakis ef al. 2006). The immediate
risk of asymmetric IUGR is a significantly increased risk of perinatal mortality
(Fay and Ellwood 1993; Kok et al. 1998; Mclntire ef al. 1999; Sifianou 2006).
However, individuals that survive the neonatal period exhibit catch-up growth,
which is not generally observed in infants with symmetric IUGR, with these
individuals remaining small throughout life (Fay and Ellwood 1993).

Numerous epidemiological studies in humans have reported a correlation
between low birth weight and the development of metabolic syndrome in
adulthood. Low birth weight has been associated with increased rates of CVD
(Barker et al. 1993; Barker and Osmond 1986; Osmond et al. 1993) hypertension
(Barker et al. 1990; Law et al. 1993) and impaired glucose tolerance (Hales et al.
1991). The association of birth weight with obesity tends to follow a U-shaped
relation, with both low and high birth weights associated with increased rates of
adult obesity. Contrastingly, high birth weight tends to predict an increased body
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mass index (BMI) in adulthood, whereas low birth weight is specifically
associated with central obesity (Parsons et al. 2001; Ravelli et al. 1999; Te Velde
et al. 2003). Furthermore, catch-up growth has been identified as an additional
contributory factor, with low birth weight infants that displayed catch up growth by
two years of age more likely to be obese at five years of age (Ong et al. 2000).
Indeed, the risk of developing other aspects of metabolic syndrome was
increased in individuals with a low birth and subsequent post-natal catch up
growth (Eriksson et al. 2000; Eriksson et al. 1999; Forsen et al. 2000; Forsen et
al. 1999).

The “developmental origins of adult disease” hypothesis proposes that the
risk of developing aspects of metabolic syndrome is modified by poor growth in
utero manifesting as a low birth weight (Barker 1995; Hales and Barker 1992).
This predisposition to development of disease in adulthood is proposed to occur
through “fetal programming”, whereby an undernourished fetus adapts to a low
nutrient environment in utero. These adaptations irreversibly alter the
metabolism, subsequently resulting in a mismatch between the perceived low
nutrient environment predicted in utero, and the actual nutrient rich environment.
The altered metabolism is thus unable to adapt to the nutrient rich environment
causing a predisposition to metabolic syndrome (Barker 1997). It has been
proposed that there are two critical windows involved in the programming of
metabolic syndrome. Poor in utero growth followed by rapid postnatal catch up
growth are proposed to represent the greatest risk, with prevention of catch-up
growth affording some protection (reviewed in Jimenez-Chillaron and Patti 2007).

The initial association between low birth weight and metabolic disease was
identified from human epidemiological studies. However, such studies are
inherently long-term, and provide little insight into the underlying mechanisms.
Animal models provide useful tools for elucidating the mechanisms that may
underlie fetal programming associated with IUGR. Indeed, a number of animal
models of [IUGR have been developed that are associated with various aspects of
metabolic syndrome in adulthood. One of the most extensively studied rodent
models of IUGR is the maternal low protein model. Feeding pregnant rats a low
protein diet during gestation and lactation predisposes animals to developing
insulin resistance (Fernandez-Twinn et al. 2005; Petry et al. 2001). Similarly,
calorie restriction of pregnant rats from day 10 of gestation resulted in IUGR with
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catch up growth displayed by animals suckled by ad libitum fed dams. These
animals became heavier than control animals with increased fat mass and
reduced lean mass at 9 months of age. However, in this instance, continued
exposure to food restriction during the lactation period delayed catch up growth
and prevented the alteration of lean and fat mass proportions (Desai et al. 2005).
Additionally, calorie restriction during the last week of gestation in mice was
associated with post-natal catch up growth, glucose intolerance and p-cell
dysfunction (Jimenez-Chillaron ef al. 2005). Continuation of calorie restriction
during lactation protected against glucose intolerance (Jimenez-Chillaron et al.
2006). However, a genetic model of IUGR that recapitulates known conditions in
human patients has not been reported to date.

Data presented in Chapters 3 and 4 described the placental defect
associated with over-expression of Phlda2 and Sic22a18 in the mouse placenta.
Recent reports from human studies have described elevated levels of PHLDAZ2 in
the placentae of IUGR and lower birth weight infants (Apostolidou et al. 2007;
McMinn et al. 2006). Transgenic embryos on a mixed genetic background
displayed reduced embryonic growth at E16.5 (Salas et al. 2004), although no
weight difference was observed at 3 weeks of age (Andrews et al. 2007).
Embryonic growth of line 10-15 was further characterised on a pure 129/Sv
genetic background to determine if similar growth restriction was observed on this
genetic background. Similarly, embryonic growth was examined in lines 10-15
and 10-10 on the 129/Sv x C57BL/6 background to assess the effect of genetic
background on embryonic growth.

As described above, placental insufficiency is associated with asymmetric
IUGR, which is similarly associated with post-natal catch up growth and a
predisposition to metabolic syndrome. Further work was performed to ascertain
whether the placental defect of line 10-15 was responsible for the reported IUGR,
and whether this was associated with metabolic syndrome in adult animals. This
characterisation included the examination of placental transporter expression
levels to determine if transgenic placenta displayed a compensatory increase in
transport potential, which would be indicative of placental insufficiency. Two key
features of metabolic syndrome, reduced glucose tolerance and increased

adiposity, were examined in adult animals.
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5.2 Results

5.2.1 The placental defect is linked to embryonic growth restriction

Previous work reported that at E14.5, transgenic embryos were slightly larger by
weight, although without achieving statistical significance, whereas at E16.5,
transgenic embryos were 10% lighter, but with only marginal statistical
significance (Salas et al. 2004). The effect of excess Phlda2 and Sic22a18 on
embryonic growth was further investigated by generating additional litters at
these time-points in addition to earlier and later stages in development on a pure
129/Sv genetic background. At least six litters with a minimum of two transgenic
and two wild type animals each were collected at each developmental stage.
Raw mean wet weights of wild type and transgenic placentae are presented in
Figure 5.1.

At E12.5, transgenic embryos weighed approximately 9% less than wild
type, with marginal statistical significance (76.0 mg + 11.6 versus 69.3 mg * 12.6;
9 litters; n = 74; p = 0.019). At E13.5 transgenic embryos were no different by
weight compared to wild type (124.9 mg + 16.2 versus 125.7 mg + 10.1; 6 litters;
n = 41; p = 0.846). At E14.5, transgenic embryos were 3.6% lighter, although
again without statistical significance (222.5 mg + 35.4 versus 214.6 mg + 19.9; 7
litters; n = 53; p = 0.346). Transgenic embryos at E16.5 were 5.8% lighter (600.0
mg * 63.5 versus 565.1 mg + 50.3; 8 litters; n = 58; p = 2.48 x 107%). Further to
previous work, embryonic weights were also examined at E18.5, representing the
most advanced stage that can be characterised prior to birth. At this stage,
transgenic embryos were found to be 11.1% lighter than wild type animals
(1212.8 mg + 143.4 versus 1078.0 mg + 149.2; 10 litters; n = 68; p =6.16 x 107%).
At all gestational stages examined, wild type and transgenic conceptuses were
observed at the expected frequencies (see Section 3.2.2 for x° values).

Individual raw weights of wild type embryos exhibited a standard deviation
of up to 18% the mean weight for each gestational stage. Such variations in
weight may be caused by a number of factors that could not be controlled for,
such as litter size, exact gestational age, position of the conceptus in the uterine
horn, maternal health and other environmental factors. To prevent such factors
from potentially disguising or introducing apparent growth phenotypes, individual

weights of both wild type and transgenic embryos were adjusted by the ratio of
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the mean wild type weight for the gestational stage to the mean wild type weight
for the litter, as described in Section 2.19.4. Such manipulation did not alter the
mean wild type weight, but adjusts the mean transgenic weight accordingly and
reduces the standard deviation of both wild type and transgenic data sets. Mean
normalised embryonic weights of wild type and transgenic embryos are
presented in Fig 5.1B, with error bars representing standard deviation of
normalised data. The average transgenic weight is also presented as a
percentage of mean wild type weight for each gestational stage.

At E12.5, transgenic embryos weighed approximately 6% less than wild
type, although without reaching statistical significance (76.0 mg £ 7.5 versus 71.6
mg + 12.8; 9 litters; n = 74; p =7.13 x 10?). At E13.5 transgenic were no different
by weight compared to wild type (124.9 mg + 11.8 versus 126.4 mg + 10.3; 6
litters; n = 41; p = 0.664). At E14.5, transgenic embryos were 2.8% lighter, again
without statistical significance (222.5 mg + 17.4 versus 216.2 mg £ 26.1; 7 litters;
n = 53; p = 0.293). Transgenic embryos at E16.5 were 6.6% lighter (600.0 mg +
48.3 versus 560.5 mg + 40.3; 8 litters; n = 58; p = 1.39 x 107). At E18.5
transgenic embryos were 13.2% lighter than wild type animals (1226.8 mg + 58.6
versus 1068.6 mg + 88.6; 10 litters; n = 68; p = 8.66 x 10°'°).
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Figure 5.1: Weights of wild type and transgenic embryos from line 10-15
between E12.5 and E18.5

Graphs showing mean A) raw and B) normalised embryonic weights for wild
type and transgenic embryos of line 10-15 on a pure 129/Sv background at
the indicated gestational stages. Error bars show standard deviation.
Percentage figures indicate the relative weight of transgenic embryos
compared to wild type embryos at each stage. Significance level according
to the Student’s /-test indicated by asterisks: * p < 0.05; ** p < 0.01; *** p <
0.001.
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Embryonic growth was also examined at E14.5 and E18.5 for embryos
from line 10-15 on the 129/Sv x C57BL/6 genetic background, in addition to
embryos from line 10-10 on a similar genetic background. Figure 5.2 shows the
normalised mean weights of wild type and transgenic embryos from line 10-15 on
a 129/Sv background, and from lines 10-15 and 10-10 on the 129/Sv x C57BL/6
background at E14.5 and E18.5. At E14.5, transgenic embryos from line 10-15 on
a pure 129/Sv background were 2.8% lighter, although without achieving
statistical significance. Similarly, transgenic embryos from the same line on the
129/Sv x C57BL/6 genetic background were not significantly different in weight
(261.7 mg + 22.7 versus 259.8 mg + 24.8; 4 litters; n = 35; p = 0.822). Transgenic
embryos from line 10-10 were also no different by weight (241.2 mg + 11.9
versus 241.9 mg + 27.2; 6 litters; n = 46; p = 0.909). At E18.5, transgenic
embryos from line 10-15 on a pure 129/Sv background were 13.2% lighter. In
contrast, transgenic embryos of line 10-15 on the 129/Sv x C57BL/6 background
were only 4.4% lighter than wild type (1327.6 mg + 64.2 versus 1269.1 mg +
86.9; 6 litters; n = 37; p = 0.0278), whereas those from line 10-10 were 5.4%
lighter (1322.9 mg + 57.7 versus 1246.2 mg + 79.9; 4 litters; n = 26; p = 0.0089).

The growth restriction of transgenic embryos at E18.5 apparent on the
129/Sv x C57BL/6 background was less than half of that observed on the pure
129/Sv background. Interestingly, as observed for placentae, wild type embryos
on the 129/Sv x C57BL/6 genetic background were significantly heavier than wild
type embryos on a pure 129/Sv background at both gestational stages examined
(Fig 5.3). At E14.5, wild type embryos on the 129/Sv x C57BL/6 background were
11.9% heavier than those on a pure 129/Sv background (222.5 mg * 35.4 versus
249.0 mg + 19.4; wild type weights from 19 litters; n = 73; p = 1.13 x 10™), with a
similar difference in weight of 8.5% at E18.5 (1215.7 mg £ 54.9 versus 1318.6 mg
+ 60.7; wild type data from 22 litters; n = 82; p =6.57 x 107?).

In summary, embryonic weight of transgenic animals was significantly less
than wild type littermates at E18.5 for line 10-15 on both a pure 129/Sv and
129/Sv x C57BL/6 genetic background and also for line 10-10. However, the
extent of the weight deficit was more severe on a pure 129/Sv genetic
background (~13%), with only a ~5% weight deficit observed for transgenic
embryos of lines 10-15 and 10-10 on the 129/Sv x C57BL/6 background.
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Figure 5.2: Embryonic growth in lines 10-15 and 10-10

Normalised mean weights of wild type and transgenic embryos are shown
for lines 10-15 on a pure 129/Sv background and lines 10-15 and 10-10 on
the 129/Sv x C57BL/6 background at A) E14.5 and B) E18.5. Percentage
figures indicate the relative weight of transgenic embryos compared to wild
type. Error bars show standard deviation; asterisks denote significance level
according to the Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5.3: Comparison of wild type embryonic weights at E14.5 and E18.5
between pure 129/Sv and 129/Sv x C57BL/6 backgrounds

Normalised mean weights of wild type embryos are shown on the 129/Sv
and 129/Sv x C57BL/6 genetic backgrounds at A) E14.5 and B) E18.5.
Percentage figures indicate the ratio of mean embryonic weight on the
129/Sv x C57BL/6 background to that on the pure 129/Sv background. Error
bars show standard deviation; asterisks denote significance level according

to the Student’s /-test: *** p < 0.001.
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5.2.2 Transgenic animals exhibit rapid post-natal catch-up growth

The effect of over-expression of Phida2 on post-natal growth has not previously
been directly investigated. However, a comparison between Kvdmr1 null mice (all
genes in the IC2 domain are over-expressed) and Phlda2 / Kvdmr1 double null
mice (Phlda2 levels returned to normal), revealed a marginal increase in weight
at P14 in Phida2 / Kvdmr1 double null animals, although this was not statistically
significant (Salas et al. 2004). We recently reported that at three weeks of age,
there was no significant difference in weight between transgenic and wild type
animals of line 10-15 on a mixed genetic background (Andrews et al. 2007).

The extent of growth restriction immediately following birth and in the
subsequent neo-natal period was investigated by the removal and sacrifice of
entire litters on the day of birth and the following day; post-natal day 0 (P0) and
P1 respectively. Data was normalised as described in Section 2.19.4, and further
divided into groups according to the estimated time of birth. Litters that were born
during the night were not discovered until 9 am, whereas some litters were born
during daylight hours, and were removed immediately upon discovery. These
groups are referred to as “PO fed” and “PO unfed” respectively, whereas “P0O
combined” represents the pooled data of both groups. Mean normalised weights
of transgenic and wild type animals for each group are presented in Figure 5.4,
with error bars representing the standard deviation.

