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Abstract

Although conception rates in cattle are estimated to be 90%, little over half of each
insemination results ithe birth of offspring. Thenajority oftotal combinedoetal

and embryonic loss is sustained between the bovine blastwtgsting atDay 8

and he onset of gastrulation aftDay 14. Post hatchingthe bovine embryo
develops a morphological architecture which is very different to the mouse, with a
flat epiblastand the loss of the polaophoblast known as .IRmigegber 6s |
the polartrophoblasis essential for the induction of gastrulation and the formation
of the placenta. The pigastrulation layout of cattle embryos is shared by a diverse
phylogeny of placental forming mammals, from rabbits to,@gs it is herefore
considered the more typical mode of mammalian embryonic development. Yet,
compared to mouse embryonic development, relatively little is known about the
gene expression and signalling networks required for successful gastrulation in

these specieparticularly cattle which are also economically important.

This thesis studied the morphological and gene expression events Days g1

15 in cattle which coincides with the period of greatest embryonic loss. A detailed
morphological staging system pgesented that is supported with spaémporal

gene expression patterns of genes known to play fundamental roles in moeuse pre
gastrulation development. Novel morphological structures and processes were
identified such as the formation of the cattle doterisceral hypoblast (equivalent

to the mouse AVE) and cavitation of the epiblast in preparation for epithelialisation
of this tissue. Both of these processes are consideredquisites for the induction

of gastrulation in mammals. The spat@mporalgene expression patterns prior to
gastrulation showed overall high concordance with maeselopmenhowever
processes that lead to asymmetry in the mouse involving-@xtbayonic tissues

have diverged and this can be related back to the differenyyembiayouts and
polartrophoblasfates between cattle and mice.

Functional studies were carried out in cattle embryos to investigate the relative roles
of the three first cell lineages (trophoblast, epiblast and hypoblast) in contributing
to embryonicl oss and to investigate the possib

gastrulation development. Ovekpression of the weak papoptotic factoBAD



resulted in the selective loss of the epiblast betwbags 7 and 13/14 of
development. The trophadt was nb measurably impaire@nd although the
hypoblast was not losthe gene expression profile of this tissue was dramatically
altered. These results indicate a gradient of sensitivity of
epiblast>hypoblast>trophoblast tissue and sugtiestepiblast contribes more
greatly overall to embryonic lossThis result provides insights into the
phenomenomof fiphantom pregnanciés which also are due to loss of the

epiblast/embryo proper and are thought to occur {82% of cattle pregnancies.

The | oss layérishaugh te ocous by apoptosis and the results shown

in this thesis support this idea. Ovetpression of antapoptoticBCL2resulted in

a del ayed | os sBChZemRyasuals@ mad an intreaged epiblast
length and one embryo showedasc mesoderm formation. These results are
consistent with the hypothesis that a

increase in NODAL signalling.

The findings in this thesis provide a foundational step in the establishment of the
bovine embryo & a model for mammalian development. The results also
demonstrate functional perturbations of the cattle embryo are experimentally

feasible, and how these have revealed insights into cattle embryonic loss and the

role of Rauberés | ayer in devel opment.
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Chapter 1

Gener al |l ntroducti o

1.1 The economic importance of studying cattle embryology

The world population is predicted to expand to 9.1 billion by 2050, with an
associated increase in food demand of 60%. Governments, $aamerscientists

face the challenge of providing for this increased need for food, using the same
resources and without further negatively affecting the environment. The large

i ncrease in the middle class prgpofodoron c
protein based foods, such as those derived from dairy and beef, as opposed to diets

based on plant carbohydrates.

New Zealand relies heavily on its agriculture exports, and in particular the
dairy/beef and sheep sector accounts for 38% of NZs esxZ is also poised to

take advantage of this increased demand for food, howtéeechallenge remains

to increase the efficiency of food production. Lactation #rel production of
offspring fran ruminant animals are reliant on efficient reproducti®his is
particularly important under NZ pastoralrif@ing conditions where the onset of
lactation and the birth of offspring needs to coincide with the onset of the greatest
level of grass growth, usually the spring. This annual cycle allows a mere 12 week
window for cattle to recover from calving and to have successfully conceived again.
Conception rates in cattle are accepted to be about 90%, yet calving rates are
between 40% and 55¢@iskin & Morris, 2008) The majority of these reproductive
losses are thught to occur during the second week of gestation, withdahseng

this periodaccouning for 70-80% of total embryonic and foetal log3iskin et al,

2006) There is therefore a large scope to increase cattle reproduction efficiency by

minimising emibyonic loss during this period.
1.2 Cattle embryology

Clearly, due to the large levels of embryonic loss, the second week of cattle
embryology is a very sensitive period of development. During the second week, at
aboutDay 8 (whereDay 0 is thedayof fertilisat i on) , the bovine emt

from the zona pellucida capsyMan Soomet al, 1997) At this stage the embryo
1



is a hollow ball shape and is known as a 0L
the cells making up the outer shell are known adrtiyghoblast (also known as
trophoblast. These outer clsl will contribute solely tdorming the placentéBerg

etal, 2011)Onthei nsi de of this 6éball, & at one end
the inner cell mass (ICM). The trophoblast can be sudbelivinto two populations,
based on its location, as polar trophoblast which overlies the ICM and mural
trophoblast(Figure 1.1A). By Day 8 the ICM is differentiating into two distinct

cell types (both derived from the ICM precursor population), the agdilaind the
hypoblast. The hypoblast lines the epiblast, facing the blastocoel ¢duijig et

al., 2012) The hypoblast does not form part of the foetus and is considered an extra
embryonic tissue, whilst the epiblast goes on to form the embryo propeoare
extraembryonic tissues such as parts of the mature altdrddonic placentéHue

et al, 2001; MaddoxHyttel et al, 2003) At Day 11 the hypoblast now lines the
entire inner surface of the blastoc@eladdoxHyttel et al, 2003)(Figure 1.1B).
FromDayl 1l di sintegration of the polar trophob|
(RL), can begin to occur so that Bay 14 the epiblast is coptetely devoid of RL

and is exposed directly to the maternal environniiiaiddoxHyttel et al, 2003)

Also by Day 14 the epiblast has evolved to become a one to two cell layered
epithelium connected by tight junctio@gladdoxHyttel et al, 2003) The mural
trophoblast byDay 14 has proliferated massively so that the embryo has gone from

a 150um ball atDay 7 to afilamentous tube of almost 20 mfiaddoxHyttel et

al., 2003; Hueet al, 2012) This large increase in trophoblast tissue is known as
the elongation phase and, because it is so rapid, embryos collected at identical time
points show large variations inreeptus lengtiMaddoxHyttel et al, 2003; Hue

et al, 2012) Evenin vitro produced(IVP) embryos fertilised at exactly the same
time and recovered from a single recipient cow vary considerably amongst
themselvegBerg et al, 2010)(Figure 1.3C). During the elongation phase the
embryo floats freely in the uterus, until implantation begins frDay 19
(Guillomot, 1995) The advantage ofthis is embryos can be nesurgically
recovered by flushing the uterus with a suitable medium. tidghoblastcells

begin secreting the pregnancy recogmitfactor Interferortau fromDay 14, which

is essential to prevent cyclicity of the ute(@pencer & Bazer, 2004nd the most
advancedDay 14 embryos can show a localised thickening at one edge of the

epiblast (als&known asepiblasj. This thickening corresponds to the appearance of
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primitive streak precursor cells or mesoderm cells between the epiblast and the
underlying hypoblasfMaddoxHyttel et al, 2003) Thus during the second week

of development the epiblagtrepares for and begins the complex process of
gastrulation, the formation of the three cell lineages which will make up every tissue

of the adult organism.

Figure 1.1 Cattle embryonic development during the second weelf gestation

A, Day 7 cattle blastocysthowing the different lineages present at this staga

confocal microscop@nage of acrosssection of aDay 11 epiblast stained with

DAPI (blue) to mark the nuclei and OCT4 protégneen) a marker of the dypast

lineage. C, Day 12 IVP embryos recovered from the same recipient cow
demonstrating the large variation in sizes and developmental stages that are usually
seenD, Day 14 elongated embryos, arrehowepiblasts which make up a very

small proportion bthe overall embryo. Epi, epiblast; H, hypast; ICM, inner cell

mass; mTB, mural trophoblast; pJB pol ar trophobl ast; RL,
bar B=50 um, C, D=2mm.

1.3 The bovine elongation embryo in the molecular age

Because the second week of cattlead@pment is recognised as being an important
period of development there have been numerous rarcay/RNA expression
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studies to try to determine what genes are differentially expressed during this period
(Ushizaweet al, 2004; Degrellest al, 2005; He et al, 2007; Mameet al, 2011)
However due to the rapid development of the embryo during this period, there has
been an inconsistency in the methods used to compare different staged embryos,
with some workers only using Embryonizay/days post insemiation, whilst

others use parameters such as conceptus length. This has resulted in there being
little uniformity in the genes identified as differentially expressed during cattle
development. For example out of a total of 4881 genes identified as being
differentially expressed during the elongation period from three separate microarray
experiments only 4 genes in common were identififwk et al, 2012) Also these
experiments have tended to concentrate on changes in trophoblast gene expression,
and have sed the entire embryo as the material to gerehe samples. At mid to
late-elongation stages thepiblastmakes up a tiny fraction of the entire embryo
(Figure 1.1D), therefore changes in expression occurring within this tissue are
unlikely to be idenfied.

Apart from large scale gene expression studies, there has been very little work done
in cattle embryos during the second week to match gene expression with actual
functional development of the embryo. As Hue and colleagues (2012) comment,
regardingc at t |l e el ongation gene expression studi
through systematic analyses will help for a while however, linking gene expression

and function will soon be essentialo (p. 22
1.4 What causes cattle embryonic death?

Overall embryaic loss in somatic cell nuclear transfer (SCNT) embrigomuch
higher than IVPor in vivo embryos, therefore it has been suggested that SCNT
embryos may a good model system to study embryqAdesopouloset al, 2008;
Hueet al, 2012) Comparing cetranserred IVP and SCNT embryos Bays 14

and 15 reveals no differences in the level of losses or gene expr&asitimet al.,

2010) However greater losses and abnormalities in both foetal and placental
development are encountered at later stag€&CINT embryos compared to IVP
control embryogDe Sousat al, 2001) Both of these defects can be attributed to

a common origin, formation of the mesodgiiueet al, 2001)

Because the second week of cattle embryonic development is so critical tmembry

survival and it is also the time when formation of the mesoderm begins to, @ccur
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therefore seems pertinent to study in more detail the development and formation of
the embryo during this time to understand and possibly alleviate reproductive losses.
Interestingly several observations suggest that of the first three lineages (epiblast,
trophoblast and hypoblast) the epiblast may be the most prone to loss:
1 Bovine embryos are not able to be grown in culture past7 due to
selective loss of the epildg(Vajtaet al, 2004)
1 The phenomenon of phantom pregnancies, where the uterus does not return
to cyclicity because of survival and maintenance of the trophoblast, however
the epiblast pordn of the conceptus has diad,estimatedo occur in 12

22% d cattle pregnancies.

1.5 Mouse versus cow

The large majority of what is currently known about mammalian embryology
comes from the mouse. The mouse is a convenient animal to study due to its rapid
lifecycle, small size and the production of multiple offspnnganingmaterial for
study (embryos) iselatively easily attained. Alongside these factors, the ability to
mutate a gene of interest and make it-furctioral and/or express transgenic
reporter pr Galatosidase qr greeo fluorescent protein, GFP) under
the control of a geneds nor mal regul at o
carried out establishing gene function and expression pattemmecen(Tam &
Loebel, 2007) However mice display several developmental traits that are not
shared with most mammals such as:
1 A cupshapecdepiblast(Kaufman, 1995)
1 Rapid invasive implantan before gastrulatioTam & Behringer, 1997;
Simmons & Cross, 2@).
1 A placentaderived from the polar trogiblast as opposed to the mural
trophoblas{Copp & Clarke, 1988)

In particular the expansion of the pol&mophoblasto form the placenta is known

to only occur in a few eutherian (placenta forming) mammaiswinclude mice,

rats, hedgehogs and the higher primates such as humans. All other eutherian
mammal s t hat have been morphol ogically st
flat epiblastmode, deriving the placenta from the muraphoblastvith the lossof

Rauber §Ssern|2a0¢;&Sheng, 2014)



One of the essential events that occur during embryology is the process of
gastrulation, whereby cells of the epiblast migrate through the primitive streak to
form mesoderm and endoderRemaining epiblast dslformthe ectoderm. fiese

three cell lineages make up the three primary germlayers from which all adult
tissues descendam & Loebel, 2007)This process is considered so fundamental
that Lewis Wolpert once cl| ai,uoeddath(b@it9 8 6 )

t hat

gastrul ation which is truly the most 1 mport

mouse have shown that interactions of the epiblast with the @xibayonic tissues
(polar trophoblast, its derivatives, and the hypoblast) are what ttrenmduction

of gastrulationTam & Loebel, 2007)

This leads to the intriguing question as how gastrulation is correctly induced in
eutherian mammals that lose their pataphoblas?

Cattle belong to the superorder Laurasiatheria (hooved aniraais/ares, dolphin

and bat families), the largest sister superorder to the Euarchontoglires (rodents,
rabbits, primates) which are estimated to have diverged approximately 95 million
years agdqHallstrom & Janke, 2008)hey are therefore an ideal mode$tgyn in

which to study developmental networks as any similarities with mice represent
highly evolutionary conserved developmental processes. They also are more likely
to be representative of mammalian embryo development because they develop by

the more commonly (and therefore considered the more ancestral) flat disc mode.
1.6 The aims of this thesis

The overall aim of the research described in this thesis was to study in depth cattle
embryology during the second week of development. Themedsehind this were

three fold:firstly with the problem of high leve of reproductive loss in mind;
secondlyto pave the way in establishing cattle as a novel mammalian model system
by which to compare current genetic pathwayewn to beessential for pre
gastrulation eroryonic development in the moysand thirdly, to use cattle as a
representative of the flapiblastmode of development and try to do functional
studies withthis mode of developmerdnd particularly addressh e r ol e of

layer.
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Chapter 2was sgcifically aimed at investigating if there are differences in the
susceptibility of the different lineages (epiblast, hypoblast and trophoblast) to being
lost and therefore having a greater contribution to overall embryo loss.

Chapter 3was aimed at edbéishing a detailed morphological staging system for
bovine pregastrulation development and supporting this morphology with gene
expression studies. Current knowledge of genes in the mouse shown to be important
for the genetic cascades and interactioasimhg up to gastrulation wagsel to
establish a staging system that enabled comparisons with mouse embryo
development antb investigate if similar genetic networks were also important in
cattle. This detailed staging system was essential to develog lagfpifunctional

studiesinto the role of RLin bovine embryology could be done.

Chapter 4vas focused on identifying a potential role for RL in cattle development.
Based on the morphological and gene expression staystgm developed in
chapter threand knowledge of the signalling interactions involved in mouse pre
gastrulation development it was hypothesised that RL may play an important
functional role in correct gastrulation induction in cattle. Transgenic embryos were

then produced to investigatt@s possibility.






Chapter Two

Probing the Robustness =

Embr yo

The findings of this chapter have been published in the journal article:

van Leeuwen J, Berg DK, Smith CS, Wells DN, Pfeffer PL (2014) Specific Epiblast
Loss and Hypolast Impairment in Cattle Embryos Sensitized to Survival
Signalling by Ubiquitous Overexpression of the Proapoptotic Gene BAD. PLoS
ONE 9(5): €96843. doi:10.1371/journal.pone.0096@4dendix 1).

2.1 Introduction

2.1.1 Embryonic death in cattle

Lactation and meat pduction in cattle are reliant on efficient reproduction. In
New Zealand and other pastebalsed farming systems this particularly
important becauseattle need to calve every 3@ays in a short period of time
which is aligned with thenset of maximmm pasture growth. Ninety six percerit

all dairy cowscalve between July and October each year in New Zealand and the
industry target is to have 78% of dairy cows in a herd pregnant within the first six
weeks of matingBurke et al, 2007) Animals whichare wable to calve and
establisha pregnancy within this pattern asgically culled resultingin the need

for more herd replacements and #wsociated economic los&/hilst fertilisation

rates are generally accepted to be greater than (@08kin & Morris, 2008)
embryonic and foetal death accounts for betweeb&%0 of reproductive losses
(Diskin et al, 2006) Of this the greatest period of loss is regarded as early
embryonic loss and occurs in the first three weeks of gestatiskeep & Dailey,
2005; Diskinet al, 2006) this has been further pinpointed by some authors to occur
within the second weefDiskin & Sreenan, 1980; Roclet al, 1981)or at least
beforeDay 14 of gestatiorffDunneet al, 2000)

Embryo loss during the second week aégirancy is even higher when usiivgP
embryos. After recipient and technical failures had been remibwveas found that
embryo mortality was 24% during the second week of pregnancy with IVP embryos
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(Berget al, 2010) This is 11% higher than embryosogm solely in vivo(Roche

et al, 1981) Also of interest was that dfiose IVP embryos recovered Day 14,

nine percent of them had lost theipiblastand therefore were destined to die.
Because WY embryoscan be grownn a defined simple media devoaf any
exogenously supplied embryo trophic factotisis raises the possibility that
different lineages of the embryo, in particular the epiblast, may be more susceptible
to the stress induced by the incorrect levels of embryonic trophic factors and

therebre contribute to a higher degreeotcerallembryonic matality.
2.1.2 Embryonic trophic factors

Mammalian IVP embryos are grown most successfully in small volumes in group
culture, this is because of increased concentration of secreted prosurvival autocrine
factors(Lane & Gardner, 1992; Gopichandran & Leese, 2006; O'Bledll, 2012)

To date, as shown by increased embryo survival after addition to culture media,
these factors include platelet activating factor (PAF), Insulin like growth factors 1
and 2 (GF1, IGF2) and granulocytmacrophage colongtimulating factor (GM
CSF)(O'Neill et al, 2012) However paracrine factors such as insulin secreted by
the reproductive tract are now also known to increase embryo survivéDilgill

et al, 2012) A positive paracrine effect exerted by the reproductive tract is also
demonstrated by the increased blastocyst rate of bovine embrgodtwe@d with
oviduct cells(Cordovaet al, 2014) The requirement for paracrine factors from the
reprodudtve tract is udisputed beyonday 7 in that cattle embryos rapydlose

their viability beyondDay 7 when grownn vitro (Vajtaet al, 2004; Alexopoulos

et al, 2005)and sheep embryos in uterine gland knock out ewes are @égae or

severely retarded Hyay 14 of developmentGrayet al, 2001)

The embryaic trophins PAF, insulin and IGF1 have all been shown to act through
the phosphatidylinositol -Binase (PI3K) pathway in the early embr{©'Neill,
2008) a canonical survival pathway. This pathway is essentialefobryonic
survival and leads to inhibition of the papoptotic mediators BAD and BAX as
well as an increase in transcription of the -apoptotic gen®CL2 (O'Neill et al,
2012)
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2.1.3 BAD as a mediator of survival signalling

BCL2 associated agonisf cdl death (BAD) is a member of the BCL2 family of

cell death regulators. This family of prote all contain at least one B@L
homology (BH) domain through which the different fapoptotic and anti
apoptotic family members interact with each otfizanial,2008) BAD is a BH3

only protein, and when not phosphorylated can competitively bind to and neutralise
antrapoptotic BCL2 and BCIXy, resulting in the release of papoptotic BAX

and eventually apoptos{¥anget al, 1995)

The phosphorylation of BB is regulated by extracellular survival signals; growth
factors such as IGF1 induce phosphorylation at three key serine residues.
Conversely upon growth factor removal these residues are dephosphorylated giving
an active form of BAD(Dattaet al, 2002) Overexpression oBAD induces cell

death which can be blocked by survival kinases, and at physiological levels growth
factor dependent BAD phosphorylation increased the resistance of cells to apoptotic
stimuli (Dattaet al, 2002) Mice with constitutivelyde-phosphorylated BAD are
normal and healthy however die more readily when given-apoptotic challenge

such as exposure to gamma irradiatiDattaet al, 2002) Taken together these
results show growth factor dependent phosphorylation of BAD nesdgatrvival

signalling by increasing the cells resistance tegpoptotic signalling.
2.1.4 Aims of the research described in this chapter

The aim of this chapter was to create a transgenic model to setisitisevine
embryo to survival signalling to detatdifferent lineages in the early embryo are
more susceptible to apoptotic stimuli/stress and therefore contribute greater to
embryonic |l oss. Given BADOGs known rol e a
we chose oveexpression oBAD as a mode to lighten the embryos susceptibility

to stress.
2.2 Methods

2.2.1 Generation of BAD expression plasmid

Bovine BAD (NM_001035459) was PCR amplified usixdnol restriction site

flanked p rGT@GCEF CGAGCATCH BCCAGATCCCAGA and

5 0 GCT&®GAGGGTTGGGAKTCCGGTT (custom priers, Life
11



Technologies, Auckland, New Zealand) using cDNA frobagy 20 cattle embryo

as a template (kindly provided by Dr Craig Smith) and Expand High Fidelity PCR
system polymerase (Rocheuékland, New Zealarnd The first reaction mix
consisted of 1 yPCR grade nucleotide mix (LifeeEhnologies), 300 nM of elac
primer, 2 ul of template cDNAnd watermade up to 25 pIThis was combined
with a second reaction mix containing 5 pl 10x Expand PCR buffer with Mg, 0.75
pl of Expand enzyme mix and water up2® pl to give a total reaction volume of

50 ul. This was run with 10 cycles of: 94°C for 15 sec, 56°C for 30 sec, 72°C for
45 sec, followed by 20 cycles of: 94°C for 15 sec, 56°C for 30 sec, 72°C for 45 sec
plus 5 sec each cycle and a final elongatbi@2°C for 7 min. The amplicon was
purified using the DNA Clean and Concentraitd (Zymo Research, Irvine, QA

following the manufacturerds instructions &
BAD DNA was digested with 1 jXho1(Roche) in 2 ul of 20XH6buffer (Roche)
made up to 20 Ol with water for one hour a

agarose gel and purified using the WIZARD SV gel and PCR -tlpasystem
(Promega, Auckland, &vZealand. The plasmid vector, pPyCAG{Ehambergt

al., 2003) kindly supplied by H. Niwa, wa%hol digested as abovéo the
restriction digest mixture was addedlmQ sterile water to give #@tal volume of

44 pl, and theh pl of 1 U/ul Calf Intestine alkaline Phosphatase (CIP; Rqdhe)

pl of 10x CIP buffer (suplied with CIP enzymeadded. The reaction mix was
incubated at 37°C for 15 min, followed by 15 min at 56°C, tmestherl ul of CIP

was added and the incubations repeated. The CIP was then heat inactivated by
heating to 75°C for 10 mirf.he vector was #n gel purified as above. Vector and
insert were |igated at 4eC overnight at eq
(Takara Shiga,Japan to creatggCAGBADIPura.

The ligation mix was transformed into commercially available compé&iexnti

st r ai ncel®wth a@n efficiency of 1xFotransformants/ug of DNA (Life
Technologies) An al i quot rembvedidrs-80°Csteragk and wa s
thawed on ice. One microlitref the ligation mix prepared the previodsy
putatively containingpCAGBADIPurowasadded and gently tapped to mix. This

was left to incubate on ice for 30 min. After the incubation the bacteria were
heatshocked at 42°C for 75 min. Cells were then plunged into ice and allowed to
cool for 2 min. 1 ml of super optimal brothedium SOC;Life Technologies) was

added and the cells put into a 37°C shaking incubator (300 rpm) for 60 min (New
12



Brunswick ScientificCT). 100 ul of the transformed cells were aseptically spread
onto an LBampicillin plate. The tubes were centrifuged in a benchtopitgge at
10,000 rpm for 1 min (Biofuge pi¢cbleraeus, Germany) and 800 pl of supernatant
removed. Thaest of the contents of each tulvere aseptically spread on LB
ampicillin plates. Plates were allowed to dry and tmemibated overnight (~16 h

in a37°C incubator. Isolated colonies of transformed bacteria were selected using
sterile 200 pl pipette tips and inoculated into 5 ml cap tubes (Sanstadbrecht,
Germany containing 3 mllauria broth [(B) supplemented withl00 pg/mi
ampicillin sodiumsal (cell culture grade, Sigmaldrich, Auckland, New Zealand).
These were grown overnight at 37°C in a shaking incubator at 300 rpm. The
following day 1.5 ml of culture was poured into labelled 1.5 ml microcentrifuge
tubes and then centrifuged for 1m@t16000 rpm The supernatant was aspirated
and then a miniprep was performed following the protocol and solutions described
in Molecular Cloning a Laboratory Manual, protocobkgction 1.3ZSambrook &
Russel, 2001)Briefly, 100 pl of ice cold Solution | as added to each bacterial
pellet and vortexed vigorously until fully dissolved. 200 pl of freshly made Solution

Il was then added and mixed by inverting the tube 5 times. 150 ul of ice cold
solution Il was added and the tubes inverted a few more tichesbdcterial lysate

was then centrifuged at maximum speed at 4°C for 5 min. The supernatant was
transferred to a new tube and 450 ul of room temperature isopropanol (BioLab,
Australia) added. This was vortexed briefly before centrifuging again for 5 min at
4 C. The supernatant was aspirated then the DNAtpelias washed in 700 pl
cold 70 ethanol (BioLab), centrifuged at maximum speed for 2 min and the
ethanol aspirated. The tubes were air dried by leaving them at room temperature for
3 min with the lig off and then the DNA resuspended in 30 pl TE containing 1:200
dilution of 10 mg/ml DFRNAaseA (Life Technologies). This was incubated at
37 C for 30 min. The DNA plasmid was then analysed by restriction digest using 3
ul of sample in a 20 pl reaction anghning on a gel to check for correct insert and
orientation. A plasmid clone with the correct orientation and band sizes was
selected and verified by sequencing (University of Waikato DNA sequencing
facility).