A substantial number of litters were obtained at PO, and were initially
studied as a single set of data, with the birth weight of transgenic animals 11.3%
less than wild type (1.41 g £ 0.08 versus 1.25 g + 0.13; 22 litters; n = 154; p =
3.29 x 107, In comparison, those litters that were born during the day, and thus
had little time to begin feeding, the birth weight of transgenic animals was 13.1%
less than wild type (1.39 g £ 0.5 versus 1.21 g £ 0.15; 7 litters; n = 63; p = 5.14 x
10°%). In contrast, transgenic animals from litters born during the night, which had
thus begun feeding, were only 10.1% lighter than wild type (1.42 g + 0.10 versus
1.28 g + 0.11; 15 litters; n = 96; p = 1.39 x 10°). By P1, the weight difference
between transgenic and wild type animal weights was reduced to 7.3% (1.62 g +
0.11 versus 1.51 g £ 0.11; 6 litters; n = 49; p = 3.9 x 10™).
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Figure 5.4: Neo-natal weights of mice from line 10-15

Mean normalised weights for wild type and transgenic embryos of line 10-15
on a pure 129/Sv background at PO and P1. Data at PO is divided according
to time of birth, PO fed (births during night), PO unfed (births during day), and
displayed collectively as PO. Error bars show standard deviation. Percentage
figures indicate the relative weight of transgenic embryos compared to wild
type embryos at each stage. Asterisks denote significance level according to
the Student’s f-test: *** p < 0.001.
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The 13% difference between transgenic and wild type birth-weight was
approximately halved to 7% within one day of birth. A cohort of animals was
generated to examine growth over the course of a year from one week of age. All
animals used in the weighing study were born within a two-week period and were
weaned exactly 28 days following birth. A minimum litter size of 6 was accepted
for the study, with littermates of the same sex co-housed after weaning. Animals
of different litters were not mixed together, and no animals were housed alone.
Mice from the cohort were not used for breeding and had ad libitum access to
food and water.

Mean raw weights are presented in Figure 5.5 for animals up to weaning
age. At one week of age, although transgenic animals appear to be
approximately 5% lighter than wild type animals, there was no significant
difference in weight for either male (3.57 g + 0.52 versus 3.359g +0.62;, n=47; p
= 0.203) or female animals (3.47 g + 0.62 versus 3.35 g £ 0.55; n =57, p =
0.425). At two weeks of age, there was no discernable difference in weight for
either males (6.51 g £ 0.85 versus 6.42 g £ 0.81; n = 69 p = 0.672) or females
(6.40 g £0.92 versus 6.47 g £ 0.94; n = 78 p = 0.747). No significant difference in
weight was detected for either male (8.07 g + 1.40 versus 8.12g +1.35;n=69p
= 0.672) or female animals (8.05 g + 1.43 versus 8.06 g £ 1.34; n =78 p = 0.954)
at three weeks of age. The same was also observed at four weeks of age in both
males (13.09 g + 2.27 versus 13.45 g + 2.11; n = 66 p = 0.516) and females
(12.36 g + 2.25 versus 12.39 g + 1.78; n = 78 p = 0.945). Although data are
presented separately for male and female animals, no significant difference in
weight between wild type male and female animals was observed until 6 weeks

of age.
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Figure 5.5: Weights of mice from line 10-15 prior to weaning

Mean raw weights of wild type and transgenic males (A) and females (B)
from line 10-15 on a pure 129/Sv background from one week of age until
weaning. Error bars denote standard deviation. Statistical significance was

not achieved for any comparison examined by f-test.
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5.2.3 Asymmetric growth restriction of transgenic mice

Rapid catch-up growth in the neo-natal period suggests that transgenic animals
may be growth restricted due to placental insufficiency. Such growth phenotypes
are characteristic of type Il (asymmetric) IUGR, where the head and brain are
proportionately larger in comparison to the growth-restricted body. Organ size
was measured from PO pups in order to determine whether growth restriction was
symmetric or asymmetric.

Organ weights were measured in a subset of eight litters, which were born
during the night over a five-day period. Entire litters were removed from the cage
immediately prior to dissection and maintained at a warm temperature under a
lamp. Transgenic animals within the cohort were 11.4% lighter than wild type
(1.36 g + 0.12 versus 1.20 g + 0.12; n = 55; p = 8.34 x 10°®), and appeared to be
asymmetrically growth restricted, with relatively large heads in comparison to
body size. Organs were dissected, fixed in 4% PFA and equilibrated in 70%
EtOH prior to weighing. Individual organ weights were normalised as described
previously, and the mean weight for each organ in wild type and transgenic pups
is presented in Figure 5.6. All organs were observed to be lighter in transgenic
animals compared to wild type. The extent of this weight difference varied
between approximately 5% and 20%. The brain of transgenic animals was 5.5%
lighter than wild type (49.1 mg + 2.68 versus 46.4 mg + 3.00; n = 55; p = 9.04 x
10™). Heart, liver and kidneys of transgenic animals were 12.1% (5.7 mg + 0.57
versus 5.0 mg = 0.94; n = 55; p = 1.68 x 10, 11.6% (41.1 mg + 3.97 versus
36.7mg £5.02; n =55, p=7.74 x 10* and 12.3% (4.1 mg + 0.59 versus 3.6 mg
+ 0.47; n = 110; p = 2.76 x 10®) lighter than wild type respectively, exhibiting a
similar degree of weight reduction compared to body weight. Lungs and pancreas
of transgenic pups were 15.1% (32.2 mg + 4.77 versus 27.3 mg + 6.50; n = 55; p
= 2.49 x 10) and 20.7% lighter than wild type respectively (8.7 mg + 1.82 versus
6.9mg+2.17; n=55; p = 1.57 x 107).
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Figure 5.6: PO organ weights from line 10-15

Neonatal pups of line 10-15 on a pure 129/Sv background were dissected
and organ weights obtained post-fixation to determine the relative growth
restriction of each organ. Percentage figures indicate the relative weight of
transgenic organs compared to wild type. Error bars show standard
deviation; asterisks denote significance level according to the Student’s t-
test: *p <0.05, **p <0.01, ** p <0.001.
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All organs examined displayed a significantly reduced weight in transgenic
pups compared to wild type. However, by expressing organ weight as a
proportion of body weight, the relative extent of growth restriction can be more
directly observed. Data are presented in this format in Figure 5.7. Transgenic
pups display a 6.6% increase in brain proportion compared to wild type, (3.65% %
0.36 versus 3.89% £ 0.36; n = 65; p = 0.017). Heart, liver and kidneys exhibit a
0.9% decrease (0.42% + 0.04 versus 0.42% + 0.07; n = 55; p = 0.815), 0.6%
increase (3.04% % 0.25 versus 3.06% £ 0.30; n = 55; p = 0.799) and 0.5%
decrease (0.30% £ 0.03 versus 0.30% £ 0.03; n = 110; p = 0.799) in body weight
proportion respectively, without statistical significance. Lungs and pancreas were
4.2% lighter (2.37% + 0.25 versus 2.27% + 0.48; n = 55; p = 0.334) and 10.9%
lighter (0.64% £ 0.11 versus 0.57% + 0.16; n = 65; p = 0.071) as a proportion of
body weight respectively, although both failed to achieve statistical significance.

We recently reported that transgenic embryos of line 5D3 display
embryonic growth restriction from at least E13.5, with this weight deficit persisting
into adulthood (Andrews et al. 2007). This transgenic line may potentially
represent a model of symmetric IUGR, characterised by onset of IUGR during
early gestation with an absence of post-natal catch up growth. Organ weights
were also examined in neonatal animals from line 5D3 to examine if brain-sparing
growth was present.

Brain sparing growth was not observed in transgenic neonates of line 5D3,
with brain weight representing a comparable proportion of body weight in wild
type and transgenic animals (3.00% £ 0.22 versus 2.92% + 0.28; 6 litters; n = 38;
p = 0.333) (Fig 5.8A). Similarly, no significant difference in body weight proportion
was observed for lungs (2.47% + 0.34 versus 2.66% * 0.42; 6 litters; n = 38; p =
0.152), liver (3.13% + 0.22 versus 3.13% + 0.36; 6 litters; n = 38; p = 0.124),
heart (0.43% + 0.03 versus 0.45% £ 0.06; 6 litters; n = 38; p = 0.185), kidneys
(0.29% + 0.02 versus 0.30% + 0.04; 6 litters; n = 76; p = 0.137) or pancreas
(0.59% + 0.06 versus 0.54% + 0.13; 6 litters; n = 38; p = 0.124).
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Figure 5.7: PO organ weights relative to body weight from line 10-15

Organ weights were also examined as a proportion of body weight to assess
the presence of brain-sparing growth. Normalised weights as a proportion of
normalised body weight. Percentage figures indicate the relative proportion
of transgenic organs compared to wild type. Error bars show standard
deviation; asterisks denote significance level according to the f-test: * p <
0.05.
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Figure 5.8: Organ weights relative to body weight from line 5D3

Organ weights were compared between wild type and transgenic neonates
from line 5D3 on the 129/Sv x C57BL/6 background to determine if growth
restriction was symmetric. Normalised weights as a proportion of normalised
body weight. Percentage figures indicate the relative proportion of transgenic
organs compared to wild type. Error bars show standard deviation.
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5.2.4 Weight of adult transgenic animals is comparable to wild type

Asymmetric IUGR with catch-up growth has been linked with metabolic syndrome
and obesity in humans (Eriksson et al. 1999; Forsen et al. 2000). A cohort of
animals was weighed weekly from one week until ten weeks of age, and
thereafter every fifth week until approximately one year of age. No significant
difference in weight was observed between wild type and transgenic females at
any age. Transgenic males were 16.2% larger than wild type males at 5 weeks
(16.57 g + 3.96 versus 19.26 g + 3.05; n = 56; p = 5.89 x 10°), 7.5% larger at 6
weeks (21.14 g + 2.44 versus 22.72 g+ 1.84; n = 54; p =9.09 x 10%), 4.4% larger
at 7 weeks (23.84 g + 1.78 versus 24.89 g £ 1.65; n = 54; p = 0.0295) and 6.3%
larger at 8 weeks of age (24.47 g £ 2.25 versus 26.00 g £+ 1.82;, n =43; p =
0.0189). At 9 weeks of age, transgenic males were 3.5% larger than wild type,
although this failed to achieve statistical significance (26.15 g + 1.43 versus 27.06
g = 1.80; n = 34; p = 0.141). There was subsequently no significant difference in
weight observed between transgenic and wild type male mice between 10 weeks
and one year of age. Growth of male and female animals between 5 and 50
weeks of age is shown in Figure 5.9.

Further to weighing a cohort of mice up to one year of age, a subset of
animals were sacrificed at 10 weeks, 6 months and one year of age. Tibia bone
lengths were measured from these animals to determine if transgenic and wild
type animals achieved comparable growth rates. Average tibia lengths for male
and female animals are presented in Figure 5.10. At all ages examined, female
transgenic mice were comparable to wild type, with no significant difference in
tibia length at 10 weeks (1.77 cm £ 0.060 versus 1.76 + 0.049; n = 6; p = 0.513),
6 months (1.84 cm + 0.045 versus 1.85 +0.036; n=8; p =0.773) or 1 year (1.83
cm + 0.036 versus 1.83 £ 0.036; n = 12; p = 0.570) of age. Similarly, male
transgenic animals showed no difference in tibia length at 10 weeks (1.78 cm +
0.030 versus 1.80 + 0.038; n = 6; p = 0.275) or 6 months (1.83 cm + 0.023 versus
- 1.80 £ 0.031; n = 8; p = 0.134) of age, although at one year of age, transgenic
male mice had slightly shorter tibia compared to wild type (1.89 cm + 0.032
versus 1.84 £0.032; n = 12; p = 0.028).
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Figure 5.9: Adult weights of male and female mice from line 10-15

Adult mice from line 10-15 on a pure 129/Sv background were weighed
every fifth week over the course of a year to assess weight gain of wild type
and transgenic animals. Mean raw weights are presented separately for A)
males and B) females. Error bars show standard deviation; asterisks denote
significance level according to the Mann-Whitney test: ** p < 0.01.
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Figure 5.10: Tibia length of adult animals from line 10-15

Tibia length of adult mice from line 10-15 on a pure 129/Sv background was
determined at the ages shown to examine if wild type and transgenic
animals are proportionate in length. Mean raw tibia lengths are shown for A)
male and B) female wild type and transgenic mice at 10 weeks, 6 months
and 1 year of age. Error bars show standard deviation; asterisks denote
significance level according to the Mann-Whitney test: *p < 0.05.
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5.2.5 Fat deposition is increased in female transgenic mice

No overt sustained difference in weight was observed in transgenic mice of either
sex compared to wild type animals over the course of one year. To specifically
examine adipose mass, the retroperitoneal and mesenteric fat depots were
dissected from mice sacrificed at 10 weeks, 6 months and 1 year of age. These
fat deposits were weighed and morphology examined by H&E staining. Mean
weights of the individual fat depots and the combined weight of the two fat depots
are presented in Figures 5.11 (females) and 5.12 (males).

No significant weight difference was observed between wild type and
transgenic mesenteric (402.2 mg + 66.6 versus 3706 mg £ 61.2; n =14, p =
0.338) or retroperitoneal (68.3 mg + 19.7 versus 694 mg + 18.3;, n = 14; p =
0.898) fat depots in females at 10 weeks of age. The mesenteric fat of transgenic
females was slightly lighter than wild type, resulting in a ~7.5% reduction in
combined fat weight (470.5 mg + 76.3 versus 440.0 mg + 58.7;, n = 14, p =
0.406), although this did not reach significance. At 6 months, there was no
difference in weight of mesenteric fat depots (324.3 mg £ 25.7 versus 321.8 mg +
44.8; n = 8; p = 0.773), and a ~30% increase in the weight of retroperitoneal
adipose tissue (69.0 mg + 9.4 versus 90.3 mg + 18.9; n = 8; p = 0.083), although
this failed to reach statistical significance. Due to the relatively heavier
mesenteric fat exhibiting no increase in mean weight, the combined fat weight
was no different in transgenic females (393.3 mg + 33.6 versus 412.0 mg + 56.3;
n = 8; p = 0.564). At one year of age, the mean weight of mesenteric fat of
females was ~70% greater (228.3 mg + 64.8 versus 382.3 mg £ 2424, n=12; p
= 0.223), with a ~60% increase in the weight of retroperitoneal fat (96.0 mg +
12.2 versus 150.3 mg + 93.5; n = 12; p = 0.062), although neither result achieved
statistical significance. The weight of the combined fat pads achieved marginal
statistical significance, with a ~65% increase in weight of transgenic adipose
tissue compared to wild type (324.3 mg + 60.2 versus 532.6 mg + 332.0; n = 12;
p = 0.042). The standard deviation of individual and combined fat pad weights in
transgenic females at one year of age represented up to ~70% of the mean
weight, whereas all other standard deviations were a maximum of 25% of the

mean weight.
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A similar pattern of weight gain was observed in transgenic male animals
between 10 weeks and 6 months, although at 1 year of age transgenic fat pads
were lighter than wild type, generally due to a large variation of wild type fat pad
weights at this age. At 10 weeks of age, there was no significant difference in
mesenteric fat (354.0 mg + 104.4 versus 355.4 mg + 94.2; n = 14; p = 0.468),
with a ~14% reduction in retroperitoneal weight (72.9 mg + 17.7 versus 63.0 mg £
18.2; n = 14; p = 0.366), although this failed to reach statistical significance.
There was no difference in combined fat pad weight (426.9 mg + 106.2 versus
418.3 mg + 85.9; n = 14; p = 0.897). At six months, transgenic animals exhibited
a 17% increase in weight of both mesenteric (216.0 mg + 46.6 versus 251.8 mg +
54.6; n = 8, p = 0.881) and retroperitoneal (76.0 mg + 37.3 versus 89.0 mg ¢
31.6; n = 8; p = 0.655) fat pads, with a similar increase observed when these
results were combined (292.0 mg + 78.6 versus 3408 mg + 814, n =8, p =
0.881), although again statistical significance was not achieved. At one year of
age there was a ~25% reduction in mesenteric (368.1 mg + 154.1 versus 278.4
mg + 70.9; n = 12; p = 0.416) and retroperitoneal (174.9 mg + 118.7 versus 134.6
mg + 78.2; n = 12; p = 0.685) adipose depots of transgenic animals. A similar
difference was observed when the combined data was analysed (543.0 mg *
265.7 versus 413.0 mg + 108.3; n = 12; p = 0.570). In contrast to females, at one
year of age the male animals displayed greater variability in individual fat pad
weights.

A comparison of raw fat pad weights may be complicated by variations in
body weight between individual animals, and thus fat pad weights were also
examined as a proportion of body weight. The mean results of this comparison

are presented in Figures 5.13 (females) and 5.14 (males).
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Figure 5.11: Fat pad weight of female mice from line 10-15

Weight of A) mesenteric, B) retroperitoneal and C)
combined mesenteric and retroperitoneal fat from male
mice at 10 weeks, 6 months and 1 year from line 10-15 on
a pure 129/Sv background. Statistical significance

calculated by the Mann-Whitney test is denoted by
asterisks: * p < 0.05.
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Figure 5.12: Fat pad weight of male mice from line 10-15

Weight of A) mesenteric, B) retroperitoneal and C)
combined mesenteric and retroperitoneal fat from male

mice at 10 weeks, 6 months and 1 year from line 10-15 on
a pure 129/Sv background.



At 10 weeks of age, there was no significant difference in proportion of
mesenteric (1.77% + 0.29 versus 1.65% + 0.31; n = 14; p = 0.406) or
retroperitoneal (0.30% * 0.07 versus 0.30% + 0.06; n = 14; p = 0.949) fat in
female animals, consistent with the combined data (2.07% + 0.31 versus 1.95% +
0.28; n = 14; p = 0.338). At 6 months of age there was no difference in the
proportion of mesenteric fat pad (1.15% + 0.10 versus 1.18% + 0.23; n=8; p =
0.773), with a ~34% increase in the proportion of retroperitoneal fat (0.24%
0.04 versus 0.33% = 0.06; n = 8; p = 0.083), although this did not achieve
statistical significance. No difference was observed in fat pad proportion of the
combined fat pad weight (1.39% + 0.14 versus 1.51% + 0.26; n = 8; p = 0.386).
At one year of age, mesenteric fat pad proportion was ~60% greater in
transgenics (0.77% + 0.21 versus 1.21% = 0.57; n = 8; p = 0.062), with a ~50%
increase observed for retroperitoneal fat (0.32% + 0.03 versus 0.47% + 0.21; n =

H+

8; p = 0.062). The combined proportion of mesenteric and retroperitoneal fat in
transgenic females was ~55% more (1.09% + 0.18 versus 1.68% + 0.76; n = 8; p
= 0.042). Normalisation of fat pad weight according to individual body weight did
not affect the standard deviation of transgenic fat pad proportions at one year of
age, suggesting that fat pad weight was not necessarily correlated with body
weight.

Male animals at 10 weeks of age did not exhibit any difference in fat pad
proportion of mesenteric (1.35% + 0.38 versus 1.38% + 0.30; n = 14; p = 0.698),
retroperitoneal (0.28% £ 0.07 versus 0.25% £ 0.70; n = 14; p = 0.271), or
combined (1.63% £ 0.39 versus 1.63% + 0.25; n = 14; p = 0.796). At six months
of age, fat pad proportions of mesenteric (0.75% + 0.16 versus 0.84% = 0.16; n =
8; p = 0.881), retroperitoneal (0.26% + 0.13 versus 0.30% + 0.10; n = 8, p =
0.881) and combined (1.01% * 0.27 versus 1.14% £ 0.25; n = 8; p = 0.655) fat
pads were increased by approximately 12%. At one year of age, fat pad
proportions were reduced by approximately 20% for mesenteric (1.06% * 0.37
versus 0.83% + 0.23; n = 12; p = 0.570), retroperitoneal (0.49% * 0.28 versus
0.39% + 0.20; n = 12; p = 0.465) and combined (1.55% + 0.61 versus 1.22% %
0.30; n = 12; p = 0.291) fat pads, although statistical significance was not
achieved in any instance. Interestingly, the large standard deviation associated
with fat pad weight in wild type animals was reduced when corrected for body
weight, suggesting that male fat pad weight is directly correlated with body mass.
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Figure 5.13: Fat pad weight as proportion of body weight
in female mice from line 10-15

Fat pad proportion of body weight for A) mesenteric, B)
retroperitoneal and C) combined mesenteric and
retroperitoneal fat from female mice at 10 weeks, 6 months
and 1 year from line 10-15 on a pure 129/Sv background.
Statistical significance calculated by the Mann-Whitney test
is denoted by asterisks: * p < 0.05.
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Figure 5.14: Fat pad weight as proportion of body weight
in male mice from line 10-15

Fat pad proportion of body weight for A) mesenteric, B)
retroperitoneal and C) combined mesenteric and
retroperitoneal fat from female mice at 10 weeks, 6 months
and 1 year from line 10-15 on a pure 129/Sv background.



The modest increase in fat pad weight observed in transgenic females at
one year of age may result from an increase in either cell size or cell number, or
a combination of both. Adipocyte cell diameter was measured according to the
method of Ashwell and colleagues (1976), which was modified as described in
Section 2.15.2. Mean cell diameter was calculated from the number of celis
counted in a defined region. Three wild type and three transgenic animals were
examined at 10 weeks and 1 year of age, with three regions of retroperitoneal fat
measured from each individual. H&E stained sections representative of each
genotype at both stages are shown in Figure 5.15 A-D. The mean cell diameter at
each stage is shown in Figure 5.15 E, with error bars representing the standard
deviation. No significant difference was observed in adipocyte size between wild
type and transgenic animals at 10 weeks (52.1 um £ 3.0 versus 53.1 um +2.8; n
=6; p =0.773) or one year of age (67.9 um £ 2.3 versus 65.6 um +£1.9;n=6;p
= 0.439).

The hormone leptin is secreted by adipose tissue, with circulating serum
leptin concentration tending to correlate with the degree of adiposity. Plasma
leptin concentration of female animals at 6 months and one year of age was
determined by ELISA. Blood was taken at the terminal end-point of the same
animals from which fat pads were dissected. Mice were not fasted prior to
dissection, and thus the plasma concentration represents mice in a fed state.
Individual serum leptin concentrations are presented in Figure 5.16 A. At 6
months of age, there was no difference in serum leptin concentration between
wild type and transgenic animals (80.8 pM + 42.1 versus 87.0 oM £ 33.1; n=8; p
= 0.773), whereas at one year of age, despite a large degree of variation,
transgenic females exhibited a significantly elevated plasma leptin concentration
(43.9 pM + 28.1 versus 236.6 pM % 277.7; n = 11; p = 0.028). Leptin
concentration was also normalised according to the combined fat pad weight of
the individual and analysed separately (Fig. 5.16 B). A similar pattern of results
was observed, with no discernable difference between wild type and transgenic
animals at 6 months (0.207 pM/mg + 0.117 versus 0.212 pM/mg + 0.073; n = 8;
p = 0.564), and a marginally significant difference at 1 year of age (0.152 pM/mg
+ 0.124 versus 0.323 pM/mg + 0.164; n = 11; p = 0.045).
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Figure 5.15: Morphological analysis of retroperitoneal adipose tissue

H&E stained retroperitoneal adipose depots of wild type and transgenic
females from line 10-15 on a pure 129/Sv background at 10 weeks (A and B
respectively) and 1 year (C and D respectively) of age. Scale bar =100 Ain.

Graph in E shows the average adipose cell diameter. Error bars represent
standard deviation.
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Figure 5.16: Serum leptin concentration in females

Scatter plots showing A) the serum leptin concentration in females at six
months and one year of age; and B) the serum leptin concentration
normalised to fat pad weight at the same stages in animals from line 10-15
on a pure 129/Sv background. Significance levels as calculated by the Mann
Whitney test are denoted by asterisks; * p < 0.05.
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One possible explanation for the increased adiposity observed in
transgenic animals is that Phida2 and/or Sic22a18 are over-expressed in adipose
tissue. Semi-quantitative PCR was initially used to determine if either gene was
endogenously expressed in wild type adipose tissue or if transcripts could be
detected in adipose tissue of transgenic animals. No transcript could be detected
for Phlda2, with relatively low levels of S/c22a18 expression in white adipose
tissue. Cdknlc was also expressed in both wild type and transgenic adipose
tissue (Fig 5.17). Transcripts for S/c22a18 and Phlda2 could not be detected by
gPCR, despite the amplification of both reference gene transcripts with Cj values
of between 18 and 20, indicating that Phlda2 is not expressed in white adipose

tissue and that Sic22a 18 expression is minimal.

A

Figure 5.17: Analysis of gene expression in retroperitoneal adipose tissue

Expression of A) Philda2, B) Cdknlc and C) Slc22a18 in adult retroperitoneal
adipose depots of wild type (lanes 2 and 3) and transgenic animals (lanes 4
and 5) from line 10-15 on a pure 129/Sv background. Lane 1 shows a 100 bp
ladder and lane 6 is a negative (water) control.
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There are several of disadvantages of assessing adiposity from dissecting
the tissue from animals and weighing it. Primarily this approach requires a larger
cohort of animals than would be required if fat deposition could be measured
without needing to sacrifice the animals. Additionally, the approach is limited by
the accuracy of dissection and access to various sites of adipose tissue. An
alternative method to dissecting fat pads at various stages is to use Magnetic
Resonance Imaging (MRI) to directly quantify adipose tissue in live animals. In
order to establish this technique for use in future experiments, a small cohort of
animals was subjected to MRI scanning. Due to restrictions of our current Home
Office licensing, animals used in this study were sacrificed immediately prior to
scanning. However, future use of this technique would enable the use of
anaesthetised animals such that fat deposition could be investigated in a
longitudinal study utilising the same cohort of animals, in which glucose and
insulin tolerance testing would also be performed.

A cohort of fourteen females at 14 months of age, consisting of four
transgenics and 10 wild type were selected for this study, with total body fat
volume calculated from MRI scan images as described in Section 2.17, and
combined adipose to body weight proportions calculated from dissection of fat
pads immediately following MRI scan. As observed previously, no significant
difference was observed in body weight of transgenic mice compared to wild type
(31.1 g £ 3.2 versus 31.1 mg + 1.9; n = 14; p = 0.733). As a proportion of body
weight, the combined fat pad weight was not significantly different in transgenic
animals compared to wild type (1.69% + 0.54 versus 1.76% + 0.12;, n=14; p =
0.540). Similarly, following analysis of MRI scan images, fat volume as a
proportion of total body volume was also not significantly different in transgenic
animals compared to wild type (20.6% + 4.2 versus 22.2% +£6.39; n =14, p =
0.945). The relative volume of adipose tissue determine by MRI scanning was
greater than the proportion indicated by dissection as the MRI enables analysis of

total body fat, whereas only two adipose depots were examined by dissection.
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Figure 5.18: Comparison of adiposity determined by weight and MRI scans

Analysis of adiposity by MRI scans was compared with weights obtained by
dissection from a cohort of 14 female mice from line 10-15 on a pure 129/Sv
background. A) Combined retroperitoneal and mesenteric adipose tissue
weights as a proportion of body weight and B) Total adipose tissue volume as a
proportion of body volume
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5.2.6 Female transgenic mice develop glucose intolerance
Increased visceral adiposity is a major risk factor for type 2 diabetes. Fasting

glucose tolerance tests were performed on the same cohort of male and female
mice at 10 weeks, 6 months and 1 year of age. Glucose tolerance tests were
performed as described in Section 2.16. Mice were fasted overnight, in order to
eliminate the possibility that recently consumed food would interfere with the test,
and a baseline blood glucose measurement obtained. Each mouse was then
injected with 2 mg/g glucose and blood glucose measured every thirty minutes
thereafter. A normal insulin response would result in an initial peak blood-glucose
concentration immediately after injection, followed by a steady decline in blood
glucose as the metabolism responds to insulin. Glucose intolerance, or insulin
insensitivity, was indicated by a delayed response to glucose injection, with blood
glucose concentration remaining elevated in comparison to wild type animals of
the same age.

Fasting blood glucose levels were no different in transgenic females at 10
weeks (3.46 mM = 0.40 versus 3.64 mM = 0.46; n = 12; p = 0.626) or 6 months
(4.30 mM = 1.06 versus 3.74 mM = 0.54; n = 12; p = 0.086) of age. At one year of
age, transgenic females exhibited slightly reduced fasting blood glucose levels
(4.46 mM = 0.65 versus 3.70 mM = 0.43; n = 12; p = 0.051), although this failed
to achieve statistical significance. The response to glucose challenge at 10
weeks was comparable between wild type and transgenic females, with no
difference in blood glucose concentration 30 minutes (11.52 mM = 1.01 versus
10.99 mM = 1.23; n = 12; p = 0.370), 60 minutes (8.20 mM = 0.88 versus 8.46
mM = 1.44; n = 12; p = 0.870), 90 minutes (7.00 mM =+ 0.76 versus 7.16 mM =
0.50; n =12; p = 0.515) or 120 minutes (6.06 mM = 0.52 versus 6.41 mM = 0.40;
n = 12; p = 0.740) following glucose injection. A similar scenario was observed at
6 months of age, with no alteration to blood glucose concentration 30 minutes
(9.28 mM = 1.10 versus 9.56 mM = 1.24; n = 12; p = 0.807), 60 minutes (7.38
mM = 0.58 versus 7.84 mM = 0.88; n = 12; p = 0.166), 90 minutes (6.52 mM =
0.68 versus 6.39 mM = 0.76; n = 12; p = 0.988) or 120 minutes (6.10 mM = 0.46
versus 5.63 mM = 0.92; n = 12; p = 0.566) following injection. In contrast, at one
year of age, transgenic females displayed significantly elevated blood glucose
concentration 30 minutes (7.88 mM = 0.50 versus 8.89 mM = 1.13; n=12; p =

233



0.042) and 60 minutes (6.68 mM = 0.59 versus 8.17 mM = 2.03; n = 12; p =
0.041) following injection. Blood glucose concentration remained elevated 90
minutes (5.96 mM = 1.05 versus 7.13 mM = 1.14; n = 12; p = 0.057) and 120
minutes (5.50 mM = 1.15 versus 6.36 mM = 1.22; n = 12; p = 0.416) after
injection, although without reaching statistical significance.