The bacterial cloneontaining the sequeneerified pCAGBADiPuroplasmid was

inoculated into 100 mls of LB broth supplemented with 100 pg/ml ampicillin

sodium salt and grown ovVver ndaypmexipgg 37¢eC
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was performed using Purelink maxiprep kit (Life @chnologies) following the

manufactures s i nstructi ons.
2.2.2 Generation of transgenic BAD expressing cell lines
2.2.2.1 Bovine Embryonic Fibroblast Growth and Maintenance

Bovine embryonic fibroblasts (Effsolated from female bovine fetal lung tissue

and supplied by Dr Goetz Labile were grown on tissukure plates (Nunc,

Roskil de, Denmar k) i n a medium made from
medium (DMEM) F12 (Gibco, Auckland,dWw Zealand supplemented with 10%

fetal calf serum (FCS) (Moregate, Hamilton, New Zealand), 1 mM Sodium

Pyruvate (Gibco) and01 mM b Mer captoet hanol (Gibco).
The cell lines were routinely passaged after digestion with Tryple Express (Gibco)

for 5 min at 37°C. Cell lines were stored frozen in liquid nitrogen in the normal

growth medium supplemented with 20% FCS and 10% dimetitfgxsde (BDH,

Poole, Dorset, England)

2.2.2.2 Generation of transgenic bovine fibroblast lines

Bovine embryonic fibroblastwere seeded into wells of ax@ll plate (Nunc), the

day prior transfection to give 800% confluency at transfection. On ttay of
transfection the normal growth medium was exchanged for Optimem reduced
serum medium (Gibco) and per well ofpCAGBADiIPuroDNA (isolated from

the maxi prep, sectio®.2.1) mixedwith Lipofectamine 2000 (Life @chnologies)
following the ma n u f a dructionsedrp@ sf DNAwas used per well. Six
hours after addition of the DNA/lipofectamine 2000 mix the media was exchanged
for normal growth media again. One well was treated identically except the DNA
was not added to the transfection methbeaact as @ontrol to determine antibiotic
selection success.

The followingday each well was subcultured into a 10 cm diameter plate (Nunc)
After a further 24 hthe antibiotic slection agent puromycin (Sigrfddrich) was
added at 2 ug/ml of media. The media waglaced every secortthy along with

fresh puromycin until cells from the negative control transfection well had all died
and colonies of-b mm could be seen.

Colonies were picked using sterile 200 pl tips and grown in separate wells of a 48
well plate Nunc). Cell colonies were expanded whilst maintaining them under

puromycin selection.
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Thetransgenic control line of Effontaining &CAG-LAC-Z construct was obtained

from Dr Craig Smith and had been generated in a similar manner.
2.2.2.3 Extraction of Genomic INA from EF5 cells

An aliquot of cells was removed during passage and spil#0&trpm for 10 min
in a benclop centrifuge. The supernatant was removed and the cells were
resuspended in 5 pl of lysis buffer comiaig 100 mM NacCl, 10 mM TrigpH 8.0
with HCI, 25 mM EDTA, 0.5% SDS, and 1 mg/ml Proteinase K (Roche). This was
incubated for 1 hour at 55°C and then placed in a boiling water bath for 5 min.

Before use in PCRI5 pl of water was added to each sample.
2.2.2.4 PCR screening of EF6pCAGBADIPuro cell lines

To check cell lines contained the target DNA construigil of each EFfpCAG
BADiPurolysate solution was used in a 25 ul PCR reaction containing 10 uM each

of forward and reverse CABAD (Table2.1, custom primer, Life @chnologies),

2.5 pl of 10x PCR bu#ir containing MgGl (supplied with FastStart Tag DNA

pol ymerase; Roche), 0.5 Ol of 10 mM dNTF
DNA polymerase (Roche, Germany) andRP@rade water (Roche) to 25 flhis

was placed in a thermocycler (BioRad, Australiahwite following programme:

95°C for 7 min, followed by 35 cycles of 95°C for 3%560°C for 40 scand 72°C

for 1 min and a final extension of 72°C for 7 min. The PCR product was run on a

1.2% agarosedj containing syber safe (LifeeEhnologies) and uislised under

ultra violet light.

2.2.3 RNA extraction and realtime PCR analysis of BAD transgenic

cell lines

Vigorously growing puromycin resistant cell lines were analysed for their
exogenous expression BAD by RNA isolation, cDNA production and real time
PCR.

2.2.3.1 RNA isolation

Cell lines were grown to confluence in a well of-avéll plate (Nunc), theyvere
then rinsed twice with phosphate buffered saline (RB&id, Hampshre, England
and 1 ml of Trizol (ife Technologies) applied directly to the well. Cellgre
homogenised in TrizolLffe Technologies) by pipetting up and down with a 1 mi

pipette tip and then the samples placed in 1.5 ml microcentrifuge tubes. To the
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samples was added 1@ of linear acrylamidgAmbion, Austin, TX and the
samples were vorted to ensure complete dissolution of the cells in the Trizol. A
chloroform extraction was then performed by adding |2Gthloroform (analyital
grade, Thermofisher, Auckland, NZ), vorteg the samples and then centrifugy

at maximum speed in a bernch minicentrifuge for 10 min. The upper aqueous
phase (60@u) was transferred to a new tube and then|d@f ice cold isopropanol
added. The samples were vortexed ataheadd to precipitate for 2 &ti 20eC. The
samples were centrifuged ag@ in a minicentrifuge at maximum speed for 30 min
and the supernatant removed, the pellet washed 7B% ethanol
(Thermofisher)/Diethylpyrocarbonate (DEP®@ater, centrifuged again for 10 min,
the supernatant removeddathe pellet allowed to air dry for 5 min. The pellet was

then resolubilised in 28l of RNAse free water.

To remove contaminating DNA to the @Bsample was addedi 2 DTT, 4 ul 10 x
DNAsel reaction buffer, Rl of RNaseOUT and @l of amplification gade DNAse

| (all from Invitrogen Life Technologies). The samples were incubated for 1 h at 37
eC followed by 10 min at 78C. A phenol/chloroform extract was done by adding

40 ul of phenol/chloroform and vortexing, centrifuging and removing the aqueous
layer as described above. To the samples was then agded BRNAse free 3M
sodium acetate (§maAldrich) and 240ul of ethanol. The samples were once
again precipitated, centrifuged, washed and dried as described above. The dry

pellets were resuspended indloof RNAse free water.
2.2.3.2 cDNA synthesis

One microliter form each sample was removed ardl fiesr cDNA synthesis, this

was combined with 1l RNase free water,l ul 10 mM dNTP mix and 1 pl 10

mM oligo dTi4sVN anchored primer (Life technologies) amdn c ubat ed at 65eC

5 min. Then 4 ul 5 X first strand buffer, 1 pl Superscript lIyl2.1 M DTT and 1

Ol RnaseOUT (Life technologies) were added
h, foll owed by 70eC for 15 mifoomedb& f i nal et
adding 2 pl of pH 5.5, 3 M sodium acetate and 50 pl of ethanol and leaving
overnightat2 0 e C bef ore centrifuging and washing
resuspended in 80 pl of Tris 0.1 mM EDTA and storeeRad e C . One microlit
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from the norreverse transcribed sample was also diluted ipl88f Tris 0.1 mM

EDTA and used as the Rtontrol to check for contaminating DNA.
2.2.3.3 Realtime PCR analysis

Real time PCR was performed on a Corbett Rotorgene 6000 (Qiagestriegy,

Auckland, New Zealandyvith SYBR ExTag Mix containing RNakk (Takar3.

Each 10 pl reaction contained 5 pl Takara SYBR premix Ex Taqg (Takara), 1 pmol

of each primer, 2 ul of cDNAand 2.8 pl of milli Q waterThe thermal cycling
programme included a 3 min incubation at
by 40 cycles of 95eC for 10 sec, and ann:
fluorescence was measured during the last 20 sec of the anneal/expdrasen

The cycles were followed by a melt step
designed to give a product of 2800 base pairs. The melt curve was checked to

ensure only one product was produced and this was also run on an agarose gel to
checktha the expected pduct size was produced. Each real tift@R run

included a no template control and an-Rbntrol. Samples were measured in

triplicate with one measurement being a #fota dilution to ensure measurement

was occurring during the linear gwaof amplification. A relative copy number for

each transcript was calculated using a variation to tH&%nethod (Livak &

Schmittgen, 2001)and normalising this to the geometric mean of three
housekeeping genesGAPDH, CYCLOPHILLIN and HPRT). In the 2P®Ct

calculation the 2 was replaced with the actual reaction efficiency as calculated by

the Corbettsdaf war e awh dv & lhee 60\Cs edf fwacsy d lheed 6w haikceh
the reaction is at 20% of the maximum level, and indicates the end of the noise and

the transition into the exponential phase.
2.2.4 Apoptosisinduction assay

Cells from each cell line werdgted in quadruplicate at 3x16ells/well in Gwell

plates and grown for twdays. Two wells of each cell line were exposed to 90
mJ/cnt 254 nm ultra violet (UV)radiation in a UV Stratalinker 1800 (Agilent
Technologies, Santa Clara, CA). Cellere harested 20 h later usingyple (Life
Technologies), rinsed in PBS and Caspase activity measured using the EnzCheck
Caspas8& Assay Kit #1 as per instructisiiMolecular Probes, Eugene, DR

17



2.2.5 Karyotyping cells for somatic cell nuclear transfer

Transgenic faroblast cel were plated out onto anv@&Ill chamber glass slide
(Nunc) so as to be 780% confluent and in log phase growth at the time of

karyotyping.

On theday of karyotyping the normal growth media was removed and cells rinsed
with PBS and replacedith normal growth medium containing 100 pl of @g/ml
Karyomax Colcemid solution (Life technologies) per 10 ml of media. Cells were
returned to a 37°C humidified incubator and left for two hours.

After incubation the media was removed and caref@placed with 500 pl of 75
mM KCI solution prewarmed to 37°C. The cells were returned to the incubator for

15 min.

Following the incubation 300 pl of fixative made from 75% na@tbl (analytical
grade, Fisher @entific, UK) and 25% acetic acid (Fisheri&mific) pre-cooled to
-20°C was added dropwise to each well. This was left for 12 min at room

temperature.

The fixative was removed and replaced with 500 pl of cold fixative and incubated
at 4°C for 30 min. This was repeated two more times, however iteglar ten
minutes each time. After the last fixative was removed each chamber was blown
into forcefully by mouth to make a cell spread. The plastic chambers were then
removed and the slide was allowed to dry briefly. The slide was then stained with
Giensa stain made up of 3ml Giemsa (Gibco), 1ml of acetone (analytical grade,
Thermofisher, Australia) and 46ml of Gurr buffer (pH 6.8, Gidoo)5 min. The

slide was then rinsed in tapater and a cover slip was positionesing OPX
mountant (BDH. Cells wee viewed at 100on an Olympus BH2 microscope

(Tokoyo,Japan).

2.2.6 Preparation of transgenic Ef5cell lines for somatic cell nuclear

transfer

Donor cells were plated into-well tissue culture dishes (Nunc) at the density of

5x10 cells per well in normal groth medium. The followingday cells were
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washedhree times in PB&nd then the media replaced with normal growth media
containing only 0.5% FCS. Cells were serum starved fordays.

On theday of SCNT, cells were washedith PBS and then treated withyple
Express (Gibco) for 5ni n . Al steps were carried o
milliliter of normal gravth media was added to neutralise thgple and cells
pipetted up and down to break up any cell clumps. Cells were transferred to a 15 ml
centrifuge tubeRalcon, Becton Dickison Labware, Lincoln Park, Nand 5 mis
HEPES buffered tissue culture med@®199; Life Technologies) added,
supplemented with 0.5% FCS. Cells wearentrifuged for 5 min at 100Qy. The
supernatant was removed and replaced with 0.5 ml H199/0.5% FCSI cAwd

was performed and the appropriate amount of H199/0.5% FCS added to give a final
concentration of 1xX0cells/ml. Suspended cells were pipettedo i®0 pl
microdrops on a 60 mmeRi dish (Falcon) and overlayered with warm paraffin oil
(Squibb, Pinceton, NJ). The singleell suspensionf donor cells were then handed

over to the cloning team.
2.2.7 Generation of IVP and SCNTEmbryos

In vitro production and SCN10 generate bovine embryos was done as described
by Thompson et glThompsoret al, 2000)and Wells and colleagudsVells et al,
1999)respectively, except that embryos were cultured individuallfy @ drops

All media used was made by a dedicated media technician and was at accepted

commercial standards.
2.2.7.1 In vitro maturation of oocytes

Briefly, ovaries were collected by ovary collectors from cows slaughtered in local
abattoirs and stored at 35°C itersle saline for up to four hours. Ovaries were
predominantly Jersey, Friesian or Frieslansey cross dairy cow in origin.
Cumulusoocyte complexes were aspirated under negative pressesé (déh Hg)
using an 18jauge needle from follicles of betwees8 3nm insize into aspiration
media at 35eC (AgResearch, Hamilton, New
of HEPESbuffered tissue culture medium 199 (H199; Life Technologies)
suppl emented wi t h 5 QAldriehy Anoh[0.4% e:p 83A n (Si ¢
(ImmunoChemical Poducts [ICP], Auckland, New Zealand). Cumuhscyte
complexes were inspected and only those with at least three layers of compact non
atretic cumulus cells surrounding a homogenous oocyte cytoplasm were selected
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and washed twice in H199 medium + 10% HCEe Technologies) before being

washed once in bicarboné&beffered tissue culture medium 199 + 10% FCS. Ten

compl exes were transferred in 10 ¢l of this
maturation medium (AgResearch) in 5 cm Petri dish&dc6r) overlaid with

pamffin oil (Squibh and incubated for 20 hz at 39e¢eC
incubator. The maturation medium comprised tissue culture medium 199
supplemented with 10% FCS, 10 eg/ ml ovine I
LH (1 CP), liol (SigmaAddrich)e antd 0.1 dM cysteamine (Sigma

Aldrich).

Following maturation, the cumulus cells were removed by vortexing cumulus
oocyte complegsin 0.1% hyaluronidase (from bovine testis; Sighldrich) in
HEPESbuffered synthetic oviduct fluid (H3F; AgResearch) for 3 min; this was
followed by three washes in HSOF + 10% FCS.

Oocytes from the same pool of ovaries were useiuh fgtro production of embryos

as well as hosts for zotfieee somatic cell nuclear transfer.
2.2.7.2 Somatic cell nuclear transfer

The nuclear transfer procedure was carried out by the experienced cloning team at
AgResearch, Ruakura under the supervision of Dr Dave Wells. Oocytes that had
been matured were enuded and then placed in a drop of H199 containing 10
Q@/ml Phytohemagglutin. Individually suspended donor cells were added to the
cytoplastsand then each donor cell pushed together with a cytoplast. The couplets
were then electrically fused, activated and then individually cultured in 5ul drops
under oil in biphasic synthetioviduct fluid medium $OF; AgResearch). This
media was replaced alay5 of culture withwith fresh medium containing X0 M
2,4-dinitrophenol (SigmaAldrich).

2.2.7.3 In vitro fertil isation and culture of controlVP embryos

Frozenthawed spermat@a from the same bull for ailh vitro fertilisation (IVF)
was prepared by defrosting two 0.2 strawsand layering on a Percoll gradient
(45%:90%). Motile spermatozoa were collectégracentrifuging for 20 min at
70x g and washed in HSOF and then resuspended in IVF media (AgResearch) at
a concentration of 1xfOspermatozoa/ml. IVF media consisted ofrdded s
albumin lactate pyruvate medium suppésrted with 0.01 mivheparin,0.2 mM
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penicillamine and 0.1 mhhypotaurine(all from SigmaAldrich). Oocytes were
prepared for IVF by washing twice in HSOF andrtiseispending them in groups

of five in 40 pl of IVF media under paraffin oil. Insemination occurred at
approximately 22 h after the start of IVM with 10 ul of prepared spermatozoa added
to each IVF drop. Twenty four hours following IVF presumed zygotes were treated
with pronase (pronas8. Griseus 0.5% in HSOF supplemented with 1 mg/ml
polyvinyl-alchoho) to remove the zona pellucida and then cultureduanly in 5

ul drops ofbiphasic SOF medium (AgResearcimder paraffin oillVF was taken
asDay0. OnDay5 embryos were transferred to fresh metcontainingl0e M

2,4-dinitrophenol.

2.2.7.4 Grading and transfer/recovery c8CNT and IVP embryos in recipient

COWS

Severdays after single culture of IVF @ONT-generated embryos, groups of grade

1 and 2 early to expanded blastocysts were selected for tragsfesrphological
evaluation(Robertson & Nelson, 1998Jhe number of blastocysts transferred per
recipient was 1BCNT and 5 gradeand stagenatched IVPembryosinto the
ipsilateral uterine horn fozell line two. Forcell line one, 11ISCNT and 10 IVP

were transferred into opposite horns as described. Embryos were prepared for
transfer by washing in EmCare (ICP) and then loading into straws in EmCare.
Recipients consisted of six multiparous faatating dairy cows that had been
tested for their suitabily as optimal recipients by repeated transfer and recovery of
embryos Recipient animals were synchronised using a single -wagnal
progesterone releasing device for 10 tala$gs (CIDR-b; InterAg, Hamilton, NZ).

Four days before the CIDR was removedcipient cattle received 500 pg of
cloprostenol (Estroplan; Parnell Laboratories, Auckland, NZ). Cattle were checked
for oestous three times daily and only those which had displayed cosstr
behaviour (standing heat) and had a palpable corpus lutelensaa as recipients.

Embryos were recovered by neargical flushing at 6 or days posttransfer,
corresponding to a gestational age of 13 oday for BAD transgenic embryos.
Control Lac-Z NT embryos were recovered Bays 14 and 15A catheter was
placed inside one horn and an inflatable cuff used to prevent the catheter sliding

back out of the horn. Approximately 80 ml of EmCare was introduced into the horn
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and then allowed to flow back through the catheter by gravity into a collection bottle
whilst gently massaging the horn. This was repeated four to five times per horn so
that a total of approximately 800 ml was used for each cow. The bottle containing
the flushing was transported to the lab for embryo searching within 20 min of
flushing.Recipien synchroniation, embryo transfer and nsargical flushing was
carried out by AgResearch large animal technician Marty Berg. Animal procedures
were conducted under the approval of the Ruakura Animal Ethics Committee
(R.A.E.C. 11183).

2.2.8 Embryo analyses

The uterineflushing was poured through an embryo cup filter to remove most of
the media and the final 100l searched in 16m petri dishes (Falconfhe embryo

filter was rinsed with flushing media and this also searched. Embryos were
identified by stereonsroscopy, their origin recorded, total length measured using
graduated eyepieces and examined for the presencepibdastepiblast. Embryos
were then cut to remove two portions tafphoblasthypoblast tissue for use in
genotyping and gene expressioralyses. The remaining piece of the embryo was
fixed in 4% parafanaldehyde (BDH) /PBS for 4dnd then dehydrated in methanol
stages (25%, 50%, 75% and 100% methanol) before storage in 100% methanol at
20eC. For the identification of transgenic embryas,embryo fragment was PER
genotyped, after a 2 h digestion at 55U0C
K buffer (Donnisonet al,, 2005) using primersCAGBAD (Table2.)and0 25 ¢ |
of centrifuged (16000g, 10 min) lysate.

2.2.8.1 Total RNA isolation DNase treatmentReverse Transcription and Real

time PCR analysis on cloned embryos

RNA isolation, spike addition, reverse transcription, teak PCR and
guantification procedures were performed based on those described byaBehith
colleguegSmithetal., 2007) Briefly; individual embryo fragments were dissalve
by vortexing in Trizol (Life echnologies). To this was added 800 ng MS2 RNA
(Roche). A chloroform exact was performedith 20 ul of chloroform (analytical
grade, Themofishe) and then aequal volume of isopropanol (67 pl; Thermofisher)
and 10 ug of linear acryhaide (Ambiorn) was added. Samples were votexed well
to mix and t hen cegfar 30imin.uSgnepkes werte waklgee€Cin 1 6 0 0 0
150 pl of 70% ethanol and air dried for 3 minll€s were resuspended 8 pl of
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DEPCtreated water. A DNase reaction was performed by adding 1 pl-fRé6A
DNasel (Life technolog® and 1 pul DNase buffer (Lifeechnologies). This was

i ncubated for 60 min at 37 e Qethefermyme.owe d
An ethanol precipitation was then done by adding 1.5 pul 3 M sodium acetate (pH
5.5) and 45 pul of 100% ethanol (Thermofisher) and leaving sample? @te C
overnight. Samples were then centrifuged as above and the pellet washed in 70%
ethanoland air dried. Samples were resuspended in 13 pyl DEPC water, 1 pl was
remowed to act as the RTontrol.

The isolated total RNA samples were then immediately reverse transcribed. To the
12 pl total RNA sample was added 1 pl 20 mM dNTP mix and 1 pl 10 rindd o

dT14VN anchored primer (Life Technologieshifwas ncubat ed at 65eC

Then 4 ul 5 X first strand buffer, 1 pl Supergtrill and 1 pyl RnaseOUT (Life
Technol ogies) were added and sampl es i

for 15 min. A final ethanol precipitation was performed by adding 2 pl of 3 M

sodium acetate and 40 pl of ethanol and leaving overnighR &t e C bef or e

centrifuging and washing as above. The samples were resuspended in 80 pl of Tris
0.1 mM EDTA and storeda? 0 ¢ C
Real time PCR analysis was performed as detailed in s&2dh3

2.2.8.2 Statistical analysis

The significance of the differences in embryo culture, number of embryos retrieved
and embryos retrieved that contain an epiblast or not was calculated for each line
of BAD expressing embryos and the correspondingrasferred IVP controls

usi ng Fi sher 0s.2-24x Additionatlyelaistic fegfesdioh analyse3
using modeling of binomial distributions were used to examine the significance of
the propotion of embryos with epiblast, using GenStat statistical software (VSN
International, Oxford, UK). The natural logarithm of embryo length ABCL2
expression were anald for age, and genotype (BAitansgenic versus IVP)
effects using REML in GenStat,epfying transfer batch as a random effect to take

account of the structure of the experiment.
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Table 2.1: PCR primers

Gene Forward Reverse Amplicon
size (bp)
ASCL2 CTCGACTTCTCCAGCTGGTTA  AGTGGAAGGTCTCTGCGGACA 275
BAD? TTATGCAAAACGAGGCTCGG GGGTTAATCTOGGCTCGCAA 201
CAG-BADP GTGCTCGAGCATGTTCCAGATC  ACACCGGCCTTATTCCAAGC 560
CCAGA
Fibronectin GTGGGATCGTCAGGGAGAGAA  GGTCTGCGGCAGTTGTCACA 219
GATA4 AGCAGTGAGGAGATGCGCCCCA GGCCTGTGGTGACTGGCTGACA 192
TCAA GAA
Housekeepers
Cyclophilin GCATACAGGTCCTGGCATCT TCTCCTGGGCTACAGAAGGA 354
GAPDH CTCCCAACGTGTCTGTTGTG TGAGCTTGACAAAGTGGTCG 222
HPRT GCCGACCTGTTGGATTACAT ACACTTCGAGGGGTCCTTTT 290
aThese primers | i eBADMs thifiregioB was nbffcRned iDCAGBAL, | e

they amplify only the endogeno&a\D.
b Ectopic BAD expression as well as genotyping were performed with these primers (75 bp
amplimer) which I|ie

n the 36UTR of

the pCAG

2.2.8.3 Embedding and sectioning of embryos for histological analysis

Selected embryos were histologically sectioftecnalysis of the hypoblast tissue.