Fasting blood glucose levels were no different in transgenic males at 10
weeks (3.96 mM = 0.92 versus 3.07 mM = 0.80; n = 12; p = 0.106), 6 months
(3.98 mM = 0.75 versus 3.29 mM = 0.25; n = 12; p = 0.106) or 1 year (3.86 mM =
0.29 versus 3.93 mM = 1.12; n = 12; p = 0.223). The response to glucose
challenge at 10 weeks was comparable between wild type and transgenic males,
with no difference in blood glucose concentration 30 minutes (12.24 mM =+ 2.38
versus 11.57 mM = 1.47; n = 12; p = 0.998) 60 minutes (11.38 mM = 1.26 versus
12.69 mM = 1.99; n = 12; p = 0.202) 90 minutes (9.74 mM = 0.76 versus 11.03
mM = 2.31; n=12; p = 0.432) or 120 minutes (8.08 mM = 0.80 versus 9.16 mM =
1.54; n = 12; p = 0.343) following injection of glucose. At 6 months, there was
also no difference in blood glucose concentration 30 minutes (12.46 mM = 2.86
versus 10.94 mM = 1.61; n = 12; p = 0.530) 60 minutes (13.66 mM = 2.31 versus
12.31 mM = 2.10; n = 12; p = 0.432) 90 minutes (11.56 mM = 1.29 versus 10.61
mM = 1.82; n=12; p = 0.343) or 120 minutes (9.88 mM = 0.90 versus 9.17 mM =
1.50; n = 12; p = 0.202) after injection. Whereas at one year of age, transgenic
females exhibited prolonged elevation of blood glucose, this was not observed in
transgenic males, with no significant difference observed 30 minutes (9.84 mM =
1.69 versus 10.10 mM = 1.62; n = 12; p = 0.957), 60 minutes (9.28 mM = 1.18
versus 9.70 mM = 1.63; n = 12; p = 0.731), 90 minutes (8.50 mM = 0.98 versus
8.57 mM = 1.55; n = 12; p = 0.782) or 120 minutes (8.00 mM = 0.54 versus 7.89
mM = 1.49; n = 12; p = 0.554) after injection.

A measure of the efficiency of glucose clearance is the area under the
curve (AUC) of the glucose tolerance test measured in arbitrary area units (AAU).
No significant difference was observed for the area under the curve of glucose
tolerance test for males at 10 weeks (1181.4 + 128.6 versus 1242.0 + 176.0; n =
12; p = 0.465), 6 months (1338.3 =+ 185.8 versus 1203.0 = 186.0; n = 12; p =
0.291) or 1 year (1006.5 = 104.6 versus 1028.4 + 158.6; n = 12; p = 0.935).
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Figure 5.19: Glucose tolerance of female mice from line 10-15

Glucose tolerance tests were performed at A) 10 weeks, B)
6 months and C) 1 year of age to compare the ability of wild
type and transgenic mice to respond to a glucose
challenge. Graphs show mean blood glucose concentration
at the indicated time following injection of glucose. Error
bars show standard deviation. Statistical significance
calculated by the Mann-Whitney test is denoted by
asterisks; * p < 0.05.
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Figure 5.20: Glucose tolerance of male mice from line 10-15

Glucose tolerance tests were performed at A) 10 weeks, B)
6 months and C) 1 year of age to compare the ability of wild
type and transgenic mice to respond to a glucose
challenge. Graphs show mean blood glucose concentration
at the indicated time following injection of glucose. Error
bars show standard deviation.



Blood glucose levels are regulated primarily by the hormones insulin and
glucagon. Insulin is released from the pancreas in response to elevated blood
glucose, causing cells to take up glucose and store it as glycogen, thus reducing
the circulating glucose concentration. Glucagon is secreted by the pancreas in
response to low blood sugar levels, and causes the liver to convert stored
glycogen into glucose, which is released into the blood. Type 2 diabetes is
associated with reduced insulin sensitivity (insulin resistance) and impaired p-cell
function. Insulin resistance means that normal levels of insulin do no elicit a
sufficient insulin response, thus blood glucose levels remain elevated.
Hyperinsulinemia often occurs in early stages of Type 2 diabetes as the pancreas
continues to secrete insulin in an attempt to reduce blood glucose levels. Non-
fasted serum insulin and glucagon concentrations were assessed by ELISA in
females of 6 months and 1 year of age.

No difference was observed between wild type and transgenic non-fasted
females for serum insulin concentration at 6 months (37.0 pM £ 28.9 versus 28.9
pM + 13.7;, n = 8; p = 0.886) or 1 year of age (33.0 pM + 16.4 versus 46.8 pM %
57.6; n = 11; p = 0.662) (Fig 5.21A). Similarly, no difference was observed for
serum glucagon concentration at 6 months (6.2 pM £ 2.2 versus 5.5 pM £2.6; n =
8; p = 0.486) or 1 year of age (118.3 pM + 151.0 versus 61.0 oM £40.0; n=11; p
= 0.792) (Fig 5.21B).
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Figure 5.21: Insulin and glucagon serum concentrations

Serum insulin and glucagon concentration was quantified by ELISA at 6 months
and 1 year of age from animals of line 10-15 on a pure 129/Sv background.
Scatter graphs show individual serum hormone concentrations from female
animals at the indicated ages.
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5.2.7 Indication of perinatal lethality in transgenic animals

Low birth weight is associated with increased perinatal lethality (Mcintire et al.
1999), whereas obesity and diabetes are known risk factors for reduced longevity
in humans. There was no difference between the number of wild type and
transgenic animals at any stage during gestation (Section 3.2.2). The number of
wild type and transgenic animals observed at PO, P1 and weaning age were
compared using the Chi-squared test to determine if the observed number
differed from the expected number. At both PO and P1 the calculated p value was
< 3.841 (Table 5.1), thus indicating no difference in the number of wild type and
transgenic animals. At weaning, the number of transgenic animals was
significantly less than the number of wild type animals (136 versus 102; p =
4.857), although when the number of wild type and transgenic animals was
compared by sex, no significant difference was observed for either females (73
versus 53; p = 3.175) or males (63 versus 49; p = 1.750). Furthermore, there was
no difference in the number of male or female animals observed at P28 (112

versus 126; p = 0.824).

WT Tg P
PO 79 75 0.104
P1 26 23 0.184
P28 males and females 136 102 4.857
P28 (females) 73 53 3.175
P28 (males) 63 49 1.750

Table 5.1: Analysis of number of wild type and transgenic neonates
Table shows P values for Chi-squared test for comparison of number of wild

type and transgenic animals at PO, P1 and P28 from line 10-15 on a pure
129/Sv background.

Females Males P

P28 112 126 0.824

Table 5.2: Analysis of number of male and females at weaning

Table shows P value for Chi-squared test for comparison of number of male and
female animals at P28 from line 10-15 on a pure 129/Sv background.
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5.2.8 Transgenic placentae exhibit elevated expression levels of

nutrient transporters

Evidence presented thus far suggests that over-expression of Phlda2 and
Slc22a18 in the mouse placenta causes placental insufficiency resulting in
asymmetric IUGR of transgenic embryos with post-natal catch up growth
complete within two weeks of birth. A similar growth profile is observed in mice
that lack expression of placenta-specific /Igf2 (Igf2P0 null). Placental insufficiency
results in onset of IUGR between E15.5 and E 18.5, with transgenic animals born
30% lighter than wild type littermates. Transgenic animals display catch up
growth that is complete by 3 months of age. The reduced size of Igf2P0 null
placentae impairs the passive permeability, thus limiting the nutrient supply to
mutant embryos (Constancia et al. 2002). However, mutant placentae are able to
compensate for their reduced size by upregulating expression of genes that
encode nutrient transporter molecules. Slc2a3, which encodes a glucose
transporter, and the 4-kb transcript from the imprinted gene Sic38a4, which
encodes a member of the System A amino acid transporter family, are both
upregulated in /gf2P0 null placentae at E15.5. Upregulation of these genes
results in increased transport efficiency of mutant placentae, which is able to
meet the nutrient demands of the embryo at this stage. However, System A
transport was no longer upregulated at E18.5, and thus combined with the
reduced passive permeability of the mutant placenta resulted in late gestation
IUGR (Constancia et al. 2005; Constancia et al. 2002; Sibley et al. 2004).

Microarray analysis of gene expression for wild type and transgenic
placentae of line 10-15 was performed by Ben Tycko. Gene expression was
compared between three wild type and three transgenic placentae at E16.5. Eight
genes encoding nutrient transporters were significantly upregulated in transgenic
placentae and one transporter S/lc22a5 was significantly downregulated by nearly
5-fold (Table 5.4). Similar to the Igf2P0 null placentae, S/lc2a3 was upregulated,
with one probe reporting a 1.7 fold upregulation and a second probe indicating a
2.9-fold upregulation. In contrast to the /gf2P0 model, no significant effect on
expression level of Slc38a4 was detected although it is unknown whether the
probe was specific for the 4-kb transcript.
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Gene Fold Change
Sic2a3 1.7*
Sic2a3 2.9%
Sic3a2 1.5*%
S/c19a2 2.0*
Sic22ab -4.8*
Sic22a3 2.5%
Scl25a3 1.7*
Sic38a 1 -1.1
Sic38a2 2.0*
Sic38a4 1.3 No
Sic40a 1 2.1 *
Sic41a1 1.7*

Table 5.3: Relative expression levels of genes encoding placental
transporters in transgenic placentae of line 10-15

Fold change of transporter expression in transgenic placentae at E16.5
determined by microarray. Statistical significance determined by Mann
Whitney test is denoted by asterisks; * p < 0.05, NS = not significant.
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Mice that completely lack expression of /gf2 are inherently growth
restricted, and do not exhibit altered placental gene expression, presumably as
the mutant placenta is able to supply the lower nutrient demand of the mutant
embryo (Constancia et al. 2005). It is possible that the altered gene expression
observed in transgenic placentae of line 10-15 is a direct result of the perturbed
placental structure, and does not represent upregulation of gene expression to
compensate for reduced placental function. In order to eliminate this possibility,
gene expression was examined by qPCR in placentae of line 5D3. Results
presented in Chapter 4 show that transgenic placentae of lines 5D3 and 5A4
exhibit a similar placental defect to line 10-15. Transgenic embryos of these lines
additionally over-express the growth-inhibitory Cdkn7c in the embryo, resulting in
intrinsic embryonic growth restriction from at least E13.5. Transgenic embryos of
line 5D3 on a mixed 129/Sv x MF1 background were 14% lighter at E13.5,
whereas no effect on embryonic growth was observed in line 10-15 at this stage
(Andrews et al. 2007). Transgenic embryos of line 5A4 possess two copies of the
unmodified transgene, and expresses Cdknic at greater levels than line 5D3 in
the embryo. Embryonic weights were compared for lines 10-15, 5D3 and 5A4 at
E13.5 and E18.5 (Fig 5.21).

As presented in Figure 5.1, no difference in embryonic weight was
observed at E13.5 in line 10-15 on a pure 129/Sv background. Transgenic
embryos of line 5D3 on a mixed 129/Sv x C57BL/6 genetic background were 4%
lighter than wild type at E13.5, although without reaching statistical significance
(151.5 mg = 14.1 versus 145.3 mg = 16.1; 5 litters; n = 47; p = 0.171), whereas
previously they had been shown to be ~20% lighter (Andrews et al. 2007).
Transgenic embryos of line 5A4 on a similar mixed genetic background were
20.5% lighter than wild type (146.5 mg + 15.3 versus 116.4 mg = 14.6; 7 litters; n
= 50; p = 1.43 x 10™). At E18.5, transgenic embryos of line 10-15 were 13.4%
lighter than wild type, whereas those from line 5D3 were 8.6% lighter (1300.8 mg
+ 67.4 versus 1188.6 mg = 51.5; 7 litters; n = 59; p = 2.09 x 10°), and those of
line 5A4 were 17.1% lighter (1295.8 mg + 54.1 versus 1074.6 mg = 138.2; 7
litters; n = 54; p=1.18 x 10°°).
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Figure 5.22: Embryonic growth restriction in transgenic lines 5D3 and 5A4

Graphs show embryonic growth of wild type and transgenic embryos in line
10-15 on a pure 129/Sv genetic background and lines 5D3 and 5A4 on the
129/Sv x C57BL/6 background at A) E13.5, and B) E18.5. Error bars
represent standard deviation, with significance as determined by the f-test
denoted by asterisks; * p < 0.05.
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Expression of the glucose transporter Sic2a3, and the System A amino
acid transporter Sic38a4 was altered in /gf2PO null placentae, whereas
expression of another System A transporter S/ic38a2 was altered in /gf2 null
placenta. Expression of these three genes was thus also examined in placentae
of lines 10-15 and 5D3. Additionally, expression of another molecule involved in
amino acid transport, S/c3a2, was also compared between lines 10-15 and 5D3.
Sic3a2 (formerly Cd98) encodes a type Il transmembrane protein that forms the
heavy chain of a group of heterodimeric amino acid transporters (HATs) (Verrey
et al. 1999; Verrey et al. 2000). Slc3a2 dimerises with members of the Slc7 family
of light or catalytic chain HATs to mediate cationic and glycoprotein-associated
amino acid transport (Verrey et al. 2004). Similar to the comparison of gene
expression between the /gf2P0 null line and the /gf2 null line, genes displaying
similarly altered expression in both lines 10-15 and 5D3 lines were predicted to
represent a direct effect of the disrupted placental structure. In contrast, those
genes displaying upregulated expression only in transgenic placentae of line 10-
15, and not line 5D3, were predicted to be a consequence of altered gene
expression in order to compensate for reduced placental size.

Microarray analysis indicated that S/ic2a3 was upregulated by between
1.7- and 2.9-fold in transgenic placentae of line 10-15. Analysis of expression by
gPCR confirmed that the fold change was around 1.7-fold wild type levels in line
10-15, with a similar degree of upregulation (1.6-fold) observed in line 5D3.
Slc3a2 expression was reported to be 1.5-fold wild type levels in microarray data,
with gPCR analysis verifying this upregulation. In transgenic placentae of line
5D3, Slc3a2 was expressed at 1.3-fold wild type levels. However, a direct
comparison between fold change in line 10-15 and fold change in line 5D3 did not
achieve statistical significance, indicating that there was no difference in the
expression of Slc3a2 in transgenic placentae of lines 10-15 and 5D3. A 2-fold
increase in expression of S/c38a2 was reported by microarray, with a 1.7 fold
increase by qPCR. No significant difference in expression was found between
transgenic and wild type placentae of line 5D3, with a significant difference
between the fold change in line 10-15 and the fold change in line 5D3. Consistent
with microarray data, no alteration to expression was observed for Sic38a4 in line
10-15, whereas a 1.3-fold increase was observed for line 5D3, although this did
not achieve statistical significance.
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Sic38a4

Figure 5.23: Relative expression levels of nutrient transporters in
transgenic placentae

Graph shows the mean relative fold change of nutrient transporters in
transgenic placenta of line 10-15 (yellow) and line 5D3 (green) compared to
wild type at E16.5. Broken line indicates arbitrary expression level in wild
type. Significance as determined by the Mann Whitney test is denoted by
asterisks; * p < 0.05.