Embryo fragments stored in methanol were embedded in agarose and then in

vector .

rehydrated to PBS in stages. Embryos were then embedded in 4% agarose (Fisher

Biotech, WembleyAustralia) and cut into trapezoghapes for origation. The

embryo blocks were then manually dehydrated through a 25%, 50%080d 7

ethanol series for 10 mirach before processing to histowgHfistoplast PE,

Thermofishe)y in a Leica TP1050 tissue processor. The processor steps were as

follows and wereall for 1 ha't

40eC

temperature and

specified: twice 70% ethanol at room temperaturgice 95% ethanol, thrice

absolute ethanol, once each 50% ethanol/50% xylene 80 min, xylene 45 min, xylene

45 min under vacuum, thrice in histowdxo r 80 min

at

60eC

wax-infiltrated agarose blocks were embedded into paraffin blocks using a

Thermolyne HisteCenter 1IN and sectioned at 7 um using a Reichert Jung

microtome 2050 Supercut. Sections were mounted on polylysine coated sl

(Labserv, Auckland, NZ) or staed with Haematoxylin and Eodbefore mounting.

2.3 Results

2.3.1 Generation of pCAG-BADiPuro

In order to generate bovine embryos eggpressing the weak apoptotic factor

BAD, a DNA construct containing the boviiBAD DNA coding sequenceavas
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produced. Cattl8AD was isolated by PCR frolay 20 periimplantation embryo
cDNA and was inserted dowstream of the chimeric CMV/Chiek-actin/Rabbi
b-globin enhancepromoterintron module (CAG) which has been previously
shown to be strongly ubiquitously expressed in cattleipptantation embrys
(Berget al, 2011) Primers were designed to amplify the enBAD coding DNA
sequencewith Xholsequences flanking either end to enable insertion ixtiocd
site 506 to the | RE®CAGIPUROplagsmid. doinbdBADs et t e o
to an IRESpuramycin selection cassette would mean the entire CDS would be
transcribed as one polycistronic RNA and would drive selection of cell lines
expressing high levels &AD under antibiotic selection. The generated plasmid
was sequenced using primers that redaol the inserted DNA from both directions.
Sequences obtained were blasted http{//blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE_TYPE=BlastSearch&PROG DEF=blastn&BLAST PROG DE
F=megaBlast&BLAST_ SPEC=blast29eagainst the expected plasmid sequence

(clone chart crated using vector NTIFigure 2.1). The first plasmid sequenced
showed three single nucleotide polymorphisms (SNPs) ilB&ie2 DNA coding
sequencewhen compared to the reference NCBI sequence, NM_001035459.
Because one of these would result in an amimb@tange it was decided to discard
this clone and try another one. Surprisingly the second clone had identical SNPs.
The PCR reaction was repeated and nesnes$ generated. On repeatitige
sequencinghte exact same SNPs were preserg. s concluded thaéhe SNPs

were not artefacts produced during the PCR reaction or in propagating thedplasmi
These are | abell ed as 6con fFigurekd.dThemut ati o
positions of these SNPs relative to the ATG site are 48, 341 and 417. The Rrst SN
would give an amino acid change of arginine to prolimeirfa acid position 16),

the second was a silent mutation and the third a glutamic acid for a glutamine
(aminoacid position 139). On further searching of the NCBI database, it was found
the sequeres geneitgd as a result of this work weigkentical to another mRNA
sequence for BAD available: predictBds tauruBCL2-associated agonist of cell
death (BAD), transcript variant X1. Thus it was concluded that this transcript

variant is of higher abundae.
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Figure 2.1: Clone chart for pCAG-BADIPuro. Features shown on the chart are

the position of the CMV/Chick-actin/Rabbitb-globin enhancepromoterintron

module and the positioof the BAD CDS followed by alRES ribosomal internal

entry point andhien a puromycin resistance cassette. The actual BAD sequence

showed three mutations in comparison to the NGQBference sequence

NM_ 001035459t hese are | abelled here as O6conser Ve

2.3.2 PCR screening of EFSpCAG-BADiPuro cell lines and

measurement ® BAD expression and apoptosis resistance

Sewento tendays following lipofectamine transfection and puromycin antibiotic
selection of bovine EF5 cells all the sham transfected cells had died and
approximately 100 colonies could be viewed and picked fpamsion. During
expansion of the cell lines, an aliquot of cells were removed and genomic DNA
extracted to use in a PCR reaction to screen for cells containing the target DNA
insert. The primer pair used for PCR screening amplified the region of DNA from
the beginning of th&AD insert until just before the internal ribosome entry site
(IRES;Figure2.1), so only colonies containi@AD as part of the transgene would

be positive. An example agarose gel showing positive PCR reactions for a number
of coloniesis shown inFigure 2.2A, wherethe insert was expected to be 750bp.
As expected all cell lines were positive for the transgB@D. This is becauseni

the construcBAD s linked via an IRES to the puromycin resistance cassette so that
BAD-IRESPuromycn would be transcribed as one polycistronic RNA under
control of the CAG promoteznhancer.
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Transgenic BAD cell lines were then analysed using real time PCR for actual
expression levels @AD andthis was compared to endogeniyusxpressedBAD.

Two lines expressingBAD normalised toGAPDH at a 106fold excess of
endogenous levels were chosEig(re 2.2B). GAPDH was chosen as the gene to
normalise against because it is robustly expressed by EF5 cellimder a variety

of treatmentsand in a variety fransgenic EF5 cell lineg has been found to have
stable, reliable expression (Dr Craig Smith, personal communication).

To determine whether the elevated level8AD resulted in increased sensitivity

of these cells to apoptosis, the chosen tedl lines were sbjected to UV
irradiatiorinduced damage which is expected to lead to cell death via the intrinsic
pathway(Youle & Strasser, 2008)he initiation of apoptosis is cleterized by

the activation of @spases 3 and(Youle & Strasser, 20087\ two-fold activation

in Caspases 3 a@n7 was observed within 20df irradiating wild type EF5 cells
(Figure 2.2C). In contrastBAD overexpressing EF5 lines 1 and 2 showed a ten
and fivefold increase in cell death, indiive of a proapoptotic sens#tson Figure
2.2C).
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Figure 2.2: BAD over-expression and increased sensitivity to apoptosis in cattle
transgenic EF5 pCAGBADIPuro cell lines. A. An example 1% agarose gel
showing the result of PCR screening E5AG-BADIPuro cell lines, the expected
band size was 750bp, a DNA ladder with base pair sizes is shown in the right hand
column.B. Realtime RT-PCR measurements of endogenous (black) and pCAG
BAD-derived transgenic BAD (white) levels in two stably transfectedec&tfS

cell lines. Expession levels have been normatisoGAPDH C. Apoptosis assay
measuring the activation of the cell death effector Caspase 3 after irradiation with
UV light. The ratio of irradiated to neinradiated cells is shown. Con refers to
control EF5 cells, 1 and 2 to the two lines of pCAAD-transgenic cells used
throughait, error bars are SEM

2.3.3 Karyotyping cell lines to be used in somatic cell nuclear transfer

In order to ensure cell lines to be usedS@NT carried no gross genetic defect

which could interfere with embryonic developmecell lines were karyotyped.
Chromosome spreads were inspected to ensure a normal number of chromosomes
were present. Cattle have 29 pairs of acrocentric autosomes and 1 pair of sex
chromosomes which areatacentric.

Figure 2.3A and B show example chromosome spreads showing a normal

karyotype from théemalecell lines used in SCNT.

A B ¥
it
~ -
- N v’
s * - . - V4 "‘o
A T H ol
A \"’,o : &e" 7 :c
e
v BT e v
’ ’ e
L » o‘\"‘.‘ " 7?0":! »
“0'.0. § N Igy 7“".
A ¢
;I - ‘r
), 5%

Figure 2.3: Example chromosome spreads to ensure no gross genetic defects
were present in cell lines used for SET. Each spread shows a normal karyotype

of 60 chromosomes including the XX sex chromosomes, depicted by the red arrows
in B.
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2.3.4 Exogenous expression of transgeniBAD in somatic cell nuclear

transfer embryos

TransgenidBAD EF5 cell lines were used to gemate bovine embryos §CNT
and the ectopic levels dAD measured. Wild type IVP control embryos and
transgeni@AD embryosonDay 7 expressed similar low levels of endogenBAD
RNA (Figure 2.4A). However transgeniBAD expression in SCNT embryos was
abundant and at similar levels to the geomean of the ttinesekeepers used for

normalistion of samples.

Grade 1 and 2 transgenic and wild type IVP embryos were thearsferred into
recipient cows and recoveredzays 13 and 14 post fertilisatioMeasurement of
ectopicBAD expression showed it was still elevated in comparison to endogenous
expression however it was now-20% of the housekeeper geomekig(re 2.4

B).

A Day 7 B Days 13-14
Line1
% 1.2 JERY % {
@n 0.8 @} 0.2
ﬁ 04 Con1 a 0.1
% En &c En eC &n geg &N jeqg % en ec ENn JEg en &C &n 8
0.0Lm . mfl o 00l = &
VP IVP Tg Tg Con1 Line1 Con2 Line2

Figure 2.4. pCAG-BAD transgenic cattle embryos express robust levels of
BAD well in excess of endogenous BAD expressioh. Quantitative reatime
RT-PCR measurements of two pools (n=8 embryof)ayf7 IVP andSCNT (line

1) embryos transgenic for BAD. White bars represent endogenous (en) BAD,
whereas grey bars represent ectogg BAD mRNA levels; both normalex
against the geomean expression (geo expr) of the three housekeé&bps],
Cyclophlin and HPRT (GAPDH and Cyclophilin levels are generally twice as
abundant as the geomean, whet¢BRTlevels are one fifth). Stars negsent non
detectable levels; errdwars are SEM, Tg; transgenig. BAD transcript levels for
both lines of BAD transgeniDay 13 to 14 embryos and their-t@nsferred wild
type controls. Number of embryos as per Tahe
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2.3.5 The impact of BAD over-expression onin vitro and subsequentn

vivo development of bovine blastocysts tday 14

Development was analysed duriimgvitro cultureuntil the blastocyst stage Bay

7 of control IVP and transgenBAD embryos. Control IVP embryos amAD-
transgenic (tgembryos createdy SCNTwith either line 1 or 2 were grown in
single culture. In spite of the stringent culture conditions, development was not
worse in both lines dAD-tg embryos compared to IVP embs(Table 2.2. More
specifically, development to &ast compact morula stages was nearly twice as
high in the transgenic embryos, whereas development from compact morula to
transferable grade embryos was slightly, but not significantly, loweBAD

overexpressing embryo$gble 2.2.

Table 2.2: In vitro development to Day 7 o zonafree nuclear transfer
transgenic and singularl cultured control IVP embryos.

Eggs 2- Earlydev P°© Late dev P°
Cell (%)? (%) °
pCAG-BAD (line 1) | 158 154 121 5.0E13 48 0.25
(79%) (40%)
PCAG-BAD (line 2)¢ | 157 151 106 3.5E08 45 0.45
(70%) (42%)
VP d 210 184 73 36
(40%) (49%)

a Number and percentage of cleaved embryos developing to at least morulalstalygsber of

Grade 1 or 2 blastocysts and as a percentage of those embryos having developed to at least morula

stagest Si gni ficance of difference between tg |ines and
Exact test;d These embryos were grown concurrently.

Following recovery of transgeniBAD embryos and their etvansferred IVP
controls it could be seemadt the proportion oBAD embryos recovered had not
been reduced by ectopic BAD expressidalle 2.3. Once recipient effect had
been taken into account no significant difference in length between transgenic and

wild type cotransferred embryos was fou(figure 2.5.
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Table 2.3: No difference in the proportions of BAD over-expressing and IVP
co-transferred embryos recovered orDay 13/14.

Embryos Embryos P?
transferred retrieved (% )
pCAG-BAD (line 1) 33 18 (54%) 0.37
IVP cotransferred 30 12 (40%)
pCAG-BAD (line 2) 30 14 (47%) 0.92
IVP co-transferred 15 8 (53%)
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Figure 2.5: BAD-overexpressingDay 13 and 14 embryos do not differ from
control embryos in terms of length. Box and whisker plots depicting median,
quartile and 95% values thiindividual values overlaid for pPCABAD (grey) and
IVP (white) embryos. Distribution of natural logaritt{m) of embryo length in mm
is shown for the twandividual lines and embryoni®ay 13 and 14. REML
statistical analysis (including recipient effedor the analysis of length) indicated
no significant differences.

2.3.5.1 The effect of BAD ovesexpression on epiblast development

Recovered embryos were also scored for the presence ayfilalastepiblast. A
guarter of IVP control embryos had no disc, hoarel2% of line BBAD embryos
and all of line 2 embryos had epiblast This was aighly significant result with
P=0.029 and 0.00075 for lines 1 and 2 respectivépble 2.4). Examples of a
concurrently generated IVP contraibryo and a BAD line 2 emhwyecovered
are shown irFigure 2.6 Theepiblastin the IVP control embryo is clearly visible,
whilst theBAD embryo has nepiblast
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Table 2.4: Significantly fewer BAD overexpressing embryos retrieved oays
13/14 contain an epiblast compared to etransferred IVP controls or pCAG
Lac-Z transgenic embryos.

Embryos  Embryos with P?
retrieved Epiblasts (%)
pCAG-BAD (line 1) 18 5 (28%) 0.029
IVP co-transferred 12 9 (75%)
pCAG-BAD (line 2) 14 0 (0%) 0.00075
IVP cotransferred 8 6 (75%)
pCAG-LacZ 12 9 (75%)
aUsing Fisherés Exact Test. A gener al |l inear mixed

genotype as variables resulted in significant difference for genotype (BAD vs IVP) of P = 0.017

A IVP B BAD-tg

Figure 2.6: Morphology of BAD-transgenic embyos. A. Day 14 IVP embryo
with clearly visibleepiblast B. Day14 embryo from BARtransgenic line 2 without
a disc and slightly darkened appearance. Bars represent 0.1 mm.

To ensure the absence of an epiblast was not spexific effect of the SCNT
procedure or the€CAG promoter/enhancer being differentially expressed in the
different cell lines of the early embryo, a separate SCNT run was carried out by the
cloning team using a previously generated EF5 cell line containing the GAGe
parent expreson plasmid witH_acZin the place oBAD (construct and cell lines
generated by Drs. Craig Smith and Debbie Berg). The proportioacZfembryos
containing an epiblast was identical to the proportion of IVP control epiblasts from
the BAD experimentsIigble 2.9.

One pCAGLacZ embryo was stained for L@ expression and subsequentially

sectioned Kigure 2.7, work carried out by Dr Debbie Bergt can be seen from
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sections of this embryo that L&cstaining was similar throughout the different
tissues othe embryo, showing tHeAGpromoterenhancer is not expected to cause
higher expression levels in the epiblast.

mesoderm

hypoblast

Figure 2.7: Ubiquitous expression of LaeZ reporter gene under the control @
a CAG promoter-enhancer in aDay 15 embrya Merged sectionsfa CAG
LacZ transgenic embryo stained feGalactosidase. Bar represents 0.1mm.

2.3.5.2 The effect of BAD oveexpression on thérophoblastof Day 13 and 14
embryos

Recovered transgenic embryos were generally darker in comparison to their wild
type counterpartdgure 2.6, although overall length wtin is greatly made up of
trophoblastand underlying hypoblast was not significantly differéfiggre 2.5.
Embryos were examinddr differencesm trophoblasigene expression.nE gene
ASCI2(homologue tdVlash? was chosen for this analysis as it is $ieadly and

most abundantly expresseddovinetrophoblastissue aDays 1314 (Smithet al,

2010) ASCL2normalised to the housekeeper geomean showed no significant
difference between transgenic BAD embryos and theitramwsferred controls
(Figure 28). A higher level ofASCL2expression in embryos from BAD line 2 was

also seen in the IVP controls indicating a recipient effect.
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Figure 2.8: Trophoblast marker expression Box and whisker plots depicting
median, quartile and 95% valsl with individual values overlaid f@CAG
BAD(grey) and IVP (white) embryos. Distribution of le@f the TE
markerASCL2 normali®d against three housekeepers, are shown for the two
individual lines and embryonibay 13 and 14. REML statistical analgsndicated

no significant differences.

2.3.5.3 The effect of BAD eer-expression on hypoblast dbay 13 and 14

embryos

The hypoblast and the epiblast aerided from the ICM from abouDay 8 of
development. Givethe dramatic influence of ov@xpressind3AD on the epiblast

the expression of two hypoblast marker genes were investigated. Work by Dr Peter
Pfeffer and Dr Craig Smith identified two gen€:\TA4andFibronectinthat were

more abundantly expressed in the hypoblast and so would be suitable ftudiis s
Expression levels ofGATA4, Fibronectin and ASCL2 were measured, and
compared between embryos with or without eiblast There was a highly
significant difference in expression of the hypoblast markers but no difference for

thetrophoblasmarker Figure 2.9.
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Figure 2.9: Expression of the hypoblast markersGATA4 and Fibronectin are
significantly reduced in embryos devoid of an epiblastMean reatime PCR
measurements of the hypoblast marké&TA4 and Fibronectin (FN) and the
trophoblast markeASCL2(normalised to the housekeeper geomeaGAPDH,
Cyclophillin and HPRT) in embryos containing an epiblast (black bar) and those
without an epiblast (empty bar). FBATA4andFibronectinP<0.01 (ttest). Error
bars repeset SEM.

To see whether the reduction in hypoblast marker expression is 8ddtover
expression, embryos were divided into transgenic anetnaosgenic groups for
each donor cell line used, then the normalised expressiGA®A4, Fibronectin
andASCL2for each embryo waglottedand clusterednto presence or absence of
epiblast Figure 2.10A). This analysis showed impaired hypoblast marker
expression was strongly associated vidtkD overexpression. For exampl29%

of CAGBAD line 1 embryos and 78%f CAGBAD line 2 embryos had reduced
GATA4expression compared to 0% of the control embryos for line 1 and 12.5% of
the control embryos for line 2. The impaired hypoblast expression, particularly of
GATA4 was even seen in transgenic BAD embryos thataindain an epiblast; one
third of control line 1 embryos containing an epiblast had impaired expression
compared to 0% of control line 1 embryos. As expedieel trophoblast marker
ASCL2showed no difference in expression showing this is a hypoblasfispec

effect.
Had the hypoblast also been lostBAD overexpressing embryos without an

epiblast? Selected embryos were embedded in paraffin wax and sectioned. In all

cases hypoblast cells were still present lining the inside dfdpaoblastFigure
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2.10 B-D). Taken together these results indicB#®&D overexpression leadt

changes in hypoblast gene expres$&ionnot loss of this tissue Bay 14.
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Figure 2.10: BAD over-expression impairs hypoblast marker gene expression

but does not result in loss of this tissuéA GATA4 Fibronectin (FN)andASCL2
normalised mMRNA levels (log expression for each gene relative to maximum
expression value) in trophoblastfioplast fragments &AG-BAD-overexpressing

and control embryos, clustered into epiblesihtaining and epibladess groups,

with number of embryos per group shown in brackets. Coloured markers represent
the three sectioned embryos depicted in pandds(Boloured correspondinglyiB.
Cross section of CA@GAD line 1 embryo containing an epiblast but severely
reduced/noGATA4 expression.C. Cross section oCAGBAD line 1 embryo
without an epiblast, severely reduc8&TA4and lower than averadgbronectin
expressionD. Cross section of CABAD line 1 embryo devoid of an epiblast but
with normalGATA4andFibronectinexpression. Bars are 0.1 mm.
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2.4 Discussion

In order to test the hypothedisat different early embryonic lineages are more
susceptible to dmoptimal level of survival signbhg bovine embryos over

expressing BAD were produced.

The preapoptotic BCI2 family member BAD is a key mediator of extracellular
survival signding, by becoming phosphorylated by AKT in response to trophic
factors, orconversely by becoming dephosphorylated when growth factors are
withdrawn (Datta et al, 2002; Danial, 2008) In doing so BAD serves as a
6mol ecul ar sentineld moderating a cell 6s
or lowering the mitochondrialhteshold to apoptosi@atta et al, 2002) For
example an increased level of gghosphorylated BAD due to an inability to
become phosphorylated (because of introduced mutations) increasessa cell
sensitivity to apoptotic stresa vivo andin vitro (Datta et al, 2002) By over
expressingBAD in cattle embryos it was expected this would also increase the
levels of dephosphorylated BAD tipping an embryonic tissue more towards
apoptosis and therefore increasing its reliability on extraeelkurvival sigals

This would allow an analysis into which of the different early lineages are more
sensitive to trophic factor sigiiag and can be expected to contribute greater to

early embryonic loss.

Three SNPs were found in tlBAD CDS amplified from d@ay 20 attle embryo

used to make a transgenic vector expresBiAD in comparison to the reference
sequence. Further analysis showed two of these to cause an amino acid change in
the peptide sequence. In spite of thisictional data from EF5 cell lines expriegs

this transgeni@AD CDS showed they had an increased sensitivity to apoptosis
after irradiation stress by UV light, indicating the BAD isoform being over

expressed was acting in a ggpoptotic manner.

Early development of somatic cell nuclear trenBAD embiyos to the tight morula
stage onDay 5 was significantly better compared to the IVP control embryos
produced concurrently from the same pool of ovefieble 2.2. Comparing these
results to other nuclear transfer experiments performed irathe kboratory with

serum starved, nemansgenic cell linesievealed thatlevelopment to the tight
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morula stagewas not significantly differen{52%, 59%, 38%, 46%, 68%,
unpublished data provided by AgResearch cloning tedig increased early
developnent of BAD embryos in relation to the IVP control embryos is therefore
likely to be a norspecific nuclear transfer effect. The early-prplantation bovie
embryo up until the 18ell (Day5) stage is refractory to prapoptotic signals due
to high levek of antiapoptotic BCI2 and low levels of mitochondrial pore forming
BAX (Hansen & Fear, 2011This could explain whgverexpression oBAD did

not have a negativeffect on the numbeaf embryos forming a morula lyay 5.

Development tdDay 7 grade land 2 blastocyst was not significantly different
compared to the IVP controls, indicatiB4\D overexpression did not show a pro
apoptotic effect at this stage. réa possiblereasos for the apparent tolerancé
bovine IVP embryos up untibay 7 to highlevels ofBAD expression are
1. Apoptosismay not play a major role in cell death during early development.
Transcript profiling in bovine premplantation embryos of genes involved
in apoptosis such as caspase 3, 9 andr8 wery low at stages prior ay
7 indicating apoptosis is not the major pathway of cell death at these stages
(Leidenfrostet al, 2011) BADIs also unlikely to be normally expressed in
early embryosBAD expression was very low until thel® cell stage in
bovine IVP embryodyeforeexpression increased-féld, although this was
not accompanied by an increase BAD protein le(fedar & Hansen, 2011)
In mousein vivo preiimplantation embryos at zygote;c2ll, 8cell and
blastocyststagesno BAD mRNA could be detecte(Exley et al, 1999)
These results suggest that at least at etatyes of development (up until
Day5 in the bovine) apoptosis does not appear to be the dominant cell death
pathway angin particular BADis not normally expressed. This could mean
the early embryosiunable to respond to BAD levels.

2. The canonical signalling pathway activated by survival ligands (PI3K
pathway) is known to be active and essential for early embryonic survival
(O'Neill, 2008; O'Neillet al,, 2012) This pathway is best known act in

two ways in early mousembryos:

i. By causing an influx of calcium/release of calcium stores leading to

activation of the CREB transcription factor, this in turn can cause
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transcription of a number of genes including-ptovival Bcl-2 and
Fos

ii. By phosphoriation of AKT leading to amongst other things
phosphorylation of BAD and degradation of P53. This in turn would
cause a reduction of P53 regulated expression eapoptoticBAX
(O'Neill et al, 2012) Thus the increase®CL2 and BAD
phosphorylation as a@esult of the PI3K survival pathway may
counteract any ovezxpression oBAD so that no discernible effect

on early pramplantation development is seen.

3. Thirdly, althoughBAD mRNA has been shown be abundantly expressed
in Day 7 transgenic blastocystise level of BAD protein may not be ave
expressed to the same extent. This has lbdesaribedelsewhere by the
failure of BAD protein levels to be increased despite an increase in
endogenoudBBAD in nontransgenic IVP embryos &ays 816 (Fear &
Hansen, @11)

The ubiquitous oveexpression ofBAD at later stages dichowever have a
selective effect on development of the different embryonic lieeagDays 13 and

14. No overall effect of CAG driveBAD overexpression was seem oecovery
rates of embrgs onDays 13 and 14their length in comparison to IVP coals, or
expression of the trophoblast marke&3CL2.Taken together these results show the
trophoblasis most resistant tBAD overexpression and can tolerate a lower level
of pro-survival signding. In contrastthere was a dramatic effect on the number of
transgenic embryos containing an epiblast and also on expression levels of
hypoblast markers. Hypoblast mark&#&TA4 and Fibronectinwere reduced in
BAD transgenic embryos. From mouse ddaTA4is essential for hypoblast
differentiationfrom the ICMand for specification of dowstream transcriptional
targets such asINF4, which in turn is essential for late hypoblast development
(Morrisey et al, 1998) Therefore a reduction iGATA4 expression mayhave
severe consequences for the hypoblast linedgavever, in porcinday 5 IVP
blastocystsSATA4was not detectehdicating unlike the mouse, it does not play
arole in the segregation of the hypoblast from the ICM in this sp@aigk etal.,
2008) In cattle embryos dbays 13 and 145ATA4was expressed. The expression

of GATA4 was on average #old less in embryos devoid of a disc. When
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individual BAD embryos were analysed for a morphological effect on hypoblast
development, even thosgich showed very large reductionsGATA4expression

(up to 1006fold) still contained a hypoblast. This suggests that in a similar manner
to the pig, GATA4 may not play an essential role in hypoblast differentiation in
cattle. Fibronectin is an extracellar matrix protein that is essential for normal
embryonic developmer{Georgeet al, 1993) Fibronectin has been shown to be
important for mediating signalling from the hypoblast to the overlying epiblast for
the formation of mesoderniChenget al, 2013. Therefore a reduction in
Fibronectin expression islikely to have negative impacts on subsequent

development of the embryo.

BAD overexpression often led to complete demise of the epiblast whilst the
hypoblast was able to survive, showing a gradationsurvival signalling
dependence of epiblast > hypoblast >trophoblast.

The observation that the epiblast and its ICM precursor is particularly vulnerable to
stress and dependent on survival signals ampmarison to the trophoblast
supported by severhhes of evidence:

1. Anincreased level of stress mediated by culture of mousenmlantation
embryos increased TP53 accumulation and subsequently reduced
proliferative ability of the ICM, but not th#ophoblastGanesharet al,

2010)

2. Levels of cell dath were higher in the ICM af vivoandin vitro produced
bovine blastocysts comparedttophoblas{16-17% vs 35%; (Leidenfrost
et al, 2011)

3. Recovery of cattldVP embryos from recipient animals one week post
transfer shows between®0%have lostheirepiblastFischerBrownet al,

2004; Berget al, 2010)
4. Attempts to culure bovine blastocysts beyoBay 7 resulsin preferential
loss/ cell death of the epibladrandaoet al, 2004; Alexopoulost al,
2005)
Why is the epiblast more sensitit@a reduction in trophic survival signalling? It
may be because of the physical architecture of the embryo; the emhiasered
by the trophoblast n 't i | the demi se oDayRandbherritbs | ayer
is exposed to the uterine environmenhisT physical barrier could prevent the
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diffusion of maternally derived trophic factors, thus making the epiblast more
sensitive to insults. However the hypoblast is also shielded by the trophoblast from
the uterine environmenind yet survives at least uinDay 14. Alternatively the

cells of the epiblast may have a differential cell response to survival signalling. The
in vitro model forepiblast cells are epiblast stem cells (EpiS€)he mouse hese

are ell lines derived from thepiblast, as oppodeo embryonic stem (ESells

which are derived from the ICM of the blastocyst. The cell culture conditions are
very specific for deriving and maintaining EpiSCs, they must be grown on a feeder
cell layer or a fibronectin matrix and also must bepdied with the growth factors
FGF2 and activin(Nichols & Smith, 2011) The difficulty in deriving and
maintaining EpiSCs demonstrates their increased intolerance to stresses in
comparison to the othestem cell lines such as trophoblast s{@i8) cells which

can tolerate higher levels of manipulation.

The epiblast gives rise to the embryo proper and a higher susceptibility to stress and
environmental signalling may be an evolutionary strategy to remove suboptimal
cells during development of the foetus. If tetls is nofviable it would beless
costlyto the motheif the embryo is lost at earlier stages.

These results can help explain the cause afsol | ed fAphantom pregn
phantom pregnancy is when a pregnancy is maintained due to secretion of
preghancy maintenance signals by tr@phoblastdelaying a return to oestrs yet

the epiblast/foetus has died. The incidence of phantom pregnancies is estimated to
be between 12 and 22% in dairy coy@avalieri, 2003) This is commercially
significant becase reproductive performance is lower for up to 18 weeks following
breeding. These cows will therefore likely miss the chance to rebreed within the

seasonabreeding timeframe.

These results also indicate that in order to decrease the incidence efi@ayignic
loss after the blastocystageresearch needs to concentrate on development of the
epiblast and in identifying and optimising the levels of trophic factors required. The
transgenic model developed here may be of use in identifying such tfagiuics.
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Chapter 3

Bovi nnemplrantation devel

The findings of this chapter have been published in the journal article:
vanLeeuwen J, Berg DK, Pfeffer PL (201 8/orphological and Gene Expression
Changes in Cattle Embryos from Hatched Blastotty&arly Gastrulation Stages
after Transfer of In Vitro Produced Embryos

PLoS One. 2015 Jun 15;10(6):e0129787. doi: 10.1371/journal.pone.0129787
(Appendix 2)

3.1 Introduction

3.1.1 The importance of studieson ungulate development

A large majority of what is cuently known about early mammalian development
derives from the mouse embryo. Mice display several specialised traits not seen in
other mammals such as a cup shaped epiffastfman, 1995)the maintenance

and rapid expansion of the potamphoblas{Copp& Clarke, 1988) earlyepiblast
cavitation leading tearly allantois formation and implantati@Hopf et al, 2011)

and early irreversible tropiblastdetermination resulting in the formation of a
complex set of cell types specialised for invagisSimmams & Cross, 2005; Berg

et al, 2011) This highly adapted system of embryonic development along with a
small body size, rapid reproduction and a large number of offspring is not shared
by most eutherian mammals from primates, including humans, to agratultu
species and even some other species of rod8tesn, 2004) In light of these
differences, studies are beginning to be conducted into the morphology and gene
expression patterns of other mammalian embryos such as r@thkiwiak et al,
2004b)anddomesticated ungulates (hoofed animals) suscpigs, cattle and sheep.

All of these mammalian speciesi s pl ay t he ¢ nepibestatdy pi cal 0
delayed allantoic developmeiMaddoxHyttel et al, 2003; Guillomott al, 2004;

Stern, 2004; Degrelletal., 2005; Vejlsteckt al, 2005; Blomberg Let al, 2006;
Blomberget al, 2008; Hassouat al, 2009)

This work is important to aid in elucidating the key conserved mechanisms in early

developmenand distinguisithem from the specific pathways udeyl individual
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species. In the case of domestic production anintaks work is further justified

because of thebvious economic importancé these animal species.

Study into ungulate development may afiow the teasing out of ext@mbryonic
versusembryonic contributions to the overall growth and development of the
embryodue to the difference in timing between gastrulation and implantation. This

IS because in the mouse these two processes occur in a short space of time, with
rapid implantation presding gastrulation by just twaays. Howeverin ungulates
implantation is a siw gradual process taking up to a week (in cattle) following the
initiation of gastrulation(Hue et al, 2001) The increased developmental time
frame for ungulate developmefg.g. 9 months in cattle) may also aid in isolation

and identification of developmentatages that because of the mampid

developmenin mice(3 weeks) can be missed.

In particular astudy into the regulatory meatmams of cattlembryo development
(days 1114 after fertilisatiohprior to gastrulationas a representative of ungulates
is justified in New Zealandjiven the ecommic importance of this and other
domestic ungulatspecies In 2012 New Zealand dairy exports accounted for 26%
of total expots or 11.4 billion dollars (source: Statistics New Zealand). Herd
maintenance and lactation is reliant on efficient reproduction, yet d4p%o of
gestational losses occur befdday 16 afterconception(Diskin et al, 2006) A
basic understanding into d"wpmental mechanisms could also help with
identifying key steps in early development gmdblems which can occur in SCNT
or IVP embryos(MaddoxHyttel et al, 2003)

3.1.2 Classification of domestic ungulate embryos

The rate of embryo developmentdamestiaungulategpostblastocyst and until the

late stages of primitive streak formatibas been observed to vary under normal
conditons s o t hat s dayplIpyo srteliynisnegnionnatd oné as
developmental stage is not precise eno{@illomot et al., 2004; Vejlstecket al,

2006; Hueet al, 2012) Some variation could be due to imprecise timing of
ovulation, however even when IVP embryos are fertilised at the exact same time

and then transferred at an identical stage (such as transferringsadidyists) into

hormonally synchronised recipient animals there is still considerable

44



developmental variation, even within litter mai{@erg et al, 2010) Both the
overall size and age of the conceptus have been found to be unreliable indicators of
devebpmental stageTo allow more precise stagirgd embryos reseaelns have
employed a combination of morphological and differentiation characteristics
addition to ageto define specific stages of development. Commonly used traits to
define a developmealtstage are: conceptus shape/size (spherical, ovoid, elongated
and tubular), epiblast shape (round, ovoid), and the presence of embryo
layers/primitive streakformation (epiblast, hypoblasthesoderm) for ovine,
porcine and bovine embry@Suillomotet al, 2004; Vejlstecet al, 2006) This has
resulted in the definition of two to three pteak stages (PSAS3) where the
epiblastis seen to go from a nepolarised spherical shape throughhavingan

oblong appearance with a thickening at one, &ltbwed by an early streak stage
where a primitive streak forms at the future posterior of the disc and then elongates

to form the mid streak (MS) and then late streak (LS) stages

3.1.3 Comparative mammalian embryogenesis; from fertilisation to

gastrulation

3.1.3.1 Early lineage development; the first cell fate decisions to form the

blastocyst

Apart from differences in timinghe morphologicaldevelopment from fertilised
egg to blatocyst in all eutherian mammabgppears very similar. Following
fertilisation the zygote ufergoes cleavage (division without overall growth) to
form a loosely bound clump of cells knowas the morulgdRossantet al, 2003)

The maula undergoes compaction to form tight junctions between outer cells
followed byexpansion of the tight morula intoblastocyst which contains a fluid
filled cavity (the blastocoelRossantt al, 2003; Rossant, 2004)

With blastocyst formationtwo distinct cell lineagesmerge the outer cells which
aredestinedo become the trophoblast lineage (and later douittei to the placenta)
and the inner cell mass (ICMglls which go on to become the embryo proper and
other extraembryonic tissuegRossant & Cross, 200I)wo transcription factors
are known to be important for this first calhéage decision of trophtdst cells
versus ICM cells, namel@dx2andOct4(Niwa et al, 2005) Reciprocal expression

of Cdx2in thetrophoblasaind restriction oDct4to the ICM results in commitment,
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in the mouse, of these two lineages by the late blastocystBaiggerietal., 1994;
Niwa et al, 2005) In contrast tothe mouse, the blastocyst expressio®of4 in
humans, cattle, and pigs not yet restricted to the ICNKirchhof et al, 2000;
Degrelleet al, 2005; Berget al, 2011; Niakan & Eggan, 2013 the bovinegit

has been shown that the regulatory regions contrdDirtgexpression are different

to those in thenouse and that the trophobl&shot yet committed to this fa(Berg

et al, 2011) The outer trophoblastells can be further sdivided into polar
trophoblastells overlying thdCM and the mural trophoblastlls (Rossantt al.,
2003; Rossant, 2004By the late Astocyst stageD@y 8 in cattle) the ICM has
differentiated into the epiblast and the hypoblast. The hypoblast cells line the
blastoco#c surface of the epiblast and eventually form a confluent layer lining the
epiblast and mural trophobladthe differentiation of the hypoblast from the ICM
hinges on expression of the transcription facteeda6 and Gata4in the mouse
(Morriseyet al, 1998; Pfisteet al, 2007)

3.1.3.2 From Blastocyst to the beginning of asymmetry

Following formation & the blastocyst at days postcoitus(E), the mouse embryo
implants and forms an elongategyg cylinder by B. The mural trophoblastlls of

the blasbcyst cease proliferation and undergo endoreduplication (DNA synthesis
without cell division) to form large giant cells. These cells are responsible for
implantation, uterine invasion and the maternal recognition of pregr{@mogs,
2005) Conversely, thepolar trgphoblastcells and the epiblast celfzoliferate
rapidly to form the dome shaped exénaboryonic ectoderm (ExE) and cipaped
epiblast(Rossant, 2004)This proliferation is dependent on reciprocal signalling
between the epiblast alde EXE(Tam & Loebel, 2007)The proliferation of the
EXE requires fibroblast growth factor 4 (FGF4) and-Namal/Activin signalling

from the epiblas{GuzmanrAyala et al, 2004) In turn, the EXE secretes the
proprotein convertases Furin and PACE4, which cleaweNpdal into its active
form (Beck et al, 2002) The hypoblast (also known as the primitive endodgrm)
that maintains contact with the epiblalsecomes embryonic visceral endoderm
(Rossantet al, 2003) Around B.5 the very distal portion of the ényonic
visceral endoderm forms a thickening which is known as the distal visceral
endoderm (DVE), whilst the solid epiblast forms a proamniotic cavity and

transforms into a cup shaped epitheli(iffisteret al, 2007) The cells of the DVE
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express a colmbof Wnt and TGH inhibitors, and by E this region of inhibitor
expression is located at the future anterior pole of figrygo where it is known as
the aterior visceral endoderm (AVEBetthauseet al, 2000; Yamamotet al,
2004) The formation ad migration of the AVE to the future anterior end of the
embryo is reliant on signalling from the EXE and is the first physiological sign of
anteriorposterior patterning; it is also crucial for the correct induction of the
primitive streak at the posteriend(Tam & Loebel, 2007)

In contrast to theanouse mode of development, a diverse number of eutherian
mammals including rabbit, pig, cattle, sheep, cat and dog develop what is known as
the O6mammot ypi c aepiblastiSheng, 20d4)Is this rmodeaqf e d
embryogenesis it is the murabphoblast tissughich undergoes proliferatioto

form the placentdWilliams & Biggers, 1990)The mural trophoblast in domestic
ungulates is known to increase rapidly in selengating the spherical blastocyst

into a filamentous tub@lomberget al, 2008) In cattle the elongation process
transforms the spheric@lay 7 postfertilisation blastocyst into darger spherical
embryo Day 9), ovoid Day 12), tubular Day 14), and finallyfilamentous tube

(Day 16-18) shaped embry(Hue et al, 2007) The overall size of the conceptus
increases more than 10@6ld during this elongation period, beforaplantation

finally begins orDay 19 (Guillomot, 1995) This period of conceptus elongation in
cattle corresponds tii gastrulation, as judged BRACHYURYexpression in the
epiblast (a well characterised marker of vertebrate gastrulation) which, unlike the
mouse, occurs well before implantatigfueet al, 2001; Blomberg Let al, 2006)
Another startling differencis comparison with the murine embryo is the complete
loss of the polar trophoblast known as Rauberdés | ayer,
elongation and gastrulation initiation, allowing the epiblast direct contact to the
uterine environmen{Williams & Biggers, P90; MaddoxHyttel et al, 2003;
Blomberget al, 2008)

As yet, little is known about the precise gene expression patterns and molecular
interactions between thepiblast and extraembryonic tissues in mammalian
species other than the mou&omberget al., 2008) In domesticated ungulates,

study into the molecular interactions which-aalinate the development of
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embryonic and extrambryonic tissues during the transformation between
spherical to early elongation is important for three key reasons:

)] Thisdevelopmental period coincides with high embrydosses of 20
30% in pigs and cattlerespectively indicating it is a very sensitive
period(Hueet al, 2007; Blomberget al, 2008)

1)) This phaseof development also coincides withe evolution of the
enmbryo proper fom an ICMto a flat epiblastin preparationfor
gastrulationDegrelleet al, 2005)

i) Microarray data measuring gene expression in bovine embryos at
different stages of development (ovoid, tubwdad early filamentous)
reveals a major diffeence between the ovoid and tubular/early
filamentous stages; howeyérere was no statistical difference between
tubular and early filamentous stagétue et al, 2007) These results
highlight the large molecular changes of the ovoid/spherical to
elongdion stage embrysin the lead up to gastrulation.

3.1.4 The Control and Induction of Gastrulation

During gastrulation undifferentiated epiblast cells undergo an epithelial to
mesenchymal transition and migrate through the primitive streak to generate
mesodermand endodern{Tam & Loebel, 2007) Epiblast cells which damot
migrate remain to form the ectoderm. Gastrulation therefore forms the three
primary germ layers which will go do form all future cell lineages of the embryo
proper(Tam & Loebel, 2007)The primitive streak is first formed in the future
posterior end of the embryo, defining the anteposterior axigTam & Loebel,
2007)

A key signalling molecule in gastrulation is Nodal. Nodal is a member of the
transformi ng gr owtyandfisarequired for the iGdlicgor bf) f a mi |
endoderm and mesoderm in vertebré&en, 2007)Nodal is synthesised as apro

protein which must be cleaved by convertases such as Furin and Pace4 in the mouse
(Becket al, 2002) Nodal signalling is dependent dme binding to a coeceptor

such a<Cripto in the mouse. The mature Nodal forms a complex with Cripto and

binds to ALK4 and ActRIIB receptors to form a complex which transduces the

signal through phosphorylation of either Smad 2 or Smad 3. Activated &nad2
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binds to Smad 4 which can then translocate to the nucleus and interact with winged
helix transcription factors at the promoter region of target genes and result in
transcriptional activation(Shen, 2007) Lefty and Cerbars are important
antagonists ofNodal signalling through interaction with Nodal or Nodal co
receptorg{Shen, 2007)

Nodalis expressed throtigut the epiblast at early pastplantation stages in the
mouse(Brennanet al, 2001)and later forms a proximal distal gradient with a
higher oncentration of active Nodal at the end of the epiblast adjacent to the EXE
(the proximal end). This gradientset up through the cleavage of fNHodal into

active Nodal by Furin/Pace4 proteases from the ExE at the proximal end of the
epiblast(Beck et d., 2002; Tam & Loebel, 2007and also by prd&Nodal up
regulating its owrexpression through an autocatalytic Fastiependent loopnd

a slow loopwhich indirectly upregulatepro-Nodal through Bmp4rom the EXE
(BenHaimet al, 2006) Bmp4 signal fromtte EXE activates a regulatory pathway
which involves Wnt3 and eventually the expression of mesoderm marker genes
such agBrachyury, so that the primitive streak is induced at the fexiiblast border

(Tam & Loebel, 2007)Meanwhile Nodal signalling is alsequired to establish the
morphologically dstinct DVE (and laterthe AVE). This specialised region of
endoderm/hypoblashhibits Nodaland Wnt signalling in the distal, and future
anterior epiblas{Schier, 2009) These molecular interactions contribute the
formation of a high concentration of Nodal at the ExE/epiblast border at the future
posterior end of the epiblast and ensure gastrulation is commenced at a precise

position and stage of development.
3.1.4.1 Induction of the AVE

In the mousgcorrect indudbn of the DVE, i migration, and subsequently the
correct specification of gene expression required for the primitive streak formation
at the future posterior of the embrywe reliant on the Ex@Rodriguezet al,, 2005;
Richardsoret al, 2006) This was demonstrated by the removal of the EXE iR pre
gastrulation embryosipregulating the expression BNVE genes throughout the
entire visceral endoderifRodriguezet al, 2005)and the transplantation of cells
from the EXE to the DVE of the embryo inhibgiAVE formation and exparaygy

the expression of genes normally restricted to the posteriofRautiguezet al,
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2005) The signal emanating from the EXE to restrict DVE formation to the distal
tip of the VE is believed to be BMP members of the B&mily (Yamamotoet

al., 2009) This conclusion is also supported by an experiment using RNA
interferenceo show that ablation @dMP4RNA in the EXE caused an expansion
of Cerberusexpression in the visceral endoderm of the mouse embigwever

this effectwas only seeprior to migration of the DVESoarest al, 2008)

From studies in other vertebrates such as mouse, chicken and rabbit, a clear
requirement for the hypoblast/primitive endoderm has been established for
restriction of the primitive streak the posterior sidgdkowiaket al, 2004b; Stern,

2004) In the mouse, as described, the particular morphological structure derived
from the primitive endoderm which performs this function is the AVE. Similar to
the mouse, morphologically distinct regs of hypoblast at the presumed anterior

of the embryo have been described in rabbit and(lpikpowiak et al, 2004b;
Hassouret al, 2009) In the case of the rabpihis region has been termed the
anterior marginal crescent (AMC) and has been showrexXpress genes
characteristic of the AVE such &ERBERUS. The rabbit AMC has also been
shown toplay a functional role in correct primitive streak establishnileikbwiak

et al, 2004b) However what has not been established in embryos which display
the 1at mammotypic disc (ahlose their polar trophoblgss how the specialised
region of hypoblast/AVE equivalent cells is established without an equivalent
structure to the mouse ExXE. A comprehensive analysis has not been carried out to
show how the impoaint signalling mechanisms involved in gastrulation initiation
and AVE establishment such as Nodal and Bmp4 signalling are played out on a flat

epiblastdevoid of a polatrophoblast

3.1.5 The aims of the research presented in this chapter

The overall aim oftis chapter was to study in depth through morphology and gene
expression the development of the cattle embryo during the critical second week of
preimplantation, just prior to and including the beginning of gastrulation. The
research was focused on studyithe molecular patterns required for correct
gastrulation. As well as the morphological and molecular development of the

epiblast in preparation for gastrulation, the development and expression of genes
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known to play roles in the correct establishmergastrulation from the hypoblast
and trophoblastwere also studied. A special note was taken of the presence or
absence of Rauberdos | ayer, to help esta

anticipation of future functional studies.
3.2 Methods

3.2.1 Generation d Day 11 toDay 15 cattle embryos

To maximise the number of embryos that could be reeavom each recipient
animal, Day 7 postfertilisation bovine embryos were produced by IMRBing
standard techniqueséction2.2.7) from a single Friesian bull ugjnovaries from
local abattoirs. BetweenB embryos were transferred to each recipiat.zero
was the day of fertilisation. Transfers and recoveries were performed by

AgResearcliechnicians Stephanie Delaney or Marty Berg.

The recipients were of twkypes: i) multiparous netactating dairy cows that had
previously been screened as to their ability to act as superior recipients and ii) 18
month old beef heifers that had been grown commercially for slaughter. All animal
manipulations were carried outittv approvalfrom the Ruakura Animal Ethics
Committee RAEC 12025 (Hamilton, New ZealanBay 7 grade one and two
embryos were washed and held im@are hold (ICP before transervical
insertion into the ipsilateral uterine horn afyachromsed recipiehanimal (ction
2.2.7.4)

Embryos were recovered dbays 1114 post IVF. In the case of heifer recipients,
recoveries were carried out pathughter by removal of the reproductive tract
immediately after slaughter. The uterine horns and body of #resutlong with
adjoining oviducts weréhen dissected away from swiraling tissue and a 20 ml
bluntendedsyringe containing EmCare (I¢khserted at the utettmbal junction.

The entire contents of the syringe was used to flush each horn whilst mggkagin
horn to encourage the embryos to be released from uterine folds. The flushing was
collected out othe uterine body into a 10 cnef? dish (Falcon) and immediately
searched under a stereoscope. Norgical recovery of embryos from the mature

catle recipients is described ireftion2.2.7.4
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Following searching,embryos were held in EmCarand measured (overall
conceptus size) as well as scored for presence of epiblast. The size of the epiblast,
if present, was recorded. Embryos to be used fdrtima PCR analysis were
microdissected to separate theepiblast from surrounding mural
trophoblast/hypoblast using tungsten needles or ultra sharp splittingsbla
(Bioniche Animal Health, Ontario, Cangd&eparatecpiblastand trophoblast
tissue from ach enbryo were washed briefly in PB&fore being homogenisau

100 pl of Trizol (Life Technologigsand snap frozen on dry ice. They were then
storedat8 0 e C. E mb r y o s whle madurdn situbybrdisatioo(WISH) n

were fixed in 4% paréormaldehyde (Sigmaldrich)/PBS for 46 hon ice before

being dehydrated through methanol steps anddstare2 0 e C i n 100% met han

until use.
3.2.2 Whole mountin situ hybridisation probe preparation

The NCBI RNA reference sequees for bovingeneBRACHYURYCERBERUS1

CRIPTO, EOMESODERMIN, FURI&hdNODALWer e used to design pr
t o 30; f or wse) dsing atimed primere 8 eblast online software
(http://www.ncbi.nlm.nih.gov/tools/primeslas). Primers were designed to

generate an amplicon of between AW@DObp(Table3.1).