10-15 5D3 P
Sic2a3 1.7 £ 0.08 (p = 0.014) 1.6 £0.21 (p = 0.037) 0.593
Sic3a2 1.5+ 0.24 (p = 0.014) 1.3 £0.22 (p = 0.034) 0.154
Sic38a2 1.7 £ 0.07 (p = 0.037) 1.2%0.16 (p = 0.121) 0.042
Sic38a4 1.0 £ 0.15 (p = 1.00) 1.3 £ 0.37 (p = 0.487) 0.439

Table 5.4: Relative expression levels of nutrient transporters in transgenic
placentae

The table shows the mean values relating to the graph above, with the
associated p value for the Mann Whitney test. The third column labelled ‘F’
shows the p value for a comparison between fold change in transgenic

placentae of lines 10-15 and 5D3.
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5.3 Discussion

The primary aim of the work presented in this final experimental chapter was to
ascertain the long-term consequences of the placental defect in transgenic mice
that over-express Phida2 and Slc22a18. These investigations focused primarily
on mice on a pure 129/Sv genetic background, as backcrossing of line 10-15 on
to the C57BL/6 background had not progressed to generation six at the onset of
the study. Embryonic growth was examined during gestation from the same litters
that were used to investigate placental development. Neonatal animals were
dissected on the day of birth (PO) to determine if organ weights of wild type and
transgenic animals were proportional. A cohort of animals was weighed
throughout the course of one year, with a subset of these animals used to
ascertain fat pad weights and glucose tolerance at 10 weeks, 6 months and 1
year of age. Morphology of key organs, including adipose tissue and pancreas,
was examined at 10 weeks and 6 months. Gene expression was also examined
in transgenic placentae to assess whether the small placenta responded to
embryonic nutrient demands by upregulating nutrient transporters as observed in

Igf2P0 null conceptuses.

5.3.1 Placental defect and asymmetric IUGR is indicative of placental

insufficiency restricting embryonic growth

Transgenic placentae from line 10-15 were significantly lighter than wild type at
all gestational stages examined between E12.5 and E18.5. Previously published
data reporied a 10% weight deficit for transgenic embryos compared to wild type
at E16.5, vith no weight difference evident at E14.5 (Salas et al. 2004). Data
presented in this investigation demonstrate a late onset and progressive
embryonic growth restriction on a pure 129/Sv genetic background. No significant
weight difference was observed at E14.5, whereas transgenic embryos were
~6% lighter at E16.5 and ~13% lighter at E18.5. Such late onset impaired
embryonic growth is characteristic of placental insufficiency, whereby embryonic
growth is alversely affected by an inability of the placenta to supply the required
nutrients inlate gestation (Brodsky and Christou 2004). This is consistent with the
presence « a placental phenotype from at least E10.5 in line 10-15, with

embryonic growth adversely affected in late gestation. This pattern of embryonic
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growth indicates that the slow down in embryonic growth is not an intrinsic
embryonic phenotype but is rather an indirect consequence of the placental
defect. A similar placental defect and delayed embryonic growth phenotype exists
in the /gf2P0 null mouse. Mutant placentae lack expression of placenta-specific
Igf2, resulting in a significantly lighter placenta from at least E11.5. However,
embryonic growth was only adversely affected after E15.5, with mutant embryos
exhibiting a marginal weight deficit at this stage, a ~20% weight deficit at E18.5
and a ~30% weight deficit at birth (Constancia et al. 2002). In this instance, only
Igf2 expression directed by the placental-specific PO promoter was disrupted with
normal embryonic /gf2 expression maintained. This model clearly demonstrates
the role of placental insufficiency in the resulting embryonic growth restriction.
The transgenic line utilised in this investigation possesses three additional
copies of the maternally expressed Phlda2 and Slc22a18 imprinted genes.
Although these genes are primarily expressed in the extraembryonic lineages,
low-level expression of both genes also occurs in some embryonic tissues. For
instance, Phlda2 is expressed in the embryonic lungs, liver, kidney and limbs
(Qian et al. 1997), whereas Sic22a18 exhibits expression in embryonic liver,
kidney and intestine (Dao et al. 1998). Due to the complication of elevated
embryonic expression of the genes present on the transgene, it is not possible to
eliminate an intrinsic effect for these genes on embryonic growth. However,
considering the limited expression pattern, and the predicted functions of the
genes, it seems unlikely that over-expression of these genes in a subset of
embryonic tissues would cause such an overt embryonic growth deficit. Indeed, it
seems more likely that the observed embryonic growth deficit observed in this
transgenic line is a consequence of placental insufficiency. Prior to ~E14.5 the
defective transgenic placenta is sufficient to support normal embryonic growth.
However, from this stage, as embryonic nutrient demands surge in the final
trimester of pregnancy, the transgenic placenta becomes unable to support the
rapidly growing embryo. The placental insufficiency thus results in a moderate
reduction in transgenic embryo weight at E16.5 progressing to a significant
embryonic growth restriction effect with a ~13% weight deficit existing at E18.5.
Given that the spongiotrophoblast is not directly involved in nutrient
transport and there is no overt labyrinth defect in the transgenic placenta, it
seems unlikely that the reduced embryonic growth is directly attributable to
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reduced placental nutrient transfer which occurs in the labyrinth layer.
Considering the endocrine function of the spongiotrophoblast in releasing
hormones to alter maternal physiology it is plausible that embryonic growth is
restricted due to an inadequate modulation of maternal physiology by the
transgenic placenta. As described in Chapter 3, there is an indication of reduced
pregnancy specific glycoprotein transcription in transgenic placenta. Thus, the
loss of spongiotrophoblast results in a reduction in pregnancy-related hormone
secretion and a failure of the normal maternal adaptations that support late
gestation embryonic growth. This may result in an insufficient blood supply to the
placenta, thus limiting the availability of nutrient and gas exchange and indirectly
restricting embryonic growth. This may also explain the elevated expression of
Slc38a2 that is observed in transgenic placenta at E16.5 (discussed in Section
5.3.4).

Additional support for the role of placental insufficiency in the observed
embryonic growth restriction derives from recent reports of human IUGR data.
Two recent publications have identified upregulated PHLDAZ in the placenta of
human IUGR and low birth weight infants (Apostolidou et al. 2007; McMinn et al.
2006). Furthermore, hypoxia induces down-regulation of PHLDA2 in human term
trophoblast cells, indicating that PHLDAZ2 is a hypoxia responsive gene. This
response to hypoxia of reducing PHLDAZ2 expression would be predicted to allow
increased placental growth thus minimising the effect of hypoxia (Kim et al.
2007). However, a failure of this hypoxia-responsive mechanism could cause
placental insufficiency as an indirect consequence of inappropriate PHLDAZ2
expression.

Transgenic pups were born approximately 11% lighter than wild type pups.
However, considering the additional 10% weight deficit accrued by /gf2P0 null
pups between E18.5 and birth, the absence of any additional weight deficit
between these stages for this line seemed unusual. It was noted that some
pregnant dams gave birth during the night as expected, with these litters
collected at approximately 9 am. Other pregnant dams however gave birth during
the day (E19.5), with these litters collected within a relatively shorter timeframe.
Analysing the complete data set of PO pups as two different data sets according
to the time of birth revealed an interesting trend. The weight deficit of transgenic

pups born during the night was relatively smaller than that of transgenic pups
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born during the day (89% versus 87% respectively), although there was no
statistically significant difference when transgenic weights were compared from
the two data sets. Furthermore, the weight deficit of transgenic pups at P1 was
reduced further (93%). By just one week of age, there was no statistically
significant difference in weight between wild type and transgenic pups. This rapid
post-natal catch up growth was further indicative of embryonic growth restriction
due to placental insufficiency. Following the removal of the growth-limiting factor
(the defective placenta) the transgenic embryo was able to re-establish and
continue along its genetic growth trajectory. The post-natal catch up growth
observed in this transgenic line was significantly more rapid than that seen in the
Igf2P0 null line. Igf2P0 mutant embryos exhibit catch up growth that is complete
within 3 months of birth (Constancia et al. 2002), although the growth deficiency
of both the placenta and embryo were more severe in the /gf2P0 null line.
Considering the evidence implicating placental insufficiency as the
causative factor of the observed IUGR, organ weights of wild type and transgenic
embryos were examined at PO to determine if brain-sparing growth was present.
Brain-sparing growth is characteristic of type Il (asymmetric) IUGR, which would
be predicted to occur in embryos whose growth has been restricted due to
placental insufficiency in late gestation. In the cohort of animals for which organ
weight was assessed, the degree of embryonic growth restriction affecting
transgenic pups was ~11% at P0O. A similar degree of growth restriction was
observed on the liver, heart and kidneys of transgenic animals. In contrast, brain
weight was only 5.5% less than wild type, whereas lungs were ~15% lighter and
the pancreas ~20% lighter in transgenic pups. Expressing organ weights as a
proportion of body weight revealed that the brain to body weight proportion of
transgenic animals was nearly 7% larger than that of wild type animals. The ratio
of organ to body weight for liver, heart and kidneys was not affected in transgenic
pups, whereas the lungs and pancreas appeared to represent a smaller
proportion of the body weight, although without achieving statistical significance.
These data indicate that brain-sparing growth was evident in transgenic animals
of line 10-15, thus suggesting the presence of asymmetric growth restriction.
Organ weights were also examined from embryos of line 5D3, which in
addition to possessing a similar placental defect to line 10-15 also over-express
Cdkn1c in a subset of embryonic tissues. As a consequence of this embryonic
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over-expression of Cdkn1c, transgenic animals are intrinsically growth restricted,
being born 10-30% lighter, depending upon genetic background, with no post-
natal catch up growth evident (Andrews et al. 2007). Due to the inherently
reduced growth potential of transgenic embryos of line 5D3, it is proposed that
embryonic growth is not adversely affected by the presence of the placental
defect. Consequently, transgenic embryos of line 5D3 would not be expected to
exhibit asymmetric growth restriction. In contrast, transgenic embryos of this line
would be predicted to be symmetrically growth restricted, due to the presence of
a growth restrictive factor directly limiting embryonic growth. No significant
difference in organ to body weight proportion was observed for any of the six
organs examined from line 5D3, indicating the presence of symmetric growth
restriction. However, the anticipated embryonic growth retardation of line 5D3 at
PO was less severe than predicted, with transgenic embryos only ~5% lighter
than wild type at this stage.

This apparent loss of the embryonic growth phenotype in line 5D3 may be
due to genetic background, with this experimental cohort generated on a mixed
129/Sv x C57BL/6 background, utilising transgenic males that were G7 C57BL/6.
However, the embryonic growth phenotype was observed in line 5D3 at E18.5 on
a mixed 129/Sv x C57BL/6 background, although utilising transgenic males that
were from G6 C57BL/6. Additionally, the embryonic phenotype persists in line
5A4 on a similar mixed genetic background. Such evidence indicates that the
loss of the embryonic growth phenotype is not attributable to the genetic
background, but may instead be due to epigenetic inactivation of the transgene.
Transgene inactivation is common in mice, with reports of inactivation of
transgenes containing the globin genes (Robertson et al. 1995) or a g
galactosidase reporter (Montoliu et al. 2000), with this silencing apparently
attributable to the CpG content of the inserted sequence (Chevalier-Mariette et al.
2003). Alternatively, the entire transgene may not be the subject of silencing, with
Phida2 and Slc22a18 remaining appropriately expressed from the transgene.
Instead, the copy of Cdkn1c present on the transgene may be actively targeted
and methylated in transgenic mice, thus silencing only this gene. Indeed,
endogenous Cdknic accumulates post-fertilisation methylation of the promoter
sequence in the paternal germline, which maintains monoallelic expression of this
gene (Bhogal et al. 2004). Such a scenario would result in the persistence of the
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placental phenotype indicating apparent integrity of expression from the
transgene whereas no embryonic growth deficit would be seen. In an attempt to
reverse the potential epigenetic modification of the transgene, the transgene will
be passed through the female germline to re-establish transgenic males from
which to generate experimental animals. In these animals, the presence of
embryonic growth retardation will be examined in addition to an evaluation of
gene expression levels in the embryo and placenta. If this approach fails, it may
be necessary to introduce a degree of genetic heterogeneity by backcrossing for
one generation onto the 129/Sv genetic background. However, this would prevent
the subsequent generation of transgenic animals from line 5D3 on a pure
C57BL/6 background.

5.3.2 Effect of genetic background on embryonic growth

Embryonic growth was examined on the 129/Sv x C57BL/6 genetic background
for lines 10-15 and 10-10 at E14.5 and E18.5. At E14.5, no significant weight
difference existed in either line 10-15 or 10-10 on this genetic background. At
E18.5, transgenic embryos of lines 10-15 and 10-10 on the 129/Sv x C57BL/6
genetic background were significantly smaller than wild type. However, the
degree of weight deficit was less than 50% of that observed on a pure 129/Sv
genetic background. Transgenic embryos of line 10-15 were ~4% lighter and
those of line 10-10 were ~6% lighter than wild type littermates at this E18.5, in
contrast with the ~13% weight deficit of transgenic embryos from line 10-15 on a
pure 129/Sv background.

Similar to wild type placenta on the 129/Sv x C57BL/6 genetic background,
wild type embryos on this genetic background were significantly heavier than wild
type embryos on a pure 129/Sv background. Although the extent of this weight
difference was not as great as for placenta. Wild type embryos on the 129/Sv x
C57BL/6 genetic background were ~10% heavier at E14.5 and ~8% heavier at
E18.5. Whether the inherently heavier nature of embryos on this genetic
background accounts for the reduced severity of the embryonic weight deficit is
unclear. Alternatively, the less severe growth restriction may be due to the
presence of an inherently larger spongiotrophoblast in placentae on the 129/Sv x
C57BL/6 background. As discussed in Chapter 4, the midline spongiotrophoblast
area of transgenic placenta from lines 10-15 and 10-10 on the 129/Sv x C57BL/6
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genetic background was significantly larger than the midline spongiotrophoblast
area of wild type placenta on a pure 129/Sv genetic background. Thus, a similar
degree of spongiotrophoblast loss may not exhibit such an adverse effect on
embryonic growth on the 129/Sv x C57BL/6 genetic background.

5.3.3 Asymmetric IUGR is associated with development of some

aspects of metabolic syndrome

The immediate concern for human IUGR infants is the increased rate of neonatal
lethality (Kok et al. 1998; Mclintire et al. 1999). No embryonic lethality was
observed for line 10-15, with the number of wild type and transgenic animals
observed at PO and P1 not deviating from the anticipated frequency. However, at
weaning age there appeared to be significantly fewer transgenic animals than
wild type animals from the combined numbers of males and females (136 wild
type versus 102 transgenic; X2 = 4.857). When these numbers were examined
separately for males and females, although fewer transgenic animals appeared to
be present in both instances, statistical significance was not achieved. Similarly,
there was no significant difference in the number of male and female animals at
PO or P1. These data indicate a possible low frequency of neonatal lethality
associated with this transgenic line.

In humans, IUGR followed by post-natal catch up growth is considered a
risk factor for the development of metabolic syndrome in adulthood (Eriksson et
al. 2000; Eriksson et al. 1999; Forsen et al. 2000; Forsen et al. 1999).
Development of obesity and type 2 diabetes, two of the key factors of metabolic
syndrome (reviewed in Alberti et al. 2005), were examined in a small cohort of
mice from line 10-15. The glucose tolerance test was utilised to assess the ability
of wild type and transgenic animals to respond to an elevated blood glucose
concentration. Development of obesity was assessed by weighing a larger cohort
of animals throughout the course of a year and by directly weighing adipose
depots in a subset of animals at three time-points.