Primers (custom primerd,ife technologie} were resuspendeth TrissEDTA

buffer at a concentration df0 uM and used i@ 50 pl PCR reaction wittRoche

Fast start Tq polymerase following the manufactuses i nst r uxTheons ( Roch
reaction contained @l of the forward and reverse primerullof 10 mM dNTPs

(Life Technologies)5 pl of 5x Taq fast start buffer (Roche), QM fast start Taq

polymerase (Roche), Al of cDNA template and water to 50l. The dNA

template wakindly supplied by Dr Craig Smitandwasgeneratedrom a bovine

Day 14 embryg and forBRACHYURYa Day 16 epiblast The reaction was run at

95¢C for 5 min to activate the enzyme followed by 30 cycles @C9%r 30 ®¢

60eC for 30 £cand 72C for 1 min. This was followed by a final extension o822

for 7 min.Theamplicon was run on a 1.4% agarose gel to ensure the correct product

size was prduced and then the DNA band cut antl gel purified using thé/izard

SV Gel and PCR Cleamp system (Promega f ol |l owing the manuf a

instructions. The purifie®NA produwct was eluted in water and the concentration
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measured using a Nadrop spectroeter (Nanodrop &chnologies, Rockland,
USA). The purified PCR product was then inserted into the pGHBASY vector
(Promega) followinghema n u f a c ttructiomg usirgy a 1:hnsolar ratio and the
T4 DNA ligase and buffer supplied in the pGEMEasy kit The ligation was
carried out at @ overnight and then (I of the ligation mixture used to transform
DH5U compet éxil@f transéotmangs/ug( DNA, Life Technologies) as
described in sectiogsection2.2.1 Transformed bacterial cells were selecteihgis
blue/white selection and minipreps performed of28colonies as described
(Section 2.2.1). Extracted plasmid DNA was screened for the insertion by
restriction digest usingcoR1enzyme (Roche) which cleaves on either side of the
insertion. The digesteplasmid DNA was run on a 1.4% agarose gel to check a
DNA band of the correct size was present. A bacterial cell line containing the
correct sized insert was grown up overnight3ate i@ 100 ml of LB broth
supplementedwith 100 pg/ml ampicillin sodium salt (SigggAldrich) and grown
overnight with shaking. The nexiay a maxiprep was done using the Purelink
maxi prep kit (Life Technologies)o foll owi
generate purified plasmid DNA. A sample of each plasmid containing the correct
sized insertion was then sent to the University of Waikato sequencing facility for
sequence verification using the SP6 and T7 sequencing praméra clone chart

of each plasiid made using Vector NTI software (Life Technologies)

Based on restriction enzyme analysis using Vector NTI of the sequence verified
plasmid the appropriate restrictioenzymes were chosen for lineatisn of the
plasmid to create either a sense (aahtor an antisense RNA probeT@able3.1).

The restriction digest for linearddion contained 1qQug of probepGEM-T-Easy

DNA plasmid, 5ul restriction enzyme (10 W; Roche), 5ul 10x buffer supplied

with the enzyme and water to p This was incubatetbr 2 hat 37#C followed

by addition of 2.5ul of 1 mg/ml Proteinase K (Sigmaldrich) and a further
incubation at 3gC for 30 min. The total volume was made up to iDBy adding

50 pl TE buffer and then a phenol/chloroform extract done by addingul@®
phenol/chbroform (SigmaAldrich) and vortexingfollowed by centrifuging briefly

and removing the top aqueous layer to a new tube. The DNA was then purified by
adding 1Qul 3 M sodium acetate, pH 5, and 3HGthanol, mixing and precipitating

at -20eC overnight. ie DNA was spun down for 15 min a#C4in a benctop
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centrifuge at maximum speed, the supernatant removed, washed in 70 % ethanol,
and air dried. The pellet was then resuspended i 16 mM Tris 0.1 mM EDTA
pH 8 and the concentration of the DNA measwe@ Nanodrop spectrometer.

Table 3.1: NCBI accession numbers, primer sequences, restriction enzyme for
linearisation and RNA polymerase used to generate RNA probes

RNA probe NCBI RNA PCR primers 5'to 3' Size Enzyme for RNA
access number (bp) linearisation Polymerase
BRACHYURY XM_864890 GCTTCACAAGGAGCTCACCAAC 871 a/s'Ncol SP6
AAGGCTGGACCAGTTGTCAT & Spel T7
CERBERUS1 XM_584735 AGCTGCTGGTGCTCCTGCCT 806 als Spel T7
CCTGTGCGGGGTAGCCATGC s Sphl SP6
CRIPTO NM_1080358 GCTTTCCTCAGTCATTCCT 787 als Spel T7
AACAGGTGCCCTTGTCTCAT s Sphl SP6
EOMESODERMIN | XM_001251929 CTTCAGGGACAACTATGATT 605 als Spel T7
CGCTTACAAGCACTGGTGTATA s Sphl SP6
FURIN NM_174136.2 CATCTACACGCTGTCCATCA 783 als Stul SP6
CCATAAAGCACGAGGGTGA s Spel T7
NODAL XM_609225 GCAGGTGGATGGGCAGAACT 828 als Spel T7
CATTCCTCCACAATCATGTC s Ncol SP6
a The restriction enzyme and polymerase used to generate the antisense (a/s) RNA probe
b The restriction enzyme and polymerase used to generate the contro{syétisAprobe

A RNA DigoxigeninUTP labelled probe was then synthesised from the purified

linearised template DNA by adding toudy of template 3ul of 10 x DIG RNA
labelling mix (Roche), 1l RNaseOut I(ife Technologies), 21l T7 or SP6 RNA
polymerase (Roche), 2l of 10x transcription buffer (supplied with RNA

polymerase, Roche) and water to |20 This was incubated at 82 for 2 h One

microlitre from the polymerase reaction was run on a 1.4% agarose gel to check the

success of the polymerase reaction and then the rest of the sample was put through

a Quick

Spin

Col

umn

for

RNA

( Ro cohse )

An ethanol precipitation was carried out by addingl 2f 4 M lithium chloride

(Ambion, Life Technologies) and §8 of ethanol and leaving overnight -20eC,

then centrifuging for 15 miat maximum speed in a benchtop centrifuge, aspirating

the sugrnatant, rinsing with 75% cold ethanol and air drying. The RNA pellet was

f ol

dissolved in 2@l of water and the concentration measured on a Nanodrop and then
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1ulrun on a 1.4% agarose delcheck for integrity. Finally80 ul of hybridisation
buffer (HB)was added to the RNA probe and the probes storéet.

3.2.3 Whole mountin situ hybridisation

The WISH protocol used was based opratocol by(Nagyet al, 2003)with buffer

details (HB, MABT, MABT-500, NTMT) listed inTable3.2. Steps were carried

out in 2 ml round bottomed microfuge tubes with gentle iragk24 rpm) at room
temperaturavith washes being 5 min unless specified differently. Embryos stored

in 100% methanol were treated with 3% hydmogeroxide (BDHin methanol for

1 h at room temperature. They were then rehydrated through 75%, 50%, 25%
methanol/PBS steps for 10 mfor each step. Larger embryos were cut to remove
excesstrophoblasttissue. Embryos were washed twice in PBT (PBS with 0.1%
Tween20, SigmaAl dr i ¢c h) , di gested wi tddrith) e g/ ml
in PBT for 10 min depending on size. Embryos were then washed in 2 mg/ml
glycine (Gibco, Life Technologies) in PBllowed rapidly by two rinses in PBT.

Embryos were post fixk for 20 min in 4% paraformaldehyde (Sigma
Aldrich)/0.1% glutaraldehyde (Sigmadrich)/PBT, washed twice in PBT and

once in 50% hybridisation buffer (HB), /50% PBT. This was replaced with HB and

the embryoswereroekd at 65e¢eC, foheatwi ehst ml h65¢C
5% dextran sulphate (Sigr#al dr i ch D6001) and 1 ¢€g9g/ ml 0

probe. Embryos were rocked overnight at
at 65eC in HB, o0nce%MABT, weewith MABT, twicd 0 % HB/
MABT-500 and treated for 1 hwi t h 10 e g/ ml RNAse

Technologies)/MABT500 at RT, washed twice in MAB%00 and MABT and
blocked for an hour each in MABT with 10% Boehringer blocking reagent (BBR,
Roche, 1096176001) arb% BBR/10% heat treatedrhb serum (Gibco, Life
Technol ogi es)/ MABT. Embryos were rocked
BBR/10% lamb serum ant¥2000 dilution of antDIG-Alkaline phosphate FAB
fragments (Rochel109327491Q)then washed twice with MABT,dnsferred to

20 ml glass scintillation vialeand washed three times for With 20 mIMABT .
Embryos were sliced open to ens stain would not get trapped anainsferredo
airtight 5 mlglass scintillation vialand washed two times for 10 maith NTMT.

This was replaced with &l of NTMT containing0.23 mg/ml NBT (Roche,
11383213001) and 0.11 mg/mlCIP (Roche 1383221001 that was syringe
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filtered through a MILLEXHA 45 ¢ m
Embryos wee rocked in the dark for up to thréays, then rinsed in PBT and stored
in 50% glycerol/PBS until photographedhe number of embryos subjected to
WMISH (and sectioned) wereCRIPTO7 (2), FURIN 8 (4), NODAL 16 (13),

EOMESS (4), CER116 (10),BMP47 (2), BRACHYURY (4).

s y r i n(Milepord, SLHD38S3S)

Table 3.2: Buffer components used for whole mounin situ hybridisation

Solution Supplier Stock Final
concentration

Hybridisation buffer (HB)

Formamide SigmaAldrich, | 100% 50%
4670

Saline sodium citrate buffer SigmaAldrich, | 20X in DEPC| 1X
85639 water, pH 5.0

with citric acid

EDTA SigmaAldrich, | 0.25M in DEPC| 5 nM
E5134 water, pH 8.0

Yeast RNA SigmaAldrich, | 20mg/ml in| 50 pg/ml
R6625 DEPC water

Heparin SigmaAldrich, | 50mg/mi in| 100 pg/ml
H9399 DEPC water

Tween20 SigmaAldrich, | 100% 0.2%
P9416

MABT

Maelic acid SigmaAldrich, | 1 M in water,| 100 mM
MO0375 pH 7.5

Sodium Chloride SigmaAldrich, | 1 M in water 150mM
S7653

Tween20 SigmaAldrich, 100% 0.1%
P9416

MABT -500 As for MABT but NaCl at final concentration 500mM

NTMT

Tris base Fisher 2M in water, pH| 100 mM
Scientific, 1521 | 9.5 with HCI

Sodium Chloride SigmaAldrich 1 M in water 100 mM
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Magnesium Chloride SigmaAldrich, | 1 M in water 50 mM
M8266
Tween20 SigmaAldrich 100% 1%

3.2.4 Immunocytochemistry

To enable better visualisation and orientation okghiblastfollowing WISH, some

embryos were stained with OCT4 antibody (Santa Cre2084). Embryos were

washed in PBS with 0.1% Triton and then permeabilised4T fiton-X 100/PBS

for 15 min They were then blocked in 5% hdetated lamb serum for 1dnd

incubated overnightta 4 e C wi t hn df OQ@45a@tibodyi i RBS/0.2%

Triton/5% heat treatedamb serum (antibody diluent). Embryos were washed in

0.1% Triton/PBS three times for 1 4&nd incubated in antibodyiluent with Goat

Anti RabbitHore Radish PBroxidase GAR-HRP, SigmaAldrich A6154)
overnight at 4eC. After washing in PBS/O
M Tris buffer, pH 7.4 and then incubated at room temperature in Tris pH 7.4
containing 0.5 mg/ ml 3,30di amiSgmabenzi dir
Aldrich) for 5 to 20 min After sufficient staining the reaction was stopped by

washing in water and then embryadsrsd in PBS until photographed

3.2.5 Microscopy

Following WISH/Oct4 immunocytochemistry embryos were transferred to wells
containing 50% glycerol/PBE&mbryos were allowed to equilibrate with the new
media and then they were photographsithg aconcave glasslide using the Leica
AF6000 system Lieica DMI6G000B microscopeDFC300FX camera and Leica
application suite software version 2.5.0).

Following <ctioning slides were viewed on an Olympus BH2 microscope

(Olympus, Japan) using a ProgRes microscope camera (Jenoptik, Germany).
3.2.6 Histology

Embryos to be sectioned were embedded in 4% agdithermofishgrandthen

processed as described in sec2ah83
3.2.7 Immunofluorescence and confocal microscopy

Embryos ofDay 12 to 13postfertilisationwere rehydrated from methanol to PBS

as described above. They were then treated with the OCT4 antibody as described
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in section3.2.4 After washing three times for 1 in PBS/0.1% TritorX, the
embryos were incubated overnight in the darkegtwith PBS/0.1% TritonX/5%
heattreated lamb serum and 1/250 dilution of Aled@8 IgG anti rabbit L(ife
Technologies, A21206) with an excitation/emission of 495 nm/519 nm. The
following day, they were washed three times for 5 min in PBS/0.1% T#a@mnd

then counter stained for 20 min in the dark w5 pg/ml4,6-diamidinc2-
phenylindole DAPI; Life technologies)n PBSwith excitation/emission of 358
nm/461 nm. Embryos werlén rinsed in PBS and mounted on glass sligbich

had wells made using2 layers of sticky tape (about 0.1 mm deep) Witbrescent
mounting medium (Dako, Carpinteria, CA, USA S3p2®d a #1.5 coverslip
(Warner Instruments, CT, USA). The use of wealllowed some of the three
dimensional architecture to be maintained so that the different cell layers could be

visualised.

Embryos were visualised using an Olympus Fluoview FV1000 confocal laser
scanning microscope and Olympus Fluoview v1.7a softwaham(@us America

Inc.). The excitation lasers used were the 405 nm laser to visualise DAR1{825

nm emission range) and the 488 laser to visualise Alexa 488 (emission range 500
540 nm). The emission spectrums of the two fluorophores did not overlap but

sequential scanning was used to minimise bleed through.
3.2.8 Realtime PCR

Total RNA isolation, DNAse treatment and reverse transcription was carried out as
described in sectiok.2.8.1 Gene quantifiation was carried out using SYBjreen
detection on a CorbeRG-6000 instrument as describedsiction2.2.3.3 Primers
were as f ol CBRBERUS BGGAGAGTGBOGCTTCAGCCA and
CCTGTGCGGGGTAGCCATGC; EOMESODERMIN  CTCCCATGGACC
TCCCGAACAA and AGACAGCCGCCTYCGCTTACAA; FURIN,
AGATGGGTTTAACGACTGGG and CCATAAAGCAEGAGGGTGA and the
housekeeping gen&sAPDH, CYCLOPHILLINandHPRT as inTable2.1: PCR
primers These housekeeping genes were chosen because they tend to be very stable
across developmental stag&snithet al, 2007; Smithet al, 2010) By using the
geonetric mean of three housekeepetise normalisation accuracy is greatly
increasedBustin, 2000)
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3.3 Results

3.3.1 Morphological events in relation to epiblast size

In order to create a developmental atlas depicting the morphological development
during the pergastrulation period in bovine embryaswas necessary to establish

a reference point from which to compare embryos and identify different events
during development. Simply using chronological age as a reference from which to
compare embryos was not satettay even though, as shownkigure3.1, at each
embryonic age@ays 11 to 16 postfertilisation) there was a positive correlation
between conceptus lengtr epiblast length with embryonic age?equal to 0.69

and 0.64respectively. Neverthelesshere was #argerange in conceptus length

and epiblast length at each time point.

When comparing epiblast length to the log of embryo length a very high correlation
of R=0.9 (R= 0.79) was seerfF{gure3.1B). Epiblast length was then used as a
basis forcomparing the morphological development of the bovine conceptus.
Epiblast width from a dorsal view was plotted in relation to epiblast lefaglre

3.1C). The epiblast from pegastrulation bovine embryos was oval in shape with
the width about 70% of ¢hlength, although younger embryos had more of a
sphericalepiblast By sectioning embryos, the epiblast thickness was able to be
measured Kigure 3.1D). Epiblast thickness increased up to a maximum of
approximately 4qum at between 80 and 1%0n in lengthand then the thickness
markedly reduced to about half. This increase in thickness and then reduction
correlated with a progression in epibast development to form a-cellliayered
inverted lens shape to a2lcell layered epithelialised domat protuded from

the surrounding trophoblast. The changes in epiblast shape as a function of epiblast
length are plotted ifigure3.1E.
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Figure 3.1: Quantification of morphological traits relative to embryonic age or
epiblast size.A. Embryo length in mmtiiangles; crosses geometric mean) and
max i mal epi bl ast | engt hmeanharegploited od a lbgs ;
scale against embryo agde=132. B-G. Morphological trag plotted against
epiblast length n  an raxis (=32). In E, the shape dhe epiblast in ainsverse
sectionwag at egori sed as L edepiblastwihoutcadties;s ave | ens
A@vo for ¢ on chanreepidgsticdvitieaani Bowe d@ f or embr yoni
ectoderm (EmE) discs protruding above the surface of theyemtmedominantly
2-cell layers thickF. Ra u b e r 6-stage hasypbeen asgigRed asTadre 3.3
G. AStructureo refers to the addit.i
the indicated epiblast size: H, undifferentiated hypoblast; VH, Wbitand PH are
visible; AVH; differentiation of VH into AVH is visible; Mes, in addition to the
AVH, endomesodermal cells are seen.
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Interestingly, many embryos with thicker lens shaped epiblasts and betweken 100

160um in epiblast length developedextr e | | ul ar cavi tFigwes (ter m
3.1). These cavities appeared in the dorsal region of the epiblast and the epiblast

cells above or to the side of these cavities were shrunken and stretched in
appearanceHjgure3.2). In some cases the dorsall#ast cells no longer formed a

continuous layer. The epiblast cells below the cavities, adjacent to the hypoblast,
formed an organised O6ébasal 6 epithelial I
was suspéed that these cavities weie@ming directtyb e | ow Rauber 6s | ay
this was the mechanism by whichbRauber 6
staining for RNA expression o€RIPTO (Figure 3.2A-E) or OCT4 protein
expressionKigure3.2E-F), which are both specifically expressed in the epiblast, it

was clear that the cells dorsal to these cavities were epiblast in origin and the
cavities were truly surrounded by epibl a
still detected in some embryos with epiblasts up to A0 in diameter and

containing larg epiblast cavitiesHgure 3.2H,l). Taken together these results

indicate that these transient cavities appear to be the mechanism by which the
epiblast transforms into a one to two cell layer epithelium, which was termed the
embryonic ectoderm (EmE)andh e rupt ure of Rauberés | ay

role in this transition.
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Figure 3.2: Cavity formation in the bovine epiblast A-E. CRIPTOexpression

(blue) in a stage-AVH embryo. A. dorsalview of epiblastwith surrounding

trophoblast B-E. Progessive anterior to posterior cressctions counterstained

with haemotoxylin (red). The progressive merging and eventual rupturing of large

cavities (*) within the epiblast <can

seen byCRIPTOexpression throughu the disc. The distal cells of the epiblast
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adjacent to the hypoblast have assumed a concave embryonic ectodersiKEmE)

cell layer.F-G. Successive sections of OCT4 protein expression (brown) in a late

stage 3AVH embryo showing the remains of a siagbmall cavity(*) in the
epiblastEmE andstrupture. A few cells of RL remain on the edge of the epiblast

and the EmE is beginning to protrude from tfephoblastH-I. Haemotoxylin &

eosin staining of a stageA/H embryo showing large cavities in tlepiblast but

still with an intact Rauberoés | ayer; epl
RL by their increased nuclei/cytoplasm ratio, their larger size, and irregular shape
especiallybefore they become epithelia@s. Section numbers are iodted, each

section is 7 um thick. AVH, anterior visceral hypoblast; Epi, epiblast; mTB, mural
trophobl ast ; PH parietal hypobl ast ; RL,
Scale bar is 100pum.

An important morphological milestone is the gradual digr@gon of the polar
trophoblast t er me d R a u WWehrexpsrienceaeyisoffRL WeRelabhle.to
be distinguished from epiblast cells due to the differences in the
nucleus/cytoplasmic ratibetween RL and epiblast celisd the generally larger

butmore irregular shape of pepithelialised epiblast cell&igure3.2H). In order

to compare the | oss of Rauber s | ayer ir
classified intoasemquanti ti ve scal e. This scale wa
disappearame where 616 represented an intact |

of a RL (Table3.3). By plotting epiblast length versus RL stage it could be seen
that the demise of RL was gradual and occurred betweepriGhd 17Qum and

this loss could be approxineat by a sigmoidal power functiofigure 3.1F) with

an = 0.8. Embryos with epiblasts below 10 in length always had an intact

RL (Figure3.1F, Figure3.3B-D) whilst embryos with an EXE greater than 166

had always completely lost their RIFigure 3.1F). The exact timing of this
disintegration varied however, with an intact RL seen up to an epiblast size of 140
um (Figure3.1F, Figure3.2H, 1) and yet other embryos had already lost all or most
of the layer by 145 pumHjgure3.1F, Figure3.3C-E).
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Table33St aging system used for classifying

layer (RL).
RL stage Description
1 RL intact, no holes
2 RL starting to disintegrate, holes smaller than 10% of epiblast le
3 RL disintegrating
4 Remnant of RL, mainlalong edges (10% of epiblast length)
5 RL gone, odd cell may still be seen

Also of note were the morphological changes in the hypoblast during development
(Figure3.4). At small epiblast sizes (less than 90 pum) the hypoblast (H) underlying
the epiblastvas a simple squamous epithelium with a cell density slightly higher
than the parietal hypoblast (PH) underlying the muogdhoblas{Figure3.4 A-B).
However between 94120 um the hypoblast subjacent to the epiblast became more
dense and more cuboidalshapeigure3.4C-D). This morphologically different
hypoblast was termed the visceral hypoblast (VH). By epiblast length of 120 pum
the VH contained a population of cells which were more densely packed together
and columnar in shape, often with fipecesses that extended towards the epiblast
(Figure 3.4 E-F). This specialised group was asymmetrically localised below the
disc and was termed the anterior visceral hypoblast (A\@dabse of & location

at the presumed anterior of the embr@nce theepiblast hadaken on a dome
profile, the AVH could continue to be seen and was even more pronoufigeds(
3.4G-H). The AVH at this stage covered a large area under the EmE disc, extending
from the centre almost to the EmE/mural trophoblast border asétthe opposite

side of the disc to the expression BRACHYURY a marker for prospective
mesoderm (and therefore the presumptive posterior pole @pib&as). A thick
extracellular matrix can be seen between the AVH/VH hypoblast cells and the EmE
(Figure 3.4G). With the appearance of mesoderm/ endoderm cells beneath the
primitive streak at the posterior pole of the EmE the AVH could still be seen as a
denser, more columnar region of hypoblast cells underlying the opposite (anterior)

end to the primive streak Figure3.41-J).
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Figure 3.3: Disappearance of Rauber'sdyer in bovine embryos A. Cartoon depicting
the | oss of Rauberdéds |l ayer as seen in th
with epiblast approximately 95 umin lengthostvi ng cel | s ®mB((DRRL,uber
coloured yellow) and then 5 pm below inthe upper most cells of the epiblast stained for
both OCT4 (red) and DAPI (yellow) so that they appear orange. C, E. Optical sections 5
pum apart of an embryo with epibldsngthof 150 um showing cell nuclei in the epiblast
region (at a point when the disc comes into fothia)are immediately orange indicating
they are OCT4 positive and Rauberds | ayer i s
images for each embry8cale bar shown is 50 um. mTB, mural trophoblast.

pa

e
6s |

65



,:.?
. AVH
:

. B ) o o | euv )

~~~~~ s “ ‘5‘) Te-. ,"'; ‘:k‘
¥ = Cerberus B_rgchydﬁ, and Cerber?u_g i

Figure 3.4: Changes in the morphology of the hypoblast during post hatching to early
gastrulation in the bovine embrya A-B Haemotoxylin and Eosi(H&E) stained sections
of representative embryos showing a simple squamous hypoblast (H) layer lining the inner
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blastocoel cavity, RL is still present in both embryos overlying the lens shaped epiblast
(outlined by dashed line-D. H & E stained sections of representative embryos sigpw

the more cuboidal visceral hypoblg$tH) in comparison to the flatter parietal hypoblast
(PH), RL is still present in both embryos, a small cavity can be seen in just below RL in
(C). E-F. Regionaldifferences can be seen in the hypoblast under thiblagt, anterior

visceral hypoblast cells are thicker and more dense and often have thin processes reaching
towards the epiblagbrospective anterior is orientated to the, lgfe epiblast is demarcated

by dashed liness-H. representative sections shogithe regional differences between
anterior and posterior visceral hypoblast in embryos tha aawme embryonic ectoderm

(G) is H&E stainedand a thick extracellular matrix can be seen between the hypoblast and
EmE, which have separated during procegsgH) is stained foBRACHYURYblue) and

OCT4 (brown), counterstained with haemotoxylitl. The hypoblast at the beginning of
primitive streak formation and mederméndoderm formation (ptained folCERBERUS

(blue) and counterstained with haemottry (J) Stained for BRACHYURY and
CERBERUSdark blue) AVH, anterior visceral hypoblast; EmE, embryonic ectoderm; Epi,
epiblast; H, hypoblast; MesEn mesoderm and endoderm; PH, parietal hypoblast; PS,
primitive streak; RL, dblast Boale Wasis 1)0a.y e r ; VH,

3.3.2 A staging system based on morphological and size criteria

By assembling all of these variable morphological criteria in relation to the maximal
epiblast length a model staging system was defiragli(e3.5). Five stages were
identified and termed according to their most characteristic feature, although there
was a continual growth and gradual change between each of the stages. The first

stage $tage 1) defined was termédh e Rau b er 6age dndgceurs in( RL)

embryos age@ay 10-12. At this stage the bovine embryo has hatched from the
zona pellucidaand consists of a concave epiblast 8D em in length completely
covered with a Rauberdés | ayer which i
trophoblast The hypoblast covers the inner blastocoel surface and is a simple
squamous epithelium with widely spaced nuclei although there may be asmcre

in hypoblast cell density underlying the epiblast near the end of this stage. The
overall embryo shape, defined by the size of the mrophoblastis sphericalof

0.3- 0.4 mm in diameter and the epiblast is 2 cells thick.

The second stage fiwed was the visceral hypoblast (VH) stage. Thkiage
occurred aDay 11-12 and is main defining feature was the differentiation of the
hypoblast underlying the epiblast into a morpholodycdistinct VH. The VH was
more cuboidal in shape and densamtithe parietal hypoblast (PH) underlying the
muraltrophoblast Meanwhile the epiblast had grown in length (9020em) and
thickness (34 cells) and the overall embryo shape was ovoid, being aroomd 1
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inlengthand0.80. 9 mm i n wi dricduld alsB lbesdemto e starting y e

to disintegrate in some embryos at this stage.

The third stage, the anterior visceral hglast (AVH) stage, occurred Biayl2-13

and was characterised by the further differentiation of the VH into a specialised

regionwhere some ofthe VH cells became columnar and more densely clustered

together This region of cells were termed tA¥H, as it was slightly asymmetrical

in early embryos spreading from a central region below the aigartls one side

(the presumptivanteior side), with this asymmetry becoming more pronounced

with time. At this stage the epiblast was at its thickest pointi(1BDem) although

it often contained extracellular cavities revealing2dell layeredrganised basal

epithelialied epiblasa d j acent to t he AVH/ VH. I n some cCe
already disintegrated and thas&ra-epiblastcavities had joined together to allow

a still concave epiblast direct access to the external environfigotd 3.2A-F).

I n ot her c aysreas stiRmastly emtadh and éven though the epiblast

was alreadymostlya2 cel | epithel i al |l ayer it was sti
(Figure3.2 G-H). The muratrophoblasiwvas extending mainly along one axis and

was 0.9 1.4 mm long whilst the with remains at 0.80.9 mm giving the embryo

more of an ovoid to slightly elongated appearance.

In the fourth stage betweday 13-14 the muratrophoblasthas begun to extend

more rapidly to take on a tubular appearangeto about 5mm in length. The

overall width of the embryo remains atl’l5 mm. Theepiblastis also a lot more

pronouncedas it has fApoppedd out of the bl astoco
the surrounding muratophoblast |1t i s al so now compl etely f
and hastransformed into a-2 cell layered epithelium, termed the embryonic

ectoderm (EmE), this stage is therefore called the EmE stage. The AVH region is

also more pronounced with the tall columnar aafiderlying about half the disc to

one side andften extading fine processes up towards the EmE.

The fifth and final stage defined in this morphological series wasetrly
gastrulation (EG) stag&tarting aDay 14, but usually only bfpay 15, a thickening
or ridge could be seen at one side of the EmEguairstereomicroscope. This

thickening indicated the formation of the primitive streak; cells had begun to detach

68



from the EmE and migrate to form the mesodermal layer in between the EmE and
VH or to be inserted into the hypoblast form the definitive enaderm This
mesodermal layeforming just below the primitive streakften extended in the
posterior direction beyond the EmE between the mioghoblastand parietal

hypoblastto form extraembryonic mesoderm (ExM).

1: RL Stage can Transverse sections

Day10-11; Sphere 0-8.4mm
Epiblast (Epi) 60 - 90 um, concave
Hypoblast (H) homogenous
Rauber’s Layer (RL) = 1 (intact)

2: VH Stage

Day11-12; SphereOvoid 0.41mm
Epiblast 90 - 120 um, concave
Visceral Hypoblast (VH)

RL = 1-3 (holes appearing)

3: AVH Staae P

. cross-section)
Day12-13; Ovoid 0.9L.4mm

Epiblast 120-160 um, concave, cavities
AVH distinct

RL = 1-4 (disappearing)

4: EmE Stage

Day13-14

Ovoid, Tubular 1.5-5 mm

Embryonic ectoderm (EmE)
150-250 um, convex

AVH distinct

RL = 4-5 (gone)

5: EG Stage
Day14-15

Tubular > 5 mm
EmE 250-350 pm, convex

Mesoderm appearing
AVH disappearing iy t <
RL=5 %, Cerberusl

Figure 3.5: Cattle embryo staging system from post hatching until the start of
gastrulation. Criteria for and diagrammatic representation of bovine stages from post
hatching until the beginning of gastrulation along with a representative section for each
stage (Haemotoxylin andEosin stained orCERBERUSSstained with haemotoxylin
counterstain All bars are 10&m. AVH, anterior visceral hypoblast; EmE embryonic
ectoderm; Endo, endoderm; Epi, epiblast; H, undifferentiated hypoblast; Mesoderm;

mTB, mural trophoblast PH, parietal (mural) hypoblast; PrS, primitive streak; RL,
Rauber 6s trophgbtast VK, pnabtyanic visceral hypoblast.
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3.3.3 Gene expression from anterior visceral hypoblast to early

gastrulation stages

In order to obtain a more mechanistic understanding of the embryonic events
described in terms of their morphology and to allow for greetessspecies
embryonic stage comparisathe expression of developmental genes known to be
important for similar processes in the mouse were investigatecaepillastregion

was cut from the surrounding tissue in stage 3 to 5 embryos and RNA isataed fr
the two regions. Thepiblast e gi on i ncl uded any remaining R
as the underlying AVH/VHT he nondisc region was made up k@mainingmural
trophoblast(mTB) and PH tissue.

The housekeepgngenes used for normalisatioBAPDH, CYCL®HILLIN and
HPRT) were chosen because they have been shown to be stable across
developmental stagéSmith et al, 2007; Smithet al, 2010) Variation in these
housekeeping genes over cattle embryega&rulation stages 3 to 5 is shown in
Figure3.6.

CERBERUSI1is expressed in the mouse anterior visceral endoderm (AVE) and
directs the formation of the primitive streak to the posterior end eftitdastBelo

et al, 2000; Pere&isomezet al, 2002) It is laterexpressed in nascent mesoderm
(Kumaret al, 2014) CERBERUSWvas detected only at low background levels in
the mTB/PH fraction however expression could be detected in the AVH
containing disc fractions at stegf@ and 4 Figure3.7A). This expression doubled
between stges 4 and 5, corresponditaghe production of mesoderm.
EOMESODEMIN (EOMES)s a widely used early/prospective mesoderm marker
(Russet al, 2000; Guillomott al, 2004) however in the mouse it is also expressed

in the extraembryonic ectoderm andE (Ciruna & Rossant, 1999; Na#schinet

al., 2013) EOMESexpression was expressed at very low levels in the mTB/PH
fraction from stages-3 however in the disc fractidBOMESexpression could be
detected at the AVH stadeefore primitive streak formatioand this expression
increasedinearly until stage 5Figure3.7B).

FURIN, a gene important for induction of gastrulation through the regulation of
Nodal, is known to be expressed in cattle m(DRgrelleet al, 2005)and mouse
extraembryonic ectodernBecket al, 2002) FURIN expression would therefore

be expected in mTB and Rauberds | ayer tropt

with stage in the mTB fraction, however surprisingly in stage 3 embryos, expression
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was higher in thepiblastfraction compared to the mural tropholl@sgure3.7C).
This higher expression corresponds to
and suggestBURINi s expressed at higher | evel
mural trophoblast. With increased stage the levelSURIN measured in theisc

fraction decreased

CYCLOPHILLIN

25 3 35 4 45 5 55
Embryo stage

GAPDH

Hie

25 3 35 4 45 5 55
Embryo stage

040 - HPRT
0.35 4

go.so ;
5025 -
20204 ™ o .
$0.15 .

I%0.10 : ocd

0.00

25 3 35 4 45 5 55
Embryo stage

Figure 3.6 The housekeeping genes CYCLOPHILLIN GAPDH and HPRT are stably
expressed in cattldrophoblast and epiblast tissue at embryo pregastrulation stages
3to 5 ad, embryo disc fraction; te, mural tragtiastfraction.
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Figure 3.7 Gene expression via real time PCR in stage 3 to 5 bovine embryds
CerberusB. EomesC. Furin expression relative to the geomean of three housekeeping
genes in stage-BVH to stage 5EG micradissected embryos. Solid circles repras
epiblass (with remaining RL material at stageA¥H) and squares represent mural and
parietal hypoldst tissue. Error bars are SEBample sizesespectively foistages 34, 5
weren=7, 9, 15or discsand n=48, 7 for other tissues

3.3.4 Expression of gnes involved in asymmetry establishment

Although real time PCR gave insights into how expression levels of genes

associated with gastrulation changed throughout the stages just priordabthad
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beginning of gastrulation, it provided very limited inf@ation about the spatial
expression of genes, such as which layer in the disc fraction expES3¢HS

during stage 3. It was therefore decided to investigate the spatial expression of genes
involved in the complex signalling networks that establish theygoniz body plan

by asymmetric induction of the primitive streak.

The first indication of asymmetry in the mammalian embryo is the appearance of a
distinct thicker region of cells in the hypoblast located to one side under the epiblast,
known as théAVE in the mouseThis region of cells expresses inhibitors aidsl

and Bmp signalling such aSerberusl(PereaGomezet al, 2002) No expression

of CERBERUS Wasdetected in stage 1 or 2 (RL or VH) cattle embriposmge not
shown) Expression was first detted in stage-8VH embryos in an asymmetrical
position stretching from the centre of the disc to one side wheepibtastwas
viewed dorsallyFigure3.8A). After sectioningthisregion of expression wagen

to bethe same morphologically distinctayp of cells in the hypoblast previously
termed the AVH; these cells were thicker than other hypoblast celisfemhad

cell processes pointing towards the epibl@Sigure 3.8 C-D). CERBERUS$
continued to mark the AVH until at stage 5 in the earlyrgésing EXE when it
marked the primitive streak and mesoderm/definitive endoderm €&djsré 3.8

C-F).

Bmpt expression in thenouseEXE regulates development of the AYEoareset

al., 2008) Rauberds | ayer ti ssBMWwP4lasteddinal so mT
the stage AVH embryo BMP4 was expressed throughout the epibkastin a

reciprocal pattern t€CERBERUSI1in the VH/AVH (Figure 3.9). BMP4 was

specifically not expressed in the AVH, whe@ERBERUSIlexpression was

detected, yet was present in tieenainingVH. Notably, the expression dBMP4

extended beyond the VH to also include a few cell diameters of circumferential

parietal hypoblastuggesting there may be functional differences within the parietal

hypoblast.
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Figure 3.8 CERBERUSL expresson. All embryos are orientated with anterior to the left,
with dorsal (top) views (A, B, E, F) and representative esessions as indicated by
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stippled linesA. Asymmetric onset dEERBERU% at stage AVH. B. Slightly later stage

3-AVH embryo. C. H&E stained section of embryo B showing distinct AVH cells of
increased height and with extensions toward epiblast (yellow arrow).-elpitpiast
vacuoles can be seen (arrowheaBs)Sect i on of embryo B adj acent
showing confinement dCERBERUSL staining to AVH cellsE, G. Stage 4EmE embryo

with CERBERUS marking the AVH, which still exhibits extensions toward EmE (arrows).
The entire visceral hypoblast contains vacuoles (arrowheads) covered by an extracellular
matrix on the EmE sidé:, H. Stage SEG embryo without anterior hypoblaSERBERUS
staining but showin@ ERBERUSexpression in the anterior part of the primitive streak as
well as in delaminating cells which are presumptive mesendoderm cells (MesEn). Bars,
100 & m.
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VH

Figure 3.9: BMP4 expression in cattle embryos is excluded from the AVHA. Stage 3

AVH embryo showig BMP4staining extending beyond tlepiblastwhich is shown by a

stippled circle B-G. Pairs of adjacent sections as indicated in panel A. The # numbers refer

to section, each being 7 em thick. The AVH
excluded fom BMP4 stain, which extends into the parietal hypoblast (PH) as well as

| abelling all the epiblast. Bar, 100 &m.
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Nodal signalling is essential for anteriposterior axis establishment and
development of the AVEBrennanet al, 2001) In cattle NODAL was detected
already at stage-RL embryos ubiquitously in the epiblasiut not in any other
tissue(Figure3.1B). At stage 2VH, when the hypoblast underlying the epiblast
became distinct from parietal hypoblaStODDAL was eyressed intensely in the
VH. In embryos with a disintegrating Rexpression in the epiblast had waned to
only be present ibasalepiblast cells directly adjacent to the {iHgure3.10C, D).

At later stagedlODAL continued to be expressed in the hypoldast the epiblast,
however is expression became more regionalised with stronger exprésdiua
AVH and the future posterior quadrant of the epiblagiggre 3.1CE-I).
Interestingly, NODAL expression was comparatively higher in the proximal
epiblast cells (those just below RL) afstage 3AVH embryo that had a delayed
loss in RL Figure 3.10N-P), indicating a possible effect of RL loss N®DAL

expression.

Nodal expressionin the mousds dependent on proteolytic processing by two
proteases secreted by theE, Furin and SpcéBeck et al, 2002) In cattle FURIN

is expressed iliRauber 6s | ayer and (Fgue3all G,H.r ophobl
Nodal signalling is also reliant on expression nfEBEGFRCFC cofactor such as

Cripto (Chu & Shen, 2010)CRIPTOshowed narestriction in exprssionbeing

ubiquitously expressed throughout the epiblast in all embryos analysed (stages 2

n=7) including embryos that had lost their fHigure3.2).

Eomesis expressed in the mouse visceral endoderm where it is essential for
development of the AVENowotschinet al, 2013) It is also expressed in the
mouse ExEderived from the polar trophoblasipd in the primitive streak and
nascent mesoderifCiruna & Rossant, 1999)n cattle EOMESexpression was
detected in stage-¥H embryos in the VH but riothe PH (Figure 3.11A-C).
Although RL is also derivedrom the polartrophoblast no analogou£OMES
expression wasletected in RLEOMEScontinuedto be expressed throughout the
VH and AVH with no obvious restriction to either tisqégure3.11D-F).
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Figure 3.10: NODAL expression in cattle embryosA, B. Adjacent sections of stage 1

RL embryo after WMISH fotNODAL, stained with H&E (A) or not (B)NODAL is

restricted to the epiblast, D. Adjacent H&E and Nodal sections of stag¥l2 embryo.

Only the viscerahypoblast (VH) and inner (bal epiblast arélODALp osi t i ve. Raube
layer (RL) is starting to disintegrate, F, G. By stage 3AVH, NODAL expression levels

are weaker. NODAL is seen in the AVH (section F) and in the epildasbrifined to

posterior region (section G, |. By stage £mE,NODAL s still restricted to the AVH

in the hypoblast tissue and is expressed only in the posterior EME.Stage G

embryo indicating expression throughout VH and in presumptive mesoded

presumptive posterior EmME expression (arrow in M., anterior ERHP).Dorsal view and

sections through a stage 3 embryo still with a mostly intacNRIDAL expression remains

in the proximal region of the epiblast, a cavity which is open to thegiextan be seen in

the dorsal view of N and section O. Bar 100
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A St2 Eomes B gap in RL C Eomes

D St4d  EFomes E EmE F Eomes
post EmE

Furin

Figure 3.11: EOMESand FURIN expression in cattle embryosA-F. EOMESWMISH

of stage 2VH (A, sidevew; B, H&E stained sectionC, adjacent sectiorand advanced

stage dEmE (D-F) embryos. At both stages the visceral hypoblast (VH) is staibwd

At stage 4dEmE, the posterior EmE, which will form the primitive streakE®GMES

positive.E and F are adjacent midaggital sections, anterior to the le&t:H. FURIN

expressionin stage 2VH (G) and stage -AVH (H) embryos. In (G)FURIN (blue)
expression can be seen in mural trophoblast and
In (H) FURIN expression is restricted to the mural trophoblast and RL has disintegrated;

the Embryoni ectoderm is marked by OCT4 (brown) and the hypoblast by Eosin (orange).

EmE, embryonic ectoder m; Epi , epi bl ast ; mT B, n
Scal e bar, 100 & m.

3.3.5 Patterning of the epiblast prior to and during early gastrulation

The expresion of NODAL, EOMES and BRACHYURYall occurred in the

presumptiveposterior end of the stage EmE disc prior to the ingression of

mesoderm cellsHjgure3.10, Figure3.11F, Figure3.12C). NODAL expression in

stage 3 and embryos could be seen to havdual expression domain as it was
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expressed in the AVH at the same time as beastyicted to the posterior EmE
Later at stage SNODAL expression strongly marked EmE celifsthe nascent
primitive streak angresumptive mesoderoells Figure3.10M).

BRACHYURexpression was not detected at stag8gdata not shown) and was
first seen as arescenbf cells covering 1£20% of the posterior end of the stage
EmE (Figure3.12A, C). Later when mesoderm cells had begun to f(stage 5),
BRACHYURYexpression had expanded in the EmE although it still did not label

mesoderm or extrambryonic mesoderifFigure3.12B, D).

CERBERUS expression in the EmBegan only astage Soncegastrulation was
starting to commence. ExpressionCERBERUS labelled theanterior end of the
primitive streakm the EmE andnlike BRACHYURYhis expression domain never
extended to thvery posterior end of the EmEERBERUS$ was also seen to label
presumptivenesendoderm cell§igure3.8H).
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Figure 3.122. BRACHURY expression in cattle embryosA, B. Stage £mE and EEmE

whole mount embryos stained BRACHYURY C, D. Saggital sections of embryos A and

B, respectively, anterior to the leR. BRACHYURYs strongly expressed in the primitive
streak (PrS) but only weakig thenascent Mesendoderm cells (Me}HExtraembryonic
mesoderm (ExM) can be seen separating the mTB and PH posterior to the embryo. Bars,
100 & m.
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3.4 Discussion

The results presented in this chapter describe a morphological staging system for
bovine embyos which is substantiated by the expression of molecular markers
characteristic of these events. Because of practical constreirgswork was
carried out using bovine embryos derived from IVP and then transferred into
synchronised recipients. Althoughis intended that the redslpresented are also
indicative ofin vivodevelopment, the fact they are derived from IVP embryos is an

important caveat.
3.4.1 Staging systems in flat embryo disc mammals

Five morphologically distict stages were identified pdstching until early
gastrulation and named according to the feature most characteristic to that stage. It
is necessary to describe detailed developmental stages so as to establish a
framework for the important sequence of patterning events that lead up to
gastrulation. Secondly a detailed staging system allows the identification of
developmental milestones for normal development. These defined milestones may
not be seen in impaired embryos, and could be used as a predictor for future embryo
survival (althagh this work has been carried out in IVP generated embryos which
may not be a good model for solety vivo derived embryos). Thirdly, detailed
staging allows the comparison of morphological events during embryogenesis
between different species and isticel for the development of an evolutionary

perspective on development.

The recognition of 4 distinct stages this studypost hatching and prior to the
appearance of mesoderm celfsan expansion on previous attempts to stage pre
gastrulation ungute (sheep and pig) embryos, which describe 1 to Sipeak
stages(Guillomot et al, 2004; Vejlstedet al, 2006; Hassouret al, 2009)
Guillomot and colleagues (2004) describe a single stage in the ovine embryo prior
to the appearance of noekerm, namky prestreakl; no mention wa made of
polarity in the hypoblast at any of the described stages. At stagst¢amk 2 and
presstreak 3, mesoderm is apparent, howgther early streak stage is not defined
until the overall shape of thepiblasthad becora pyriform when viewed dorsally.

Vejlsted and colleagues (2006) expand the-gbreak period in pig and cattle
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embryos into 3 defined stages although no mention of hypoblast differentiation is
made throughout the pstreak stages. The first stageswhehatched/expanded
blastocyst stage where tlpiblastis still an ICM (equivalenta RL-1 stage).
Secondlythe prestreakl stage is where thepiblastis devoid of RL and protrudes
outwardly from th@rophoblasfequivale to stage 4 EmE). Thirdlyhepre-streak

2 stageis where a thickening of the disc sv@een at one end. No mention of
mesoderm formation is described at this stage and no transverse sections are
provided, but this thickening most likely corresponds to the appearance of the first
mesodam cells at the posterior end of the disc and is equivalent to the st&a@e 5
stage described in this chapter. Hassoun and colleagues (2009) also studied the pig
embryo and the work presented appears to be the first to describe regional
differentiation of he hypoblast during prgastrulation development in domestic
ungulate embryos. In this work stafjenost closely resembles the stage 3 (AVH)
stage described in this chapter, in that differences are noted between the anterior
and posterior hypoblast, thetanor region appearing more columnar and dense in
comparison with the posterior hypoblast. At this stageettiblastis also still a
concave | ens shape. AWi dened extracell ul
described, although more in the ventraibéast region. The second stage described
appears to be equivalent to the stagemE stage described in this work astdge

3 equivalent to thé>-EG stagehere as nascent mesoderm formation is noted
(Hassouret al, 2009)

The rabbit embryo is probabthe best studied model for the mammotypical flat
disc mode of developme(ifiebahnet al, 1995b; Viebahrt al, 1995a; Viebahn

et al, 2002; Idkowiaket al,, 2004b; Idkowialet al, 2004a; Halachewet al,, 2011;
Hopfet al, 2011) Threestages () are defined prior to the appearance of the first
mesoderm cells at stage f8)Jlowed by, organised primitive streak formation at
stage 4. Stage 0 consists of a single cell layer ciregpérastof approximately
350um covered in RL and not showing asigns of polarity (stage-RL/stage 2

VH equivalent). At rabbit stage, the first sign of embryo polarity is seen in the
development of the anterior marginal crescent (AMC). This is seen as a sharp border
between the epiblast and trophoblast tissue iddingal view and corresponds with

an increase in cellular height and density of the epiblast but most especially the

underlying hypoblast in this region. Therefore the rabbit stage 1 most closely
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corresponds to the bovine anterior hypoblast differentiatémn at stage-8VH.

Stage 2 in the rabbit is when the posterior region oéfiielastelongates slightly

at the opposite pole to the AMC and is called the posterior gastrula extension (PGE).
By stage 3 in the rabbit this elongation is more pronounceidgyia pyriform
shapecdepiblast At this stage transverse sections show the presence of prespecti
mesoderm cell@about to ingress and a few mesoderm cells that have done so;
corresponding to stageEsG in the bovine. Although later stage cattle embryds d
tend to be more ellipsoid in shape, the development of a pear s@ipstwas

not noted at the stages studied. The most striking morphological differences in
development between the rabbit and the bovine (and other ungulates) are the much
larger epiblast sizes of the rabbit (for example 3%0n versus 10Qum in pre
AMC/AVH stages) and the existence of a single cell layered epiblast even before
RL disappearance, at stage 0. In cattlesingle cell layeredpiblast is not fily
formed until EmE stagé, just prior to gastrulation. A third notable difference is