Transgenic mice did not develop overt obesity within one year of age, with
no statistically significant weight difference between wild type and transgenic
animals of either gender at this age. Although transgenic males were slightly
heavier than wild type between 5 and 9 weeks of age, this weight difference did

not persist and the biological significance remains unclear, possibly representing
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an over-compensation of catch-up growth. No overt weight difference was
observed between wild type and transgenic animals up to one year of age.
However, transgenic females exhibited a progressive increase in adiposity, with a
significant increase in the combined retroperitoneal and mesenteric adipose
tissue weight at one year of age. No significant difference in adipocyte cell
diameter was observed, suggesting instead a possible increase in cell number.
However, adipose tissue from obese individuals may be composed of pockets of
small adipocytes within regions of larger adipocytes (Ashwell et al. 1975).
Although this was not immediately apparent from the sections examined, a more
detailed examination of sections from a greater number of individuals would be
needed in order to exclude this possible scenario.

In addition to the increased adiposity observed in female transgenic
animals at one year of age, serum leptin levels were also significantly elevated in
this cohort. Leptin is primarily produced from white adipose tissue (WAT) and
acts to signal satiety and thus prevent excess food intake (hyperphagia). Mice
lacking function leptin production are overtly obese, as are those with a disruption
of the leptin receptor (Pelleymounter et al. 1995; Tartaglia et al. 1995). Leptin
resistance may play a role in development of obesity, with mice unable to
respond appropriately to the leptin produced by the adipose tissue (Frederich et
al. 1995). To examine whether transgenic females of line 10-15 exhibit leptin
resistance, it will be necessary to compare food intake with wild type mice over a
period of time. Leptin resistance would present as hyperphagia, thus indicating
an inability to respond appropriately to leptin signalling.

Glucose tolerance testing indicated a significantly impaired ability to
respond to an elevated blood glucose level and may be indicative of Type 2
diabetes. Type 2 Diabetes may result from insulin resistance, impaired p-cell
function or more usually a combination of both. Insulin tolerance testing may be
performed to assess insulin response at similar stages to glucose tolerance
testing. Similarly, p-cell function could be assessed by immunohistochemical
staining of pancreas sections for insulin. Alternatively, pancreatic explant cultures
could be utilised to assess insulin response in vivo.

It is clear that the experimental setup utilised in this investigation was not

optimised to induce obesity, however the modest increase in adiposity observed
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for some individuals is promising for future investigations. There are two general
factors that must be considered when designing future experiments to further
investigate development of obesity in these mice, these are the genetic
background of the mice and the dietary provisions for the animals. Firstly, the
adult phenotype was investigated using mice on a pure 129/Sv genetic
background. This is generally considered to be genetically resistant to weight
gain and glucose intolerance in comparison to more susceptible strains such as
C57BL/6 (Leiter 1989). Backcrossing of line 10-15 to the C57BL/6 background is
underway, with the intention of using mice of at least generation 12 on this
background. Secondly, it is clear that obesity can only occur if energy intake
exceeds energy expenditure. This can occur through numerous mechanisms,
including increased food intake, reduced physical activity, altered metabolism or
a combination of several factors. One of the most widely used animal models of
obesity is the high fat diet (HFD) fed mouse. This model utilised wild type
C57BL/6 mice fed a diet that contains five times as much fat and twice the calorie
content of standard chow (Sorhede Winzell and Ahren 2004; Surwit ef al. 1988).

A potential complication to further characterising the post-natal phenotype
on a pure C57BL/6 genetic background is the apparently reduced severity of
embryonic growth restriction on the 129/Sv x C57BL/6 background. Transgenic
animals on a pure 129/Sv genetic background are born ~13% lighter and display
only a modest increase in adiposity and decrease in glucose tolerance. Whether
such phenotypes would manifest in animals that were born only ~4-6% lighter is
unlikely. Therefore, prior to characterising the post-natal phenotype of line 10-15
on a pure C57BL/6 background, it will be necessary to determine the extent of
growth restriction at birth on this genetic background. If the severity of embryonic
growth restriction on the pure C57BL/6 background is not comparable to that on a
pure 129/Sv background, it may be necessary to re-evaluate the use of the pure
C57BL/6 background. Instead, the post-natal characterisation could be continued
using mice on a pure 129/Sv genetic background, but fed a high fat, highly
palatable diet as described above.

Investigation of the embryonic and post-natal phenotypes were
complicated by the endogenous expression of Phida2 and Slc22a18 in embryonic
and adult tissues. For instance, both Phlda2 and Sic22a18 are expressed in adult
kidney (Dao et al. 1998; Qian et al. 1997), with qPCR analysis of gene
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expression showing over-expression of both genes in the kidney of transgenic
animals (data not shown). The increased adiposity and reduced glucose
tolerance reported here are indicative of aspects of metabolic syndrome
occurring as a consequence of IUGR and catch-up growth. However, a direct
causative role for the over-expression of Phlda2 and/or Sic22a18 in embryonic or
adult tissues cannot be excluded at this stage. Such a role seems unlikely, given
the restricted expression of these genes in embryonic and adult tissues.
Furthermore, preliminary characterisation of line 5A4 found that a similar effect
on adiposity and glucose tolerance was not observed in transgenic animals of
line 5A4 (data not shown). Both Phlda2 and Sic22a18 remain over-expressed in
the relevant tissues of transgenic embryos and adults of line 5A4, with these
animals differing only in the presence of an intact Cdkn71c gene on the two copies
of the transgene present. Thus, the absence of such a post-natal phenotype in
line 5A4 suggests that over-expression of Phida2 and/or Slc22a18 in embryonic

or adult tissues is not directly causative of the observed post-natal phenotype.

5.3.4 Compensation for reduced placental size by upregulation of

transporter expression

Placental transport efficiency was examined in /gf2P0 null conceptuses, which
comprise an embryo with a normal growth potential but with severely reduced
placental growth. Although the passive diffusion of mutant placentae was
decreased, active transport of amino acids and glucose was increased at E15.5
due to upregulation of genes encoding a glucose transporter (S/lc2a3) and a
member of the System A amino acid transporter (S/ic38a4) (Consténcia et al.
2002; Sibley et al. 2004). However, Sic38a4 expression was no longer elevated
at E18.5 and System A transport efficiency was reduced (Constancia et al. 2005).
The apparent compensatory upregulation of S/c2a3 and Sic38a4 at E15.5 was
predicted to allow relatively normal growth of the mutant embryos up to this
stage. The inability to maintain this increased transport efficiency to term
combined with the reduced passive permeability of /gf2P0 null placenta resulted
in embryonic growth restriction at E18.5 (Constancia et al. 2005; Constancia et
al. 2002). In contrast, mice that lack embryonic /gf2 expression in addition to the
loss of placenta-specific /gf2, do not exhibit this compensatory increase in active
transport capacity. This is predicted to be due to the reduced nutrient demand of
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the Igf2 null embryo, which is met, and possibly exceeded by the mutant
placenta. Indeed at E18.5, expression of a second System A amino acid
transporter gene Slc38a2 was downregulated in /gf2 null placenta (Constancia et
al. 2005; Constancia et al. 2002).

The presence of a similar compensatory upregulation of nutrient transport
associated genes was examined in transgenic placenta of line 10-15 at E16.5.
Transgenic conceptuses of this line exhibit a comparable growth phenotype to
Igf2P0 null conceptuses, with placental weight deficit evident from early gestation
and late gestation embryonic growth restriction from ~E16.5 (Constancia et al.
2002). Similarly, conceptuses of line 5D3 exhibit a comparable growth phenotype
to Igf2 null conceptuses, with an early gestation placental weight deficit and an
intrinsic embryonic growth deficit (Andrews et al. 2007). Placental gene
expression was compared between lines 10-15 and 5D3 at E16.5 to establish if
any genes encoding nutrient transporters were upregulated potentially as a
compensatory response to placental insufficiency. Those genes exhibiting
increased expression in line 10-15 but remaining unaltered in line 5D3 were
presumed to be altered in response to placental insufficiency. In contrast, those
genes exhibiting similar expression patterns in transgenic placentae of lines 10-
15 and 5D3 were presumed to exhibit perturbed expression due to the disrupted
placental structure common to both lines. As established in Chapter 4, the
placental phenotype of line 5D3 is comparable to that of line 10-15, thus allowing
a comparison of gene expression between the two lines.

Initial microarray analysis of gene expression analysis was performed on
placentae of line 10-15 at E16.5. A number of nutrient transporter genes were
included on this array, the majority of which displayed significantly upregulated
expression in transgenic placentae. Expression of Sic2a3, Sic38a2 and S/c38a4
was further assessed by qPCR from placentae of lines 10-15 and 5D3 at E16.5.
In addition to these genes, which displayed perturbed expression in either the
Igf2P0 null or Igf2 null models, expression of Sic3a2, which encodes a further
amino acid transporter, was also assessed by qPCR.

Similar to Igf2P0 null placentae, expression of the glucose transporter
Sic2a3 was upregulated in transgenic placentae of line 10-15. However, a similar
degree of upregulation was also observed in transgenic placenta of line 5D3, with
no significant difference between expression levels in transgenic placentae of
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lines 10-15 and 5D3. This suggests that upregulation of Sic2a3 is either an
indirect consequence of the disrupted placental structure or that placental
glucose transport is insufficient to meet the needs of transgenic 5D3 embryos.

The amino acid transporter Sic38a4 was upregulated in /gf2P0 null
placentae at E15.5 but not at E18.5 (Constancia et al. 2005; Constancia et al.
2002). However, no significant difference in expression of Sic38a2 was detected
by microarray analysis of placentae from line 10-15. Two transcripts exist for
Slc38a4, one of 2-kb and the other of 4-kb in length, differing only in the extent of
the 3'-UTR. In /gf2P0 null placenta, only expression of the 4-kb transcript was
elevated, with expression of the 2-kb transcript unaffected. It is not known
whether the microarray probe was specific to the 4-kb transcript or whether this
probe detected both transcripts. Primers were designed to amplify a region of the
3’-UTR that is present only in the 4-kb transcript such that the expression of this
mRNA could be specifically assessed by gqPCR. However, no significant
difference in expression was observed for transgenic placentae of either line 10-
15 or 5D3.

Slc3a2 was upregulated 1.5-fold in line 10-15, with a 1.3-fold increase
observed in line 5D3. However, similar to expression of Slc2a3, there was no
significant difference between expression of S/c3a2 in transgenic placentae of
lines 10-15 and line 5D3. In contrast, expression of S/c38a2, a second member of
the System A amino acid transporter complex, was upregulated in transgenic
placentae of line 10-15 but unaltered in those of line 5D3. This pattern is
somewhat in contrast to the altered expression in the two /gf2 deficient models,
with expression of S/ic38a2 unaltered in /gf2P0 null placentae but significantly
downregulated in /gf2 null placenta. Nonetheless, the upregulation of Slc38a2 in
line 10-15 but no effect in line 5D3 indicates that S/c38a2 may be involved in the
compensatory mechanism to alleviate the effect of placental insufficiency.

Four nutrient transporters were selected for further analysis of gene
expression based upon the altered expression of three of these genes in /gf2P0
null placentae (Constancia et al. 2005). Of these four genes, only S/c38a2 was
upregulated in transgenic placentae of line 10-15 with no effect on expression in
transgenic placentae of line 5D3. This observation contrasts with the /gf2P0 null
model in which expression of Slc38a2 was unaltered, whereas expression of

Slc2a3 and Slc38a4 was elevated at a similar stage of gestation. It cannot be
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concluded as to whether the upregulation of S/c38a2 occurs to compensate for
reduced placental transport capacity. In order to further investigate this, it would
be necessary to examine the active transport capacity of placentae from both
lines 10-15 and 5D3 by using similar experiments to those described by
Constancia et al. (2005; 2002).

The apparently different effects on gene expression between the BAC
transgenic mice described in this study and the /gf2P0 null mice reported
previously may be due to the morphological differences between the placental
defects of each line. /gf2P0 null placentae exhibit a proportionate reduction of
both spongiotrophoblast and labyrinth layers (Constancia et al. 2002), whereas
over-expression of Phlda2 and Sic22a18 in the BAC transgenic mice is
associated with a disproportionate loss of the spongiotrophoblast region. The
different functions of these two layers may thus result in embryonic growth
restriction through different mechanisms, and may therefore invoke alternative
responses to alleviate placental deficiency. For instance, the labyrinth layer
mediates nutrient transport, whereas the spongiotrophoblast is predicted to have
a role in secreting hormones that alter maternal physiology. As discussed in
Section 5.3.1, the disproportionate loss of the spongiotrophoblast layer in the
BAC transgenic mice described in this investigation may be associated with an
insufficient modulation of maternal physiology. This may indirectly restrict
embryonic growth by reduced blood flow to the placenta, which may respond by
upregulation of genes encoding nutrient transporters, such as Sic38a2.
Interestingly, in contrast to the proportional loss of labyrinth and
spongiotrophoblast layers of /gf2P0 null placentae, there is a disproportionate
loss of the labyrinth layer in /gf2 null placentae (Coan et al. 2008).

5.3.5 Summary of main findings

The primary aim of the work presented in this Chapter was to characterise
embryonic growth and the post-natal consequences associated with the placental
defect of line 10-15 described in Chapter 3. Transgenic embryos were
significantly growth restricted from E16.5 with a birth weight ~13% less than that
of wild type littermates. Embryonic growth restriction at E18.5 was less severe on
a mixed 129/Sv x C57BL/6 background, possibly due to the presence of a larger
spongiotrophoblast area in the associated placentae. Brain-sparing and rapid
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post-natal catch up growth was evident in transgenic animals of line 10-15 on a
pure 129/Sv background, with no significant weight difference between wild type
and transgenic adult mice. Transgenic female mice displayed a progressive
increase in adiposity over the course of a year with a significant reduction in
glucose tolerance at one year of age. However, these symptoms were not
observed in transgenic males.

Gene expression was examined in placentae of lines 10-15 and 5D3 at
E16.5 to determine if any compensatory increase in nutrient transporter
expression was present. Although expression of Sl/c2a3 and Sic3a2 was
increased in transgenic placentae of line 10-15, a similar level of expression was
observed in placentae of line 5D3, indicating that the altered expression was not
to compensate for placental insufficiency. In contrast, expression of Slc38a2 was
upregulated in transgenic placentae of line 10-15, with no upregulation in line
5D3, indicating that at least one nutrient transporter molecule exhibits
upregulated expression in line 10-15. In summary, the embryonic and post-natal
phenotype associated with transgenic animals of line 10-15 were:

. Asymmetric growth restriction and rapid post-natal catch up growth

. Increased adiposity and decreased glucose tolerance at one year of age in
female mice

. Upregulation of Slc38a2 in transgenic placentae at E16.5

While these data suggest that this is a model of placental insufficiency, a
role for embryonic expression of Phlda2 and/or Slc22a18 cannot be excluded
without generating additional transgenic models.

5.3.6 Future directions

The post-natal characterisation performed as part of this investigation utilised
only a small cohort of animals on the 129/Sv genetic background. Although an
indication of increased adiposity and reduced glucose tolerance was observed in
female transgenic mice at one year of age, similar results were not observed for
male animals at this age. Similarly, adiposity was not significantly altered in the
four transgenic animals examined by MRI. Nonetheless, the manifestation of
such symptoms in some transgenic animals warrants further investigation. As
discussed in Section 5.3.3, the experimental set-up was not optimally designed to
invoke the most severe phenotype. Future characterisation of the post-natal
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phenotype of line 10-15 will be investigated on a pure C57BL/6 genetic
background, which displays increased susceptibility to development of diabetes
and obesity. Furthermore, to further induce weight gain, both wild type and
transgenic animals will be fed a high fat, highly palatable diet, such as that
described by Ozanne et al. (2004). Development of metabolic syndrome in
transgenic animals of line 10-15 could also be further examined in line 10-10.
Additionally, glucose tolerance and adiposity could be investigated in lines 5A4
and 5D3, although the over-expression of Cdknic in a subset of tissues would
need to be considered in such characterisation. Indeed, preliminary data
indicates that such aspects of metabolic syndrome are absent from transgenic
animals of line 5A4. This observation may potentially exclude a role for
embryonic or adult expression of Phida2 and/or Sic22a18 in the post-natal
phenotype reported for line 10-15. Although it is possible that the excess
embryonic Cdknic in line 5A4 may obscure the effects of excess Phlda2 and
Slc22a18.

A further opportunity for future investigation is the altered gene expression
of transgenic placentae. Microarray analysis revealed a large number of genes
encoding nutrient transporter molecules that displayed altered expression at
E16.5 in line 10-15. Expression of each could be further assessed by qPCR in
line 10-15 and additionally in line 5D3 based upon the same principles described
in Section 5.2.8. A comparison with expression in placentae of line 5A4
could also be performed, embryos of which are more severely growth
retarded than those of line 5D3 but with a similar placental phenotype to line 10-
15. Embryos of line 5A4 would thus be predicted to exert further reduced nutrient
demand on the placenta than those of line 5D3. Furthermore, although identifying
nutrient transporter genes that are upregulated in 10-15 but not in 5D3 or 5A4
may indicate increased transport efficiency, this cannot be concluded from such
analysis. Instead, to confirm that the altered gene expression indeed results in an
increase in transport efficiency, solute transport would need to be directly
measured as described previously (Constancia et al. 2005; Constancia et al.
2002).
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Chapter 6:

Final discussion
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6.1.1 Summary of phenotypic consequences of over-expression of
Phida2 and Sic22a18 in the mouse placenta

The effect of excess expression of imprinted genes has not been extensively
studied. However, such models are useful in attempting to elucidate the potential
advantages of imprinting and monoallelic expression of particular genes. This
work utilised a novel transgenic mouse model to characterise the consequences
of excess expression of Phida2 and Slc22a18 on mouse development.
Previously, transgenic placentae were investigated on a mixed genetic
background. Expression levels of both Phlda2 and Sic22a18 were more than 10-
fold greater than endogenous levels, with transgenic placenta significantly lighter
at E14.5 and E16.5. A comparison of the placental phenotype between Kvdmr1
null and Kvdmr1 / Phida2 double null conceptuses revealed that the placental
weight deficit was due to a disproportionate loss of the spongiotrophoblast layer
(Salas et al. 2004). This placental weight deficit of transgenic placenta was
reciprocal to that of Phida2 null placenta, which exhibited placentomegaly due to
an expansion of the spongiotrophoblast (Frank et al. 2002).

This work sought to build upon the published work by performing a more
detailed characterisation of placentae from line 10-15 on a pure 129/Sv
background. In contrast to the 10-fold wild type expression of Phlda2 and
Slc22a18 reported for this line on a 129/Sv x C57BL/6 genetic background,
expression levels were found to correlate with transgene copy number on a pure
129/Sv background. Despite this relative decrease in Phlda2 and Sic22a18
expression, placental stunting persisted to a similar degree. Transgenic
placentae were 10-25% lighter than wild type from E12.5 until term, with the least
severe weight deficit observed at E18.5. Transgenic placentae were
characterised by a disproportionate loss of the spongiotrophoblast layer
throughout gestation, with a complete mislocalisation of Tpbpa-positive cells at
E18.5. Glycogen cell staining was reduced throughout gestation, with an
apparent failure of glycogen cell migration at E16.5.

The placental phenotype of line 10-15 was also examined on the 129/Sv x
C57BL/6 genetic background. Expression of Phida2 and Sic22a18 remained
consistent with transgene copy number on this genetic background. Additionally,
the placental weight deficit observed at E14.5 on a pure 129/Sv genetic
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background was comparable to that observed on the 129/Sv x C57BL/6 genetic
background. However, this weight deficit persisted to a similar degree at E18.5
on the 129/Sv x C57BL/6 background, whereas the weight deficit was reduced to
less than 10% on a pure 129/Sv background. Transgenic placentae were
characterised by a disproportionate loss of the spongiotrophoblast region,
although the mislocalisation of Tpbpa-positive cells at E18.5 appeared to be less
severe than on the pure 129/Sv genetic background. The difference in expression
levels observed reported from the previous study on a mixed genetic background
and the current data using the 129/Sv x C57BL/6 genetic background cannot be
easily explained. However, it is possible that the variable genetic background of
line 10-15 over this time period had an effect. Line 10-15 was initially generated
by pronuclear injection into F; C57BL/6 x CBA embryos and subsequently bred
onto the 129/Sv genetic background. Initial characterisation of this line was
performed following approximately 6 generations of breeding into the 129/Sv
background with a further 6 generations of breeding performed prior to beginning
this investigation.

The placental phenotype of a second, independent transgenic line was
also characterised. Line 10-10 was generated as part of this investigation with
gPCR analysis of gene expression suggesting the presence of 1-2 copies of the
transgene. Line 10-10 was characterised only on the 129/Sv x C57BL/6 genetic
background. The placental phenotype of line 10-10 was comparable to that of line
10-15 on a similar genetic background, with a comparable degree of placental
stunting observed at both E14.5 and E18.5. Similarly, a disproportionate loss of
the spongiotrophoblast layer was observed, with the mislocalisation of Tpbpa-
positive cells within the labyrinth comparable to line 10-15 on the 129/Sv x
C57BL/6 background.

The placental phenotype was examined in two additional transgenic lines
that possess either one or two copies of an unmodified version of the transgene.
Transgenic mice of these two lines possess active transgenic copies of Cdknic.
Enhancer elements required for placental and embryonic expression in some
tissues were absent from this transgene, thus isolating the consequences of
excess Phlda2 and Sic22a18 in the placenta but not the embryo (John et al.
2001). These transgenic lines were characterised on the 129/Sv x C57BL/6

genetic background, and showed a comparable placental defect to lines 10-15
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and 10-10 on a similar genetic background. However, the placental weight deficit
of the two-copy line was more severe than that of the single copy line, which was
itself slightly more severe than the weight deficit of lines 10-15 and 10-10.

The single copy unmodified BAC transgenic line was crossed with the
Phlda2 null line in an attempt to assess the relative contribution of over-
expressing Slc22a18 to the observed placental phenotype. Despite Phida2
expression remaining slightly elevated relative to wild type placentae, placental
weight of double Phida2 null / 5D3 transgenic placentae was restored to within
the normal range at E14.5. Similarly, spongiotrophoblast area was significantly
increased in double transgenic placentae compared to 5D3 transgenic placentae,
although remaining somewhat reduced in comparison to wild type. This may be
because Phlda2 expression was not fully restored to wild type levels or due to the
difficulty of isolating placentae of a similar developmental stage when Phida2
expression is rapidly downregulated. Alternatively, as discussed previously, this
may reflect an effect of the intrinsically small 5D3 transgenic embryo on
restricting placental development.

Embryonic growth was significantly reduced from E16.5, with transgenic
animals born approximately 13% lighter than wild type littermates. These animals
displayed asymmetric growth restriction, characterised by relative sparing of brain
growth and subsequently exhibiting rapid post-natal catch up growth that was
complete within two weeks of birth. In contrast, transgenic animals of line 5D3
were intrinsically small and displayed no brain sparing or post-natal catch up
growth. This late gestation embryonic growth restriction associated with a severe
placental weight deficit from early gestation was indicative of IUGR as a
consequence of placental insufficiency.

Based on epidemiological investigations in humans, low birth weight that is
associated with rapid post-natal catch up growth is considered a risk factor for the
development of aspects of metabolic syndrome in adult life (Eriksson et al. 1999;
Forsen et al. 2000). Development of obesity and diabetes was monitored in a
small cohort of animals from line 10-15 over the course of one year. Although
known contributory factors such as a high fat diet were excluded from the
investigation, female transgenic mice displayed increased adiposity and reduced
glucose tolerance at one year of age. Transgenic animals from line 10-15 thus

appear to undergo asymmetric IUGR as a consequence of an early gestation
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placental defect. These animals display rapid post-natal catch up growth and
display evidence of metabolic syndrome in adulthood. This investigation
describes preliminary evidence that may establish line 10-15 as a potential
genetic model of IUGR in which to further study fetal programming of metabolic
syndrome.

6.1.2 Identifying the role of Phida2 in placental development

There are two possible approaches that may be taken in the characterisation of
imprinted genes. The first is to generate loss of expression models by specifically
disrupting the actively expressed allele. Such models provide insight as to the
function of an imprinted gene product. For instance, loss of Phlda2 results in
placentomegaly as a consequence of a disproportionate expansion of the
spongiotrophoblast layer, thus identifying a definitive role for Phida2 in regulating
placental development (Frank ef al. 2002). An alternative approach is to
characterise over-expression models, in which expression of an imprinted gene is
restored to or above the biallelic level. Such models provide additional insight as
to the rationale for imprinting a particular gene. BAC transgenic mice possessing
additional copies of the imprinted genes Phlda2 and Sic22a18 were
characterised in this investigation. These mice displayed a severe placental
defect that was evident from as early as E10.5. A major role for Slc22a18 was
excluded following the rescue of the placental phenotype after restoration of
Phlda2 gene dosage to normal. Over-expression of Phida2 was associated with a
disproportionate loss and late gestation mislocalisation of the spongiotrophoblast
layer. Furthermore, glycogen cell staining was significantly reduced throughout
gestation, with an apparent failure of glycogen cell migration at E16.5. Microarray
analysis of gene expression at E16.5 revealed a significant reduction in the
glycogen cell marker Gjb3. Additionally, a reduction in the expression level of
genes encoding enzymes involved in the synthesis and turnover of glycogen
including Gpil and Pygl was also observed (data not shown). In contrast,
expression of genes including Pri2b1, Pri2c2, Pri7a2, Pri8a6 and Pri8a8, which
specifically mark the spongiotrophoblast sub-population of cells (Simmons et al.
2008), was unaffected (data not shown). It therefore seems that PhldaZ2 directly
regulates the glycogen cell population, with over-expression of Phida2 apparently
associated with a marked decrease in this specific sub-population of cells. In
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order to confirm this hypothesis it will be necessary to quantify the abundance of
both spongiotrophoblast sub-populations in wild type and transgenic placentae of
line 10-15.

A comparable placental phenotype was observed in transgenic lines
possessing between one and three copies of the transgene, thus indicating that
the severity of the placental phenotype was unaffected by a gene dosage above
two-fold. Biallelic expression of Phlda2 would thus be associated with a lighter
placenta with a smaller spongiotrophoblast and a reduced abundance of
glycogen cells. Imprinting and monoallelic expression of Phlda2 would be
predicted to enable the formation of a larger placenta with an increased
abundance of glycogen cells. The exact function of glycogen cells is unclear,
although it has been proposed that they may serve as an energy source for
embryonic growth during late gestation (Coan et al. 2006). Thus, a placenta that
contains an increased abundance of glycogen cells may be better able to support
increased embryonic growth. However, as discussed in the subsequent section,
an increased placental capacity does not necessarily impart any growth
advantage to the embryo, thus explaining the imprinting of the IC2 sub-domain
rather than PhldaZ2 in isolation.

6.1.3 Genomic imprinting and nutrient supply and demand

The majority of imprinted genes described to date are critically involved in the
regulation of placental development (reviewed in Coan et al. 2005). Indeed,
evolution of the eutherian placenta and the phenomenon of genomic imprinting
appear to be phylogentically linked (Kaneko-Ishino et al. 2003). For instance,
imprinting has not been described in monotremes, whereas /gf2 is paternally
expressed and /gf2r is maternally expressed in both eutheria and marsupials
(Killian et al. 2000; Nolan et al. 2001; Suzuki et al. 2005). In contrast, the Kvdmr1
locus appears to have become imprinted following the divergence of eutheria
from marsupials, with Cdkn1c biallelically expressed in marsupials (Ager et al.
2008; Suzuki et al. 2005). The key difference between marsupials and eutherian
mammals is the ability to support longer gestation periods and give birth to
mature progeny (Killian et al. 2001; Renfree et al. 2008). The ability to support
increased gestation and produce developmentally advanced progeny is linked
with the evolution of an invasive placenta in eutherian mammals compared with
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the more primitive non-invasive marsupial placenta (John and Surani 2000). Thus
parental imprinting of specific genes appears central to the development of the
eutherian placenta and consequently the ability to give birth to developmentally
mature progeny.

The primary role of most imprinted genes appears to be in the control of
embryogenesis, whether through regulation of the development of the embryo,
placenta or both (Coan et al. 2005; Isles and Holland 2005; Tycko and Morison
2002). The placental conflict hypothesis suggests that imprinting arose due to the
conflicting interests of the parental genomes during embryogenesis, with paternal
interests lying solely in producing large, healthy and viable offspring whereas the
mother must additionally maintain sufficient resources for her own survival and
that of future progeny (Moore and Haig 1991). Thus, the maternal genome would
favour the repression of growth promoting genes and the expression of growth
restrictive genes whereas the paternal genome would favour expression of
growth promoting genes and repression of growth restrictive genes. Indeed, the
majority of imprinted genes investigated to date correlate with this prediction, with
paternally expressed imprinted genes tending to be growth promoting and
maternally expressed imprinted genes growth restrictive (Isles and Holland 2005;
Tycko and Morison 2002).

Imprinted genes are proposed to play an important role in regulating
embryonic demand for nutrients in addition to controlling the potential placental
supply of these nutrients. Thus, imprinting of specific genes achieves a balance
between fetal demand and placental supply of nutrients in order to achieve
optimal embryonic growth. If there is an imbalance between the supply and
demand of nutrients, then optimal embryonic growth can not achieved (Angiolini
et al. 2006) For instance, loss of expression of Phlda2 results in placentomegaly
but no growth advantage is conferred to the embryo (Frank et al. 2002). This is
likely due to the absence of an increased embryonic demand such that even with
the potential increase in placental function, Phlda2 null embryos do not benefit,
as their genetic growth potential remains unaltered. The inverse relationship
exists in the /gf2P0 null mouse, in which placental growth is severely reduced
and indirectly restricts embryonic growth (Consténcia et al. 2002). In this case,
the embryonic growth potential is unaltered, but the inability of the placenta to

deliver the required nutrients results in growth restriction during late gestation.
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The transient increase in placental transport efficiency and post-natal catch up
growth of these mice supports the proposal that the mutant placenta is the
growth-limiting factor. In contrast, additional loss of /gf2 expression in the embryo
is associated with a reduction in the genetic growth potential of the embryo that
places fewer demands on the placenta, which thus does not increase transport
efficiency and adult mice remain significantly smaller than wild type (Constancia
et al. 2005; Constancia et al. 2002). Interestingly, maternal inheritance of a H19
deletion results in embryonic and placental overgrowth. This is likely a
consequence of the elevated placental and embryonic Igf2 expression, which
increases the genetic growth potential of the embryo in addition to the supply
capacity of the placenta (Angiolini et al. 2006; Leighton et al. 1995).