the differentiation of the rabbit hypoblast at the prospecterior end to form the
AMC. This occurs right at the epiblast/trophoblast border and extends abomt 25
towards the centre of tI850um disc; in cattle the area of the AVH is much broader
and underlies a quarter to half of #y@blastextending outwardly from the centre.

In both case€ERBERUS expression in the anterior hypoblast never reaches the
epiblast/trophoblast bordéidkowiak et al, 2004b)

3.4.2 Transition to a polarised epithelium through cavity formation

The formation of a epithelialised epiblast/EmE cell population is a-prquisite

for gastrulation in amniotg$Sheng, 2014)in the bovine the mechanism by which
this ocurs is most likely the formation of cavities within the dorsal epiblast leaving
behind an organised one to two cell layer of epithelial like epiblast cells in contact
with the hypoblast. The formation of these inty@iblast cavities does not appear
relaied to thedisappearance of Rlas RL can be almost gone or still fully present
during this process. Cavites have been previaegigrted between cells of tBay

12 bovine epiblast just below R\ ejlstedet al, 2005) Similar to the observations

in this chaptey these authors also noted that two epiblast populations could be
distinguished based on morphology; a well organised ventral/basal layer and a more
irregular population of cells above this. The presence of a cavity in the central

region of pig epblasts that still were covered or partly covered by RL has also been
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reported(Hall et al, 2010; Suret al, 2013) It can be envisioned that this process
results in a tensional strain, that upon rupture of the thin dgogabst layer and

RL, the vental embryonic ectoderm can flatten or buldge out forming the
characteristic dome profile seen by stage 4. The externalised dome epiblast then has
direct acess to the uterine environmenhig direct access may be of importance
because it is known that uitee gland secretions are essentialdpiblastsurvival

(Grayet al, 2001) Hall and collegues (2010) suggest formation of a cavity within
the pig epiblast could al |l epblagsbfHalletiepi bl a
al., 2010) In the mouse theofmation of an epithadlised embryonic ectoderm
similarly occurs via cavity formation.i@nals from the basement membrane of both

the overlying polatrophoblastand underlying hypoblast result in polarisation and
cytoskeletal changes so that the cellshaf entire epibladiorm a rosette pattern,

with its luminal apex at the centre. Unlike the bovine (and other ruminants) this
lumen then expands to form the proamniotic ca\iBedzhov & ZernickaGoetz,

2014; Sheng, 2014)

3.4.3 Polarity in cattle embryos compared to other mammals

The first sign of polarisation in the cattle embryo was the specialisation of a region
of visceral hypoblast cells asymmetrically positioned underneath the epiblast to
become more columnar and densely clustered, termed the AVH, bécamalogy

with the mouse this region presumably marks the presumptive anterior of the
embryo. This is the first time this phenomenon has been reported in cattle embryos,
although a similar specialised region of hypoblast has been reported in the rabbit
(termed the anterior marginal crescent, AMZgbahn et al, 1995b)the pig
(termed the anterior hypoblast, AHBassouret al, 2009 and the mouse (termed

the anterior visceral endoderm, A\Eeddington & Robertson, 1998Also, in a
similar manner to thenouse AVE and rabbit AMC this region of cells specifically
expresse€ERBERUS (Beloet al, 1997; Idkowiaket al, 2004b)

In the mouse embrythe formation of the AVE is preceded by the formatibthe
distal visceral endodernD{E); a localised tlakening of the visceral endoderm at
the distal tip of the embryo which expresses similar genes to thg Rfidteret al,
2007) The DVE then unilaterally migrates to one edge of the disc and the AVE

forms from other visceral endoderm cells which repkaue follow in the wake of
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the DVE (Takaokaet al, 2011) Although the formation of the DVE is
morphologically symmetric, the expression of the g&PeberuslandLefty-1 are
slightly asymmetric at the DVE stage, and it is thought that the side on wakich t
expression is biased becomes the future anterior of the ef{apoamotoet al,

2004; Takaokat al, 2007) In cattle stage 1 and 2 embryo® centrally located
DVE-like structure and n€ERBERUSEXxpression could be detected. It was only
when theasymmetrically located AVH was morphologically distinguished at stage

3 that CERBERUSlexpression was also detected. The earl@gSRBERUS1
expression was detected asymmetrically in an area located from the centre and off
to one side of thepiblast whenthe disc was viewed dorsallfzigure3.8A). This

area of expression matched the region of morphologically distinct AVH cells. In a
similar manner to cattle, in pigs a morphologically distinct AHB was already
asymmetrically located at the earliest stageamered (130um and 120um,
respectivelyin Hassoun et al., 2009 and Sun et al., 2013). The apparent absence of
a symmetrically located DVE structure at the centre of the disc in ungulate embryos
may be because it only appears very transiently or bedasisgly does not exist.

In the rabbit stage 1 embrythe AVH equivalent, the AMC, is morphologically
first visible at arasymmetric location at one end of the dMiebahnet al,, 1995b)

This region of columnar hypoblast tissue also expreS&$BERUS1(Idkowiak

et al., 2004h)At rabbit stage Ono morphological differentiation indicating axis
formation is seerhowever CERBERUSEXpression is detected in a central region

of hypoblast cells sygesting the existence of a DMike structuran common vith

the mousgldkowiak et al, 2004a) Complexlineage tracing experiments in the
bovine would need to be performed, in a similar manner as in the mouse, to
categorically confirm the AVH population of cells corresponds to the same cells

throughout develapent anchot two populations of cells.

The relative shapes and sizes of various embryos may explain why a more centrally
located DVE structure is not detected in cattle embryos. In mice, as the epiblast
grows it forms a characteristic cup shaped embryere/khe visceral endoderm is
physically distanced from the extemnbryonic ectoderm (derived from the polar
trophoblast This physical separation is required tmwal the distal VE to escape

the inhibitory signals from the mouse exteanbryonic ectodermna provide the

correct balance of Nodal/BMP/Smad signalling for DVE formafMasnardet al,
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2006; Yamamoteet al, 2009; Stern & Downs, 2012Yhe physical separation
required between the distal tip of the mouse embryo anttdpkoblastborder is

at least 7qum (Mesnarcet al, 2006) In a flat disc embryo this equates tcepiblast
diameter of over 14dm. Rabbits havepiblass of about 35@um and begin to lose

their RL atE5.5, so that by B.0 an inact layer is no longer presegfwilliams &
Biggers, 1990; Idkowialet al, 2004a) Stage 0, whe@RERBERUSEXxpression is

first expressed, occurs Bb.75 (Idkowiak et al, 2004a)and coincides with this
disintegration. The induction @ERBERUSlonly once RL is no longer intaads
consisént with the requirement for a physical separation between trophoblast tissue
and the area of the hypoblast that is able to differentiate and express anteriorising
signals. NotablyCERBERUSZ®xpression in th&MC of therabbit begins about
80um from thetrophoblast borddiFigure 3Ain Idkowiaket al., 2004b) In contrast,

cattle (and pig) embryos have a much smaller embryonic diameter, (maximal
epiblast diameter of 120m at a late stage'¥H) and RL does not begin to be lost
until epiblasts are over 00um. Thus the hypoblast is physically closer to the
circumferential and RL trophoblast. This in turn may prevent formation of a
centrally located DVE structure and AVH formation may not rely on an initially

centrally located precursor populati@figure3.13).

The disintegration of Rauberdés | ayer may
by the secretion of an AVH inhibitory factor as discussed above or secondly by

being a source of NODAL activating proteases such as FURIN. Nodal signalling is

in turn essential for induction of the DVE and AMBrennanret al, 2001)and for

DVE migration(Yamamotcet al, 2004) In cattleFURINi s expressed i n R
layer tissue, and the irregular manner in which RL disappears may set up subtle
regional differences iiNodal signalling, which in turn will define AVH position

and anterioiposterior axis. This is supported by the observation R@DAL

restriction to the distal region of the epiblast in cattle appears closely linked to the

loss of RL.
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Mouse DVE stage (>140 um epi)
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70 um DVE
Rabbit Stage 0/1 (350 um epi) DVE
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80 um

Cattle Stage 2-VH (<120 um epi)
RL 100 pm
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<60 um

Figure 3.13 Comparison across three species in thestablishment ofa hypoblast

signalling centre In mice, regative signaldhjack blunt arrowBMP) from the trophoblast

(in blue) are believed to inhibit the establishment of a distal hypoblast signalling centre

until the giblast (in red) has proliferated sufficiently to remove some of the visceral

hypoblast (in yellow; in mice termed the viscepaimitive endoderm, or VE) from this
influence all owing the DVE (orange) to form at
flattening out of the mouse egg cylinder is shown. In rabBERBERUS1marking the

initially centrally and symmetrically loted DVE equivalent, termed the AMC, again

forms at a distance from the trophoblast margin. In cattle, persistence of the polar
trophobl ast (Rauber 6s |l ayer) and a smal |l er d
circumferential trophoblast infer that the VH remmiunder the influence of putative

inhibitory signals, precluding a D\fike precursor population of the AVH.

3.4.4 Conservation and variation in gene expression patterns between

cattle and other mammals

The results presented in this chapter show the expresiamumber of genes
whose homologues have been shown to be critical for embryonic patterning in the
mouse. A summary of the data presented is showingire3.14A. By matching

the key morphological events/stages seen in mice and, eattbenparison bdeeen

the expression patterns seen in cattle with those in the mouse at equivalent stages is
shown inFigure3.14C. The overall pattern observed is a high concordance at the
later stages of4EME and 5EG, but more variability during stages\\H and 3

AVH. The greater earlier deviation in gene expression patterns reflects a variation
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in early morphological events, specifically (i) RL disintegration versus -extra
embryonic proliferation and (ii) direct AVH formation versus a DXEE

sequence.

In the E5 mouseembryq Nodalis expressed in the epiblast and is beginning to be
expressed in the embryonic visceral endoderm (visceral hypof{astiar et al,
2014) Nodal expressiorremains in these regions B5.5 (Mesnardet al, 2006)
Cattle similarly shw initial expression onlyn the epiblast at stageRL. By stage
2-VH NODAL expression is also in the \VHowever in bovineembryos that have

a disintegrating RL it is now restricted to the distal epiblast and underlying VH. In
stage 1 pig embryos chatadsed by an intact RL but with regional hypoblast
differentiation, NODAL expression is similarly seen in the epiblast and visceral
hypoblast. Unlike cattle, no restriction to the posterior epiblast is(stsssouret

al., 2009) This could be an effecf the still intact RL. Nodal protein produced in
the mouse epiblast diffuses into the underlying hypoblast to switcNookal
(Brennanet al, 2001) and Eomesexpression(Nowotschinet al, 2013) These
hypoblast inductive events appear to be fully corestrin cattle embryos as
substantiated bj]NODAL and EOMESexpression not in stage 1 hypoblast, but
present in the VH cell population seen at stagagufe3.14B #2). No regionalised
differences inEOMESexpression in VH were observed which is consisteatt

data from the mous@owotschinet al, 2013)

In mice, expression ¢fURINis initially in the ICM/epiblast at B.5-5. Afterwards,

FURIN becomes astricted to the proximal extembryonic ectoderm and extra

embryonic visceral endoder(iviesnardet al, 2006; Mesnard & Constam, 2010)

In cattle FURINe x pr essi on is only seen in the po
trophoblast. Furin is a protease and its expression is required to cleaNedatp

to allow active Nodal to upgulate itseliBen-Haim et al, 2006; Mesnaret al,

2011) FURIN protease expression in RL could also be required to activate cattle

NODAL, the later loss of a proximal source of FURIN through the loss of RL may

explain the early shutdown of NODAL in the proximal epiblasémbryos that

have lost most of their Rlagdepicted inFigure3.14B #1 and #2
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Nodal plays a role in organising the mouse epiblast, including epithelialisation of
the epiblas{Mesnardet al, 2006) Nodal mutants have epiblasts that consist of
roundel disorganised cells. The restriction MODAL in cattle to the organised
layer of distal epiblast cells matches the region of epiblast cells that later become
the epithelial EmE due to cavitation of the proximal epiblast cells. Therefore the
role of NODAL in organisation and epithelialisation of the epiblast also may be

conserved in cattle.

Nodal expression in the mouse VE and epiblast plays tebaply interrelated
functions. FirstNodal signalling from the visceral endoderm is essential for AVE
migration and is required to maintaNopdal expression in the epiblagfumar et

al., 2014) SecondNodal signalling in the epiblast increases epiblast proliferation
which is in turn essential for AVE migratidStuckeyet al, 2011) In cattle the
requirenent forNODALto be expressed in the visceral hyaais conserved.nis

may thenin an analogous manner to the mouse mailN&@DAL expression in the
distal epiblast as is observdddure3.1B #4). A shutdown oNODAL expression

in the proximal epildst would be expected to result in a decrease in NODAL
signalling and consequentially a reduction in overall epiblast proliferation. This
does appear to happen, in the mouse WRedalexpression is maintained over the
entire epiblast, the epiblast radinsreases by over a 100% pikzry (50 pum to over
100 um between B.5 andE6.5 (Donnisonet al, 2014)whilst in the bovinethe
epiblast increases mnly 35% perday (Figure3.1A; d/dx of >3,
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Figure 3.14: Summary of gene expression patterns Iveen stages -RL and 5-EG,
potential interactions and comparison to mouse embryo#\. Expression of genes are
shown at the stages analysed and colour cogde®IN dark blue,NODAL light blue,
EOMESorange CRIPTOgrey,BMP4yellow, CERBERUS red andBRACHYURYgreen.

B. Gene/protein regulatory interactions as described in mouse embryos are depicted in
shaded boxes representing trophoblast (dark), epiblastEmE (mid) and hypoblast (light).
References are listed in the discussiGn.Comparison of gene expré&ss domains in
mouse (M) and cattle (C) embryos at cattle stagBs &PrS, anterior primitive streak;

AE p i @fers to expression in all of the epiblasarPH, proximal parietal
hypoblast/endodernpo, posterior.

The expression pattern of the Nodalfaotor CRIPTO in cattle was closely
conserved with that in the mouse, being ubiquitously expressed in epiblast cells at

the analysed stages of 2 to 4. This is similar to the mouse @hete is expressed
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in the 4.5 to 6.5 epiblasbut not in any other tsies(Chu & Shen, 2010)
Consistent with these resullSRIPTOexpression has also beebserved to be
restricted aDay 11 to the porcine epibla@tall et al, 2010)

In cattle BMP4was seen to be expressed throughout the stage 3 epiblast and in the
outer visceral hypoblast in a ring pattgwhich distinctly did not mark cells of the
AVH. Notably this area of hypoblast expression extended beyond the disc to
underlie a fewrophoblastells. This is in contrast to the mouse, wHengp4is not
expressedh the epiblast and instead is restricted to the extnaryonic ectoderm
(Lawsonet al, 1999) In a similar pattern to cattle, the rabbit embryo expresses
BMP4 in the visceral hypoblast in a ring like fashion underlying the edge of the
epiblast at stag8. However expression in the rabbit hypoblast doeserte#nd
beyond the epiblast boed and expression dBMP4 in the rabbit epiblast is
restricted to cells directly above tBMP4 hypoblast ring(Hopf et al, 2011) In

ovoid pig embryos with aapiblastof 140 um,BMP4 expression was also seen in

a ring of expression which extended beyond the disicough it was not recorded
which layer this expression was in (mural trophoblast or hypoblast). Bmp4
signalling from the EXE is required to mediate Nodadl &nt signalling, up
regulating their expression in the future posterior region of the epiblast where
gastrulation will begir{BertHaim et al, 2006) As noBMP4expression is seen in
cattle muratrophoblastperhaps expression from the hypoblast juseudgihg the
epiblast in this region performs this function. Howewshether this ring of
hypoblast expression seen in cattle, rabbit and possiblyplaigs an analogous

function to the mouse ExXE remains to be determined.

CERBERUSZexpression in a diffentiated region of the VH, the presumptive
anterior VH (AVH) region, is homologous to the expression pattef@eoberusl

in the mouse AVE and rabbit AHB. This is to be expected as the expression patterns
of NODAL andEOMES which in the mouse have bedmwn to be required for

AVE migration and associatederberud expression(Nowotschinet al, 2013;
Kumar et al, 2014)were also conserved in cattle (depictedrigure 3.14B #3).
Restriction of the mouse DVE, and later AVE (aerberud expression) tahe

distal tip and future anterior side of the embryo is by inhibitory signalling from the

EXE (Rodriguezet al, 2005) In mice it is proposed that the specific inhibitory
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factor secreted form the EXE is Bmp4, as it is known that a reduction in BMP
signdling, and consequential phosphorylatechadl signallingmust occur to
allow DVE formation andCerberusl expression(Yamamoto et al, 2009)
Although expression oBMP4 in the cattle hypoblast appears quite different to
expression in the mouse EXE, thelesion ofBMP4 expression specifically from

the AVH region would likely result in a loss of SMADL1 signalling in this region.
Thus the same outcome of a reduction in phosphorylated SMAD1 would be

achieved allowing AVH formation.

In the cattle stage-EmE epiblast NODAL expression was restricted to the
presumptive posterior quadrant adjacent to the (FURIN expressing) mural
trophoblastand at the opposite end to the epiblast wiBgE&BERUS expression
occurred inthe underlying AVH Figure3.14A). This is h high concordance with

the mouse, wére progressive restriction dfodal to the posterior end byas
occurs due to the effect of AVE signalli(Becket al, 2002) Nodal expression in

the future posterior epiblast of the mouse is then required,twi@ripto cofactor,

to activateEomesandBrachyuryexpressior(Brennanet al, 2001) This pathway

also appears conserved in cattle, as stage 4 embryos show upregulB@vies

and BRACHYURYexpression in their presumptive posterior epibl&8s@DAL
expression in cattle hypoblast was also seen to be more restricted to the AVH (at
stages 3 and 4). Although no such expressiolNadal in the mouse AVE is
recorded, the expression NODAL in cattle anterior hypoblast and restriction to
the posterior epiblasexactly matches the expression pattern observed in pigs
(Hassouret al, 2009)indicating this ugregulation in the anterior hypoblast region
may have been evolutionarily acquired in these species or lost in the mouse. Notably
EOMESand BRACHYURYexpres®n in the future posterior epiblast precedes
formation of mesoderm cells, as in the mo(RereraPerez & Magnuson, 2005;
Wolf et al, 2012) Likewise, expression RACHYURMN a crescent region of

the future posterior epiblast prior to primitive stréakmation is also seen in the

pig (Hassouret al, 2009) The high degree of concordance of expression at stage
4 and comparable stages in the mouse and pig embryo highlights the conserved

molecular patterns seen just prior to gastrulation.
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At stage 5m cattle endoderm and mesoderm cells are seen between the EmE and
hypoblast. It is also at this stage tkERBERUS expression begs to appeaat

the anterior margin dhe primitive streak and marksesumptive endoderm cells.

In mice Nodal in the parior embryonic ectodernalong with Eomesactivates
Cerberud expressior(Brennanet al, 2001; Mesnaret al, 2006; Nowotschiret

al., 2013) This cascade of signalling events also appears to be conserved in cattle
as followingNODAL and EOMESexpres®n in the posterior epiblast at stage 4
CERBERUS s expressed at stageFEdure3.14B #3).

In conclusion, the final outcome in terms of expi@sgattern and a single cell
layeredpolarised epithelium primed for gastrulation is highly conservedsacr
diverse speciesuch as cattle and micehe role of the hypoblast in restricting the
initiation of gastrulation to the posterior epiblast through expression of genes such
asCERBERUSIs also conserved in these diverse species. Howtheprocess

by which this asymmetrical signalling patteris achieved is quite different
reflecting the different modes of developmesitich as expansion of the polar
trophoblastersus disintegration of this tissue. The EXE tissue of the mouse appears
to be a speciaed tissue that does not have an exact functional equivalent in cattle.
Instead its role is replaced with a combination of expression from the remaining

muraltrophoblastind hypoblast (such as FURIN and BMP4 respectively).
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Chapder

The | mRrautbeofos Layer

devel opment of <catt

4.1 Introduction

4.1.1 Modes of embryonic and placental development in Eutherians

Eutherians have evolved a mode of embryogenesis whstead of a yolk sac
extraembryonic tissuesteract with maternal tissues provide the nutritional
needsfor the growing embryoThe specialised structure which mediates these
exchanges is callethe placenta. Theells that will become the trophoblasind
later predominantly form the embryo portion of the placeata alreay speciied

at the blastocyst stage follavg the first lineage decision and fortine outer cells

of the blasocyst, which surrounds the inner cell ma@€M) (Rossant & Tam,
2009) Cells derived from the ICM (later the epiblagedominantly form the
emlryo proper, althougtdo also contribute to other extembryonic tissues, such
as the amnionThetrophoblastof the eutherian blastocyst can be subdivided into
polartrophoblast which directly overlies the ICMand muraltrophoblastFigure
4.1A). Thepolartrophoblastissueappears to have been acquired during eutherian
evolution as marsupialglo not pass through this phase and inste#uke
epiblast/hypoblast is derived from a unilaminar blastoc{8heng, 2014)
Depending on the mode of implantatj@ither the par trophoblast(as in murid
rodents (mice andats), hominoid primates, hedgehogs and porcupi(&eyn,
2004)or the muratrophoblas{as in pigs, sheep, cattlegrsescats, dogs, rabbits,
sciurid rodents (squirrels and chipmunks)micraine rodents (voles) and
insectivoresVan der Stricht, 1923; Hill & Tribe, 1924; Flechon, 1978; Copp &
Clarke, 1988; Enderst al, 1988; Williams & Biggers, 1990; Stern, 20Gdyms

the placenta and mediates foetsternalaste and nutrient exchangésfact, in

mammals where the murabphoblastis the main precursor to the placeritee

polartrophoblasi s known as Rauberdéds | ayer and

In mice the polartrophoblast under the influence of F@rand TGIb signalling

from the ICM, proiferates rapidly to form the ext@mbryonic ectoderm (EXE).
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Conversely the mural trophoblast ceases to proliferate and undergoes
endoreduplication (DNA replication without
(Cross, 2005)These giant cells mediatevasion and implantation in the uterus.
The second lineage decision is made when a differentiated layer of cells appears on
the surface of the I, facing the blastocoel cavitynIlthe mousgthis tissue is
known as the primitive endoderm, howevier other species it is known as the
hypoblast. This endoderm layer eventually lines the entire inner surface of the
blastocys{Rossant, 2004)As a result of the rapid proliferation of the EXE and due

to physical space constraints from the uterus, the ExEepuble underlying ICM

into the bastocyst cavity, causing the-salled inversion of the germ layers and
forming an elongated, rounded cylinder shaped epifagip, 1979; Hiramatset

al., 2013) As the epiblast elongatesalso forms a proamniotic céy and in doing

so, becomes a sing cell layered epitheliumA few hours later the solid EXE also
begins to form a cavity, thedeo cavities eventually fuse so that by E5.75 the
single lumen of the mature pemmniotic cavity is formedFigure4.1B) (Bedzhov

& ZernickaGoetz, 2014)The result of these morphological changes is the mouse
hollow egg cylinder, where the epiblast is a cup shhpe abuts the EXE atsit
uppermost rim, the centre being physically removedure 4.1B). Unde the
continued inflence of FG& and TGP signalling from the epiblasthe ExE
maintainsa trophoblaststem (TS) cell populationfrom which specialised cells
differentiate to form the chorion and labyrinth layer of the placenta, mediating
nutrient exchang@Cross, 2005)Reciprocal signalling from the EXE to the epiblast

in the form of Furin and SPC4 proteases enhance the activity of the morphogen,
Nodal(BenHaimet al, 2006; Mesnarét al, 2011) As a result of EXE interactions

with the epiblast and inhibition of Nodabsalling from the prospective anterior
endoderm (the AVE), Nodal activity becomes concentrated to a region of the
epiblast abutting the EXE at the opposite end to the AVE. High levels of Nodal
activity at the prospective posterior of the epiblast are tegunired to induce

gastrulationBen-Haimet al, 2006)

96



A proliferation

B

polar

FGF TE
inner

cell mass

(ICM)
mural

TE

blastocyst
TS cells *

mural

TE
extraembryonic
FGF ectoderm (ExE)
Furin
Spc4 epiblast
pro-Nodal ——— hypoblast
Activation

egg cylinder stage

Figure 4.1: Schematic showing the mouse (eutherian) blastocyst and the mouse hollow
egg cylinder. A. Depiction of a mouse blastocyst showing the ptiaphoblast(blue)