As described above, embryonic growth is only enhanced if the placental
supply capacity is associated with an increased embryonic growth potential. In
the absence of increased embryonic demand, a larger placenta has no obvious
benefit to the embryo. Likewise, an embryonic growth potential that exceeds the
potential transport capacity of the placenta confers no advantage. However, in
such instances the placenta may be able to adapt and transiently increase its
transport efficiency, although this appears to be insufficient to support the growth
potential of the embryo. Thus, imprinting of specific loci would only confer an
embryonic growth advantage if the result were to increase placental transport
capacity in addition to the genetic growth potential of the embryo.

The IC2 sub-domain of mouse distal 7 contains a number of maternally
expressed imprinted genes in addition to the paternally expressed Kcng7ot1,
which is associated with repression of these genes on the paternal chromosome
(Mancini-Dinardo et al. 2006; Thakur et al. 2004). The IC2 sub-domain is a major
regulator of embryonic and placental development. Paternal deletion of Kvdmr1
results in biallelic expression of the maternally expressed imprinted genes within
the domain and as predicted by the parental conflict hypothesis is associated with
reduced embryonic and placental growth (Fitzpatrick et al. 2002; Salas et al.
2004). Similarly, mice that lack expression of Cdkn1c exhibit placentomegaly with
a proportionate expansion of labyrinth and spongiotrophoblast layers (Takahashi
et al. 2000a). Embryonic growth was enhanced at E13.5 (Andrews et al. 2007),
although was severely disrupted towards term, with few animals surviving the
neonatal period, indicating the crucial role of Cdkn7c in proper embryonic
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development (Takahashi et al. 2000b; Yan et al. 1997; Zhang et al. 1997). Mice
lacking expression of Phlda2 also displayed placentomegaly, with a
disproportionate expansion of the spongiotrophoblast (Frank et al. 2002). In
contrast, loss of Asc/2 expression results in a smaller placenta due to a loss of
the spongiotrophoblast layer, with precursor cells instead differentiating into giant
cells (Guillemot et al. 1994). Examination of the phenotype of mice deficient for a
specific gene product provides insight as to the role of a specific gene. However,
it is also important to consider the phenotype associated with over-expression of
imprinted genes. Such models can provide insight as to the scenario prior to
imprinting of a specific locus and thus identify potential advantages for favouring
monoallelic expression of these genes.

We recently reported the intrinsic embryonic growth restriction associated
with over-expression of Cdkn7c in only a subset of embryonic tissues (Andrews
et al. 2007). Similarly, as reported previously (Salas et al. 2004) and further
characterised in this investigation, over-expression of PhldaZ2 is associated with a
placental defect that is associated with embryonic growth restriction. Thus,
biallelic expression of Cdkn1c and Philda2 would be predicted to be associated
with smaller, less efficient placenta, and in the case of Cdkn7c, a reduced
embryonic growth potential.

The structural organisation of the mouse distal 7/human 11p15.5 domain
predates imprinting of this locus (Paulsen et al. 2005), with imprinting evidently
established following the divergence of eutheria and marsupial (Suzuki et al.
2005). Biallelic expression of genes in the mouse IC2 sub-domain results in a 20-
25% reduction in embryonic and placental growth (Fitzpatrick et al. 2002; Salas
et al. 2004), clearly demonstrating a role for imprinting this domain in achieving
increased placental and embryonic growth.

Figure 6.1 depicts the rationale for imprinting the entire 1C2 sub-domain
rather than Phida2 in isolation. Prior to imprinting at the domain, biallelic
expression of Phlda2 and Cdkn1c meant that embryonic growth was genetically
limited with sufficient nutrients supplied by a similarly small placenta. In this
scenario, embryonic demand and placental supply for nutrients was balanced,
resulting in the development of a genetically small embryo that achieved its
growth potential. The theoretical imprinting and the subsequent monoallelic
expression of Phlda2 in isolation would result in the development of a larger
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placenta, but have no growth advantage on the embryo due to the lack of
increased nutrient demand. Similarly, imprinting and monoallelic expression of
Cdkn1c in isolation would also theoretically result in a larger placenta. However,
in this scenario the genetic growth potential of the embryo would also be
enhanced. It is plausible that the increased placental capacity achieved by
imprinting of Cdknic would be insufficient to meet the increased embryonic
growth potential associated with monoallelic expression of Cdkn7c. Indeed,
Cdkni1c null embryos are not significantly heavier than wild type at birth
(Takahashi et al. 2000b; Yan et al. 1997; Zhang et al. 1997). A similar situation is
observed in the maternal inheritance of a H79 deletion. In these conceptuses, the
resulting ~30% increase in placental weight is only associated with a ~12%
increase in embryonic growth (Angiolini et al. 2006; Leighton et al. 1995). Thus, a
larger placenta would be required in order for embryos with monoallelic
expression of Cdknic to achieve their genetic growth potential. This would be
achieved by imprinting of the IC2 sub-domain, with monoallelic expression of
Philda2 and Cdkn1c increasing the genetic growth potential of the embryo and
additionally providing a placenta sufficient to support such growth.

It will be interesting to identify the enhancers required for placenta-specific
Cdkn1c expression and generate BAC transgenic mice that over-express Cdkn7c
in the placenta in addition to the full complement of embryonic tissues.
Additionally, it may be possible to specifically disrupt the embryonic enhancer
elements thus generating transgenic mice that over-express Cdknic in the
placenta only. Such mice would be predicted to be comparable to the /gf2 and
Igf2P0 null models respectively. Embryonic and placental over-expression of
Cdkn1c would be predicted to result in a balanced reduction of embryonic and
placental growth, whereas over-expression of Cdknic in the placenta alone

would create an imbalance, with only placental growth directly reduced.
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Prior to imprinting:

2X Phlda2
2X Cdknlc

Demand

Supply

Small progeny

Imprinting of PhidaZ2 only:

1X PhidaZ2
2X Cdknlc

1arf

Demand
Supply
No embryonic growth

advantage due to lack
of demand

Imprinting of Cdknlc only:

2X Phlda2
1X Cdknlc

ii
Wr

Demand

Supply
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1X Phlda2
1X Cdknlc

Demand

Supply

Maximum embryonic
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Figure 6.1: Theoretical effects of imprinting Phlda2 and Cdknlc in isolation and together

The diagram depicts the theoretical growth advantage of imprinting Phlda2 and Cdknlic in isolation and
together. Biallelic expression of the maternally expressed Phlda2 and Cdknlc was growth restrictive in the
ancestral embryo. Monoallelic expression of PhldaZ2 in isolation would provide a larger placenta, but in the
absence of increased embryonic demand, would impart no growth advantage. Monoallelic expression of
Cdknlc would increase the inherent growth potential of the embryo and theoretically increase placental size
also, thus resulting in a moderate growth advantage. However, imprinting of both Phlda2 and Cdknlic would
increase embryonic demand and placental supply of nutrients, thus imparting maximum growth advantage to

the embryo.



6.1.4 Metabolic syndrome and fetal programming

In addition to identifying the rationale for imprinting of Phida2, the BAC transgenic
mice also provided a model to investigate the consequences of loss of imprinting
at the discrete locus encompassing Phlda2 and S/c22a18. Imprinting of the IC2
sub-domain is associated with the maternal methylation of Kvdmr1 and paternal
expression of the ncRNA Kcnq7ot1, which renders the paternal alleles of genes
including Phlda2, Slc22a18 and Cdknic silent (Smilinich et al. 1999). Loss of
transcription of the paternal Kcnq1ot1 transcript results in biallelic expression of
the associated genes (Fitzpatrick et al. 2002; Mancini-Dinardo et al. 2006; Thakur
et al. 2004). True LOI at distal 7 would therefore be associated with upregulation
of genes including Cdkn1c and Ascl2 in addition to Philda2 and Slc22a18.
Nonetheless, the BAC transgenic mice enabled the relative contribution of Phlda2
and Sc/l22a18 to be investigated. Additionally, PHLDA2 was found to be
specifically upregulated in Dicer knockdown HEK293 cells as a result of altered
chromatin structure with Cdkn1c expression remaining monoallelic (Tang et al.
2007). This observation suggests that over-expression of Phida2 alone is
possible in vitro.

As discussed previously, the placental defect associated with the BAC
transgenic mice can be largely attributed to over-expression of Phlda2. The
consequence of such over-expression is a significantly lighter placenta from at
least E12.5, with embryonic growth adversely affected from E16.5. Transgenic
embryos exhibit brain-sparing growth and display rapid post-natal catch up
growth. These observations are consistent with the presence of placental
insufficiency negatively impacting on embryonic growth. Such individuals are
thought to be subject to “fetal programming”, such that the embryo adapts to the
low-nutrient environment in utero and cannot subsequently adapt to a relatively
nutrient rich post-natal environment. The consequence of fetal programming is
the onset of metabolic syndrome in adulthood, characterised by central obesity,
type 2 diabetes, hypertension and cardiovascular disease. The presence of
increased adiposity and reduced glucose tolerance in transgenic females at one
year of age was indicative of a predisposition to metabolic syndrome, consistent
with the placental insufficiency and metabolic programming of transgenic

embryos. However, a role for embryonic expression of Phlda2 and S/c22a18 in
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the observed adult phenotypes cannot be excluded at present. Interestingly,
preliminary data indicates that such aspects of metabolic syndrome are absent
from transgenic animals of line 5A4. Phida2 and Sic22a18 are over-expressed in
line 5A4 similar to line 10-15 but Cdkn17c is additionally over-expressed in the
embryo, thus intrinsically restricting embryonic growth. This suggests that Phlda2
and Slc22a18 do not directly affect adult metabolism. Transgenic animals of line
10-15 exhibit asymmetric growth restriction followed by rapid post-natal catch up
growth and an association with increased adiposity and reduced glucose
tolerance. In contrast, the additional over-expression of Cdkn1c in the embryo of
line 5A4 intrinsically restricts embryonic growth, such that post-natal catch up
growth is absent and this appears to protect against the onset of metabolic
syndrome as summarised in Table 6.1.

In addition to providing further insight into the consequences of imprinting
the IC2 domain, these data has important implications for human health. indeed,
elevated PHLDAZ2 has been reported in human placentae of IUGR and lower birth
weight infants, despite the preserved paternal methylation of Kvdmri
(Apostolidou et al. 2007; McMinn et al. 2006). This data suggests that the ratio of
Phida2 and Cdkn1c expression may be an important diagnostic marker for
human IUGR infants. Elevated but balanced Phlda2 and Cdkn1c expression
would be associated with reduced embryonic growth but no long-term metabolic
consequences. Similarly, an increased Cdkn1c to PhldaZ2 ratio would indicate an
intrinsically small individual with no Iong-term metabolic consequences. In
contrast, an increased Phlda2 to Cdkn1c expression ratio would predict placental
insufficiency and asymmetric IUGR, which may be indicative of a predisposition
to metabolic syndrome in later life. Elevated Phlda2 and Cdkn1c expression
could result from LOI of the domain, although this would resuit in a balanced
over-expression of both Phlda2 and Cdknic. However, excess expression of
Phida2 independent of loss of Kcnglot1 has been demonstrated in a Dicer
deficient human cell line (Tang et al. 2007). Furthermore, maintenance of
monoallelic expression of Cdkn1c requires additional methylation of the Cdknic
promoter on the paternal chromosome (Bhogal et al. 2004). This methylation is
dependent upon the chromatin remodelling protein Hells/Lsh (helicase, lymphoid
specific), with biallelic expression of Cdkn1c observed in Hells deficient mice
despite appropriate methylation of Kvdmr1 (Fan et al. 2005). Hells deficient mice
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are born approximately ~20% lighter, although they die soon after birth (Geiman
et al. 2001). Deregulated expression of both Phida2 and Cdkn1c has thus been
demonstrated to occur independent of domain-wide LOI, identifying potential
mechanisms through which unbalanced Phida2 and Cdkn1c expression may
result.

One potential complication associated with the BAC transgenic mice
utilised in this investigation is the expression of Phlda2 and Sic22a18 in a subset
of embryonic and adult tissues. The observed adult phenotypes cannot therefore
be directly attributed to placental insufficiency, as a direct role for excess
expression of these genes in contributing to the adult phenotypes cannot be
excluded. However, it is possible that excess Phlda2 in human placentae is also
associated with elevated expression in all tissues in which the gene is
endogenously expressed. Whether such expression is directly linked with a
predisposition to metabolic syndrome or this is an indirect consequence of
placental insufficiency and the associated fetal programming remains unclear. It
will be interesting to examine the level of Phida2 expression in the kidney of adult
human IUGR individuals.
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Phida2 Cdknlic Consequences

Large placenta
Monoallelic Monoallelic Intrinsically large embryo
Embryonic growth potential is achieved
Small placenta
Intrinsically large embryo
Biallelic Monoallelic Embryonic growth potential is not achieved
Asymmetric IUGR
Predisposition to metabolic syndrome
Intermediate placenta
Monoallelic Biallelic Intrinsically small embryo
Embryonic growth potential is achieved
Small placenta
Intrinsically small embryo
Biallelic Biallelic
Embryonic growth potential is achieved

Resistance to metabolic syndrome

Table 6.1: Consequences of unbalanced Phlda2 and Cdknlc expression

The table summarises the consequences of unbalanced Phida2 and Cdknlic
expression. Balanced Phlda2 and Cdknlc expression is not associated with
any long-term consequences, with the level of expression associated with
embryonic growth potential. Similarly, increased Cdknlc to Phlda2
expression ratio intrinsically restricts embryonic growth, but has no long-term
health consequences. In contrast, an elevated Phlda2 to Cdknlc ratio would
cause placental insufficiency associated with asymmetric IUGR and a
predisposition to metabolic syndrome.
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6.1.5 Concluding remarks

In summary, over-expression of Phida2 in the mouse placenta is associated with
a significant reduction in placental growth due to a disproportionate loss and
disruption of the spongiotrophoblast layer. Transgenic embryos display
asymmetric growth restriction, are born significantly smaller than wild type and
exhibit rapid post-natal catch up growth. This placental and embryonic growth
pattern is consistent with the presence of placental insufficiency. Additionally,
transgenic adult female mice display increased adiposity and reduced glucose
tolerance, indicative of a predisposition to metabolic syndrome.

A number of conclusions can be drawn from the data presented in this
investigation. Firstly, these data have identified a possible rationale for imprinting
Phida2, with reduced expression levels associated with enhanced placental
function in order to support the increased embryonic growth potential driven by
imprinting of Cdkn1c. Secondly, this work has identified Phlda2 as a potential
regulator of the glycogen cell population of the placenta, which represents a
novel finding. Thirdly, this work has characterised a progressive and asymmetric
embryonic growth restriction phenotype, suggesting a role for deregulated
expression of this locus in human IUGR. Finally, there is evidence of an adult
metabolic phenotype in transgenic mice of line 10-15. Whether this is due to
placental insufficiency or excess expression of Philda2 and/or Sic22a18 in the
embryo, or indeed the adult, is currently unknown. Regardless of the cause, this
data identifies these mice as a novel genetic model in which both adiposity and
glucose tolerance is modified. Further investigations may provide insight into the
developmental origins of these potentially life-threatening disorders that are
particularly associated with those born with a low birth weight and show catch up
growth.
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