overlying the inner cell mss (ICM; red), and the mur@bphoblas{dark blue). The polar
trophoblastesponds to FGFsignalling from the ICM by proliferating and expanding into

the blastocoel cavity pushing the ICM down into the cavity (arroBispepction of the
mouse egg cytder. The ICM has differentiated to become the epiblast and has been forced
into a cup shape, with a hollow pamniotic cavity seen at its centre. The outside of the
epiblast is covered by the hypoblast (grey). The pintgrhoblasthas formed the extra
embryonic ectoderm (EXE; blue). EXE and adjacent epiblast cross talk is shown (arrows).
The epblast secretes pidodal and FG& to maintainTS cells andEXE proliferation,

whilst the EXE responds by secreting the proteases Furin and Spc4, which activate p
Nodal setting up a Nodal gradiefior references see text.

In mammals where the mutabphoblastorms the bulk of the placental precursors,

t he

CM does not undergo

t h epiblastwhiche r si on o

on dsintegration of RL.isexposed to the maternal environmdfig(ire4.2F). The

exception to this appears to be voles who do lose their ppofgtroblasthowever,

also form a cup shape epiblé€opp & Clarke, 1988)RL disappearance occurs

prior to the appearance of mesodermesaiglenced by histological sectioning of
embryos that develop by this moddill & Tribe, 1924; Copp & Clarke, 1988;
Enderset al, 1988; Barendst al, 1989; Williams & Biggers, 1990)or example,

in cattle, RL disintegration is between fgastrulatiorembryo stages 2 and 3, and

it is always gone by stage 4, with the commencement of gastrulation marking stage

5 (Chapter 3. Despite the physical separation from the ICM/epiblast, proliferation

97



of the muratrophoblasin domesticated ungulates is veryichas seen by the large
increasesn conceptus lengthpr example the doubling in length seeveryday
betweerDay9 and 16 in cattl¢Berget al, 2010)

The physical relationships between the different tissues of the mouse embryo can
be compared tdat of flat disked embryos if we imagine a hypothectical flattening
out of the cup shaped mouse embri#mre 4.2E-G). The centre of the mouse
epiblast is separated from the ExBphoblastby the amniotic cavity, while the
primitive endoderm covers thésthl surface of the mouse epiblast (not shown). If
flattened out, the mouse embryo morphology is similar to the ruminant structure
where, because of RL disappearance the central region ejptbkastis not in
contact with anyrophoblastIn both caseghetrophoblasis only in contact with

the edges of the epiblast. Any trophoblast/epiblast crosstalk is likely to be strongest
in regions of direct contact between the epiblast and the trophoblast. For gxample
the proteases (SPC4 and FURIN) secretenh fifeetrophoblastissue that activate
NODAL would likely be highest at the edges of the epiblast and enhance NODAL

activity in this region.

Intriguingly the physical separation of the trophoblast from the central epiblast (and
underlying hypoblast) prido gastrulation appears to be conserved in all eutherians
(Sheng, 2014)The actual mechanism to achieve this separation is different among
species, such as the formation of the-@naniotic cavity in humans and mice or the
disintegration of the polatrophoblast( Rauber 6s | ayer) in the
species(Stern, 2004) The removal of trophoblast from the central area of the
epiblast may be important because, as described, the trophoblast is a source of
NODAL activating protease@Mesnardet al, 2011)Chapter 3. Exposure of
mesoderm progenitors in vertebrates (fish, frogs, chickens and mice) to Nodal
TGFb signalling is restricted to a specific region where gastrulation will begin
(Stern, 2004)Exposure of chick epiblast cells or isolabéehopusanimal caps to
ectopic TG signals results in ectopic mesoderm formaimith et al, 1990;

Shahet al, 197). Thus the loss of trophoblast (such as RL) in contact with central
regions of the eutherian epiblast may be an evolutionary conserved requirement to
restrict Nodal activation and ensure gastrulation is induced correctly at one end of

the epiblast.
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Figure 4.2: Morphological comparison between mouse and ruminant embryo pre
gastrulation embryonic developmentA, C, E cartoon side view of the mouse @D,

F ruminant embryos during pigastrulation development (mural trophoblast not shown,
trophoblattrophoblasttissues and derivaties depicted in blue; ICM and derivatives
depicted in red). In the mougeroliferation of the polatrophoblastA) causes the inner

cell mass to expand into the blastocoel cavity, to form a cup shape (C) elongating the
embryo along the dorsadentral axis. In contrasthe ruminantepiblastexpands in the
direction perpendicular to the dorsal ventral axis to form a flatter disc shape (D). BMP4
signalling and proteases secreted from the mouse-@xtibayonic ectoderm acincthe
underlying epiblast to upregulate Nodal expression, howeaker to formation of the
mouse preamniotic cavity these signals become restricted to the edges of the epiblast (E).
In ruminants because thepiblastremains flat the entire disc is able feceive any
signalling interactions fr om twheev epo |Raaru bterradpst
layer disappearso thaf similar to the mouse, any trophoblast derived signals are restricted
to the edge of the epiblast (F). A hypothetical flatterdfiithe mouse epiblast (G) shows

how the mouse epiblast has a similar scope for interaction with the ExE/trophoblast as the
ruminant epiblast.

4.1.2 Patterning roles for derivatives of the polartrophoblast

Gastrulation, the formation of the three primary daifersfrom the epiblast,
involves many cell movements. Cells from the epiblast delaminate and migrate
through the primitive streak to form definitive endoderm and mesoderm whilst
remaining cells form ectoder(iam & Behringer, 1997)n order for the dyraic

epiblast cells to follow patterning cyes stable source of patterning information
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must be providedStern, 2004) The stable source of patterning information that
controls epiblast cell movements in amniotes is the hypoblast (known as the visceral
endoderm in mousejThe hypoblast secretes Nodal and Wnt antagonists so that
primitive streak formation begins only at a specific location in the epiblast
(Beddington & Robertson, 1998; Stern & Downs, 2013h the best studied
mammalian model, the mousdiet mechanism by which this occurs is by the
morphologically discernible differentiation of a small region of cells of the visceral
endoderm which are located at the future anterior of the embryo (known as the
anterior visceral endoderm; AV@Beddington & Rbertson, 1998) The AVE is
preceded by a separate population of endoderm cells, the distal visceral endoderm
(DVE) and relies on the migration of the DVE for its own anterior migration
(Takaokeet al, 2011)

Whilst the morphological differentiation olfi¢ (future) anterioendoderm othe
mouse egg cylinder may be the first morphologically discernible sign of
polarisation of the embryo, anteriposterior axis specification as revealed by gene
expression, occurs much earlier. Asymmetric expression ofje¢he Leftyl is
already apparent in the mouse primitive endoderm at the blastocys{isiigeka

et al, 2011) Leftylexpression in the mouse primitive endoderm is dependent on
Nodal signalling(Takaokaet al, 2006) Nodal activation is in turn dependemn

Furin and Pace4 protease activation which at this stage are expressed in the polar
trophoblastand primitive endoderm. Later on these proteases are secreted
exclusively from the mouse Ex&nd are critical to modulating the exact levels of
Nodal requied to allowformation of the AVE and for upegulating Nodal
expression in the proximal epiblast, where gastrulation will bégactk et al,

2002) Further evidence from the mouse shoved the ExEalso plays an inhibitory

role in the formation of the A and controls its anterior migration to the future
anterior of the embry(Rodriguezet al, 2005; Richardsoat al, 2006) Therefore

the EXE in the mouse is crucial for correct patterning through its complex signalling
interactions with the epiblast amisceral endoderm. This raises the question of
how these delicate signalling balances are provided in mammals which lose their
polartrophoblas{ Rauber 6s | ayer ) ameduivaldnttisseeftoo r e
the EXE?
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RL disappearancen pre-gastruléion cattle embryos occurgradually between
stags 2 and 30 that RL is completelyame by stage 4, well before commencement
of gastrulation at stage Elapter 3. The disappearance of Riior to gastrulation
can be envisioned to be important for depehent for several reasons:
i. To allow access of the epiblast directly to trophic factors secreted by the
uterus
ii. To egablish the correctsymmetric signalling patterns to induce
gastrulation by:

a) Removal of SPC4/Furin proteases from the central epiblasiso t
the concentration of Nodal protein is amplified only in epiblast
abutting the circumferential murabphoblast

b) Removal of potentigrophoblasexpressed inhibitors of DVE/AVE

Or all or any combination of the above.

Interestingly the differentiatio of the anterior hypoblast observed in a pig embryo
corresponded with the side of tepiblastwhich was first to losestRL (Hall et al,
2010) This correlation between the side of the embryo devoid of RL and location
of the anterior visceral hypoblasts also seen in many of the embryos sectioned
for the previous leapter (for exaple Figure 3.2 E5 and 34 E), which supports

the idea that RL must be removed to allow anterior hypoblast differentiation.

413 Rauber é6s | ayer disappearance

Two, nonmutually exlusive, plausible mechanisms for RL disappeegahave
been suggested by otlsebased on the morphological analysis of the rapigt,
horse and cattle embryos duritlge time RL disappearéEnderset al, 1988;
Barend<et al, 1989; Williams & Biggers1990; MaddoxHyttel et al, 2003) The
first mechanism is by a decrease in proliferation of 8d_that as the underlying
ICM/epiblast grows and expandke cells of RL cease to be a continuous layer and
are separated as observed in the h(ifseerset d., 1988) An inability to be able

to 6keep upbé6 with the rapid increase

thinning and eventual rupture of RL, leaving behind a few remnants as observed in

the pig (Barendset al, 1989) The secondsuggestedmechanism of RL

disappearance is by apoptosis. In rabbit, cattle and horse embryos analysis by

transmission electron microscopf/RL cells during the period of its disappearance
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show hall marks of apoptos{&nderset al, 1988; Williams & Biggers, 1990;
MaddoxHyttel et al, 2003) Electron microscope sections particularly from the
rabbit and the horse show the appearance of phagosomes within the epiblast solely
during the period RL is disiagrating. These results havel l® theideathat RL
disappears Y apoptosis followed by phagocytosis by the underlying epiblast
(Enderset al, 1988; Williams & Biggers, 1990As discussed by the authors of the
horse embryo paper, it may be that first RL cells become focally interrupted due to
a reduction in prolifertgon rate followed by their apoptosis and subsequent removal

by phagocytosi¢Enderset al, 1988)

4.2 The aims of the research presented in this chapter

The aims of this chapter were:
1. To investigate further the two suggested mechanisms of RL disappearance,
reduced proliferation and apoptasis
2. To test the hypothesis that RL disappearance is required for normal
gastrulation in cattle by:
i.  Studying the effects of RL loss in wild type cattle embryos:

1 Aloss ofFURINas a result of RL disappearance likely tdhe
cause for the shutdown dfODAL expression observed in the
dorsal epiblast (Chapter 3). Is there evidence N@DAL loss
in the dorsal epiblast has downstream effects on embryo
development?

1 The loss of RL may also impact on development of the AVH by
subtle changes in NODAL concentration gradients or through
the loss of an inhibitory effect on AVH formation in an
analogous manner to the mouse EXE, is there evidence for a
relationship between RL loss and AVH formation?

ii.  Directly testing the hypothesisybattempting to prevent RL
disappearance, and studying the effects of this on AVH formation

and the induction of gastrulation.
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421 Strategy to maintain Raubero6s | ayer

To test the hypothesis directly, that RL has to disappear for gastrulation to proceed
normall, and if apoptosis is indeed a main cause of RL disappearance an
antiapoptotic gene was ovexkpressed in the bovine embryo to try and inhibit the
decay of RL. The gene chosen for this experiment was thapopitosis genBCL2
TheBCL2(B-Cell ymphoma2) gene was discovered due to its eggpression in

B-cell ymphomas and is the founding member of the BCL2 family of pro and anti
apoptotic proteingYoule & Strasser, 2008Yhe BCL2 family members all contain

at last one conserved BH domain, and ddpenon which BH domains and pest
translational modifications they have (such as phosphorylation), they interact with
each other to promote or inhibit apoptoff®ule & Strasser, 2008)ransgenic
expression of BCL2 has been shown in a number of diffeedhtypes to prevent
apoptosis: oveexpression oBCL2has been shown to Orescue
endothelial cells from experimentally (staurosporine) induced apoplosist al,

1999) muscle specific oveexpression of BCL2 has been successfuglgd to limit
muscle degeneration in animals models of this dis@@assetet al, 2006; Jeudy

et al, 2011)and transgeniBCL2expression was able to rescue a deficiency of the
antiapoptosis gene Md in STATS5 knock out pr@® cells during B cell
lymphopoiesis(Malin et al, 2010) A construct was designed using the CAG
promoter/enhancer to ovexpressBCL2 The CAG promoter/enhancer has been
shown to drive ubiquitous expression in mammalian embryonic tissues even from
the zygote stag@richaset al, 2008; Berget al, 2011; van Leeuweet al, 2014)
Ubiquitous expression under the control of a CAG promoter/enhancer in cattle
embryos has also been shown in this thesis to successfulhexmerss BAD in
bovine embryosGhapter 2 The designed consict linkedBCL2 expression with

GFP expression using a 2A elemeithe 2A motif encodes a short sequence of
about 20 amino acids and when placed between two protein coding sequences
results in the cdranslation of both sequences at eopalar ratios. Thenotif arises

from picornaviridae viruses where it is used to generate multiple proteins from one
large polycistronic mMRNA. The consensus motif ends in a glycine followed by a
proline and prevents the formation of a peptide bond between these two amsno acid
during transl ati on, I nst e adDonrelyetal, bos ome
2001) This results in two proteins being generated at equimolar ratios and with the

2A-glycine amino acid sequence being attached to the C terminus of the upstream
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protein, whilst the proline is attatched to the N terminus of the downstream protein
(Donnellyet al, 2001) The2A motif has been shown to work well in trgesic

mice at all stages fromells to adulthood, being functional in all tissues, including
the pe-gastrulation stage epiblast and trophob(@sichaset al, 2008) For this

work it was expected that linkingCL2to GFP via the2A motif would result in
egimolar expression of BCL2 and GFP in all tissues ofastrulation stage cattle
embryos, thefere allowing the presence of GFP fluorescence to indicate BCL2

protein production.
4.3 Methods

4.3.1 Whole mountcell proliferation assay in cattle embryos

IVP cattle embryos were produced and transferred/recovered from synchronised
recipient cows as describedsaction2.2.7. Embryos were recovered at E13 to

obtain embryos at stagetd stage 2 (according to the staging system described in
Chapter 3)They were then fixed for 4 im 4% PFA/ PBS on ice. All steps were
carried out in 2 ml microcentrifuge tubestlwgentle rocking (40 rpm) at room
temperature with 5 min washes unless specified. Post fixing, embryos were washed
three times in 0.1% Twee2D/PBS (PBT) and then treated overnight gC4with

0.1% HO2in PBS. They were stored in 0.02% thimerosal (Sigxidrich) in PBS

at 4C.

When required, embryos were washed three times for 1 h in PBT. They were then
blocked for 1 h with 1.5 ml PBT containing 1% BSA (SigAldrich) followed by
another hour with 1.5 ml PBT containing 1% BSA and 10% heat treatédskenmm
(antibody dilution buffer). They were then incubated overnight &C4with
antibody dilution buffer containing 1/200 dilution of aphospheHistone H3
mitosis marker (#0670 Upstate Biotechnologies). Some embryos were incubated
in antibody dildion buffer alone to act as a negative control.

The followingday, embryos were washed three times with 2 ml of PBT followed
by three washes of 1 h with PBT. They were then blocked again as described above.
During this time the secondary antibody was psealred: Goat anti rabbithorse

radish peroxidase (GARIRP, SigmaAldrich A6154)at a 1/200 final dilution (10

el) was added to a 2 ml microcentrifuge tube containing 2 mg of bovine embryo
powder(Section 4.3.8 0.5 ml 0.1% TritoX-100PBS and %1 heat treated lamb
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serum. This was rocked gently agClfor 1 h. The secondary antibody solution was
then centrifugect 13000 xg for 10 min at 46C and the supernatant recovered. To
the supernatant was added 1.5 ml of antibody dilution buffer. The embryos were

then incubated overnight ate@ with the prepared secondary antibody solution.

The nextdaythe embryos wereashed thregémes for 1 h eactvith 0.1% TritorkK-
100PBS followed by two washes for 10 min with FHCI buffer pH 7.4. The
peroxidase was detected using 3,3 diaminobenzidine tetrahydrochloride (DAB;
SigmaAldrich) which was prepared fresh hyixing 5 ng in 10 ml of TrisHCI pH

7.4. The Tris buffer was exchanged for the DAB solution and the embryos
incubated for 1 h in the dark ate&. The DAB solution was then replaced with
fresh DAB solution containing 1/10,000 dilution of 30%Qd. The embyos were
incubated for 830 min in the dark with rocking, during which time fv@duction

of a brown precipitate&vas monitored. The reactioraw stopped by several rinses

in water.

The embryos were then put into PBS antbtographed whole in concavie glass
slides using a Leica AF6000 microscope package (Leica, Germany). Some embryos
were then embedded in agarose and histologically sectiamddscribed isection
2.2.8.3

Proliferating cells were counted and reported as a percentage of the total population
of cells for each category,feachembryo. The categories were:
1 Distant mural trophoblast cells of the mural trophoblast greater tharells
away from the epiblast.
Cells ofthe mural trophoblast fiver less cell diameters away from the epiblast
Cells in Rauberés | ayer
1 Cells in the basal epiblast; epiblast cells making up the organised layer of
epiblast cells adjacent to the viscdmgpboblast
1 Cellsinthe dorsal epiblast; epiblast cells below RL and above the basal epiblast.
1 Cells in the parietal hypoblast (underlying the mirgbhoblas
1 Cells in the visceral hypoblast (hypoblast underlying the epiblast)
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4.3.2 Apoptosis Assay Active Cagpase 3 detection in bovine embryos

IVP embryos were generated as described in se2tib Embryos were recovered
at Days 1213 postfertilisation to capture them at stages 1 RL g2 All steps
were carried out at room temperature in 4 well platesi¢NDenmark) with gentle
rocking/shaking at approximately 40 rpm unless specified. Embryosfixedein

4% PFA/PBS for 6 lon ice before being dehydrated for 10 minutes ah estep
progressively through eethanol/PBS gradient (25%, 50%, 75%, 100%). They
were then stored a20 €eC in 100% methanol.

Embryos were treated with 3%®; (BDH, Poole, England) in methanol for 1 h at
room temperature before rehydrating through a methanol/PBS gradient (75%, 50%,
25%) for 10 min each step followed by three wagiveshes were 5 min) with 0.1%
Triton X/1% BSA/PBS. Embryos were then permeabilised with 1% X/ 1%
BSA/PBS for 15 min They were then blocked for 1 h with 0.1% Triton X/1%
BSA/10% heat treated lamb serum/ PBS (blocking buffer). Following the ,block
they were washed for 15 mith 50 mM NH,Cl. They were then rocked overnight

at 4 &C with a 1/400 dilution of active caspa8eantibody Cell Signalling
Technology 9661) in 0.1% Triton X/1% BSA/5% heat treated lamb serum/PBS.
Some embryos were incubated in the same buffer but without the primary antibody

to act as a negative control.

The followingdayembryos were washed three tengith 0.1% TritoiX-100/PBS

and then three times for 1 h with antibody dilution buffer. During this time the
secondary antibodzAR-HRPwas preabsorbed as described above, except to give
a final dilution of1/1000 (2¢l). Following blocking the embryos were incubated
overnight at 4C with the prepared secondary antibody solution.

The nexidaythe embryos were washadd detection of the horse radish secondary

antibody carried out as described above using DAB (sedéti]).

The embryos were then put into PBS atwtographed whole in glass concave
slides with a Leica AF6000 microscope package. Some were then embedded in

agarose and histgically sectioned, agescribedsection2.2.8.3.
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4.3.3 Embryo powder

Excesstrophoblasttissue removed fronbay 15 elongated embryos was used to
make bovine embryo powder. On recovery of the embtliesiscs were processed

for use in other applications whilst the-needed excessophoblasivas placed in

a 2ml mini-centrifuge tubend snap frozen in liquid nitrogen and taken to the lab
where it was stored aB0 €C. When requiredthe tissue was defrosted on ice and
homogenised by adding a minimal volume of PBS to cover the tissue and then
pipetting vigorously up and down. Four uoales of ice cold acetone was added,
and the sample vortexed before incubating on ice for 30 min. Following the
incubation the sample was centrifuged in a raantrifuge at 10,000 rpm for01

min. The supernatant was aspaind the pellet washed witleicold acetone and
centrifuged again as above. After the acetone supernatant was removed the pellet
was removed from the mugentrifuge tube and spread out on a sheet of filter paper
(grade 1,Whatman Maidstone, England). The pellet was ground with allsma
ceramic pestle and air dried. The embryo powder was then carefully collected with

a fine metal spatula and put into a clean, air tight, 1oémtrifuge tube and stored

at 4¢eC.
4.3.4 Generation of theGFP-2A-BCL2iP-pCAG plasmid

Generation of the BCL2 expressivectortGFP-2A-BCL2IRESPuromycirpCAG
(GFP-2A-BCL2iP-pCAG) involved two steps. iFstly the creation of an
intermediary vector2A-BCL2iP-pCAGmodand secondlythe incorporation of a
KOZAK-emerald green fluorescent protein (EmGFP) coding motif in fobtite

2A sequence.

Bovine BCL2 (NM_001166486.1 was FCR amplified usingAsct2A-BCL2-
forward and Notl-BCL2-reverseprimers (primer sequences shownTiable 4.1;
Custom primersl.ife Technologie$ using cDNA from aay 20 cattle embryo as

a templatgprovided by Dr Craig Smith) and Takara primeSTAR Taq polysera
(Takarg. The reaction mix consisted @ful 10 mM PCR gade nucleotide mix
(Life Technologies), 300 nM of each primer, 2 pl of template cDN&, GC rich
solution (Roche), 18I of 5x primeSTARbuffer (Takara), 0.8] primeSTAR Taq
polymerase (Takara) and waterade up to 50 pl. The PCR reaction consisted of

35 cycles of 9&C for 10 sec, 55°C for ecand 72°C for 1 minThe amplicon was
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run on a 1.2% agarose gel, checked for appropriateasideherpurified using the

DNA Clean and Gncentrator kit (Zymo Research, Irvin€A) following the
manufactureros instructions 80OLADNAI uted i n
wasdigested withl ul Ascl(New England Biolabs, Ipswich, MA, USAand 5¢l

buffer number 4 (New England Biolabs) in a &0reaction for 2 h at 3&C.

Following this incubation &I of H restriction enzyme buffer (Roche) was added

along with 2¢l of Notl enzyme (Roche) and water to €l0and then incubated at

37 eC for a further2 h. The cutBCL2 fragment was then gel pfied using the

Zymo DNA Clean and @ncentrator kitas described aboyven preparation for

ligation.

The vector was prepared by digestingelpof pCAGIPmod (a modified pCAG
vector kindly supplied by Dr Peterd¥fer) with 1¢l of Ascl, as described aboye

in a 50¢l reaction for 2 h at 3&C. This was followed with a digestion wikotl in

a 60 pl digestas described above. Following restriction digest@el of the
digest was treated with calf intestinalgsiphatase (CIP; Roche) by addingl ®f

10x CIP buffer (Roche)l €l of CIP enzyme (Roche) and making up to a total of
50¢l with water. This was incubated at 87 for 1 h, a further £l of CIPwas then
added followed by another incubation ategg7for 30 min.The CIP was then heat
inactivated by heating to 75°C for 10 mirhe prepared DNA vector was run an

1% agarose geind purified using the Wizar8V gel and PCR cleanp system
(Promega)Ascl/Notlcut pGAGIPmod was then ligated to #hscl/Notlcut BCL2-

2A fragment at a 1:1 molar ratio using the Mighty Mix ligation solution (Takara)
following the manuf ae fou30 enin.6lke ligatios mix uct i ons
containing the new plasmidA-BCL2iPuro-pCAGmod was then used in a
transformation with max efficiency competer.Coli DH5U cells (Life
Technologies), and from the resulting colonies 3 ml bacterial minipreps grown. The
miniprep DNA was extracted using the protodekcribed in 8ction2.2.1 It was

then digested witkEcoRI(Roche) andNotl using 3¢l of miniprep DNA with 2¢l

H bufferand 0.4¢l of each of the restriction enzymes in ag2@eaction at 3#&C

for 1 h. The at DNA samples were run on a 1% agarose gel alongside a DNA
ladder to check for the correct band/insert sizes. One correct miniprep sample was

sekcted and the DNA purified via Wizard DNA purification column (Promega)
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foll owing the miomuThia otermadiate @asmidA-BGLE-r u c

iIPuro-pCAGmodwas then used for step two to create the B@L2 plasmid.

The EmGFP fragment used in the final construct was obtained by PCR amplifying
300 pg of DNA of the plasmid pcDNA6GW-GFP-mIR with the pimersEcoR}
KOZAK-EmMGFP-f and AscGFP-r (primer sequences inTable 4.1, Life
Technologies) using primeSTAR taq polymerase (Takara). The reaction
components were: 8 5 x primeSTAR buffer (Takara), 4 10 mM dNTP mix

(Life Technologies), 300 nM of eachimmer, 300 pg GFP template DNA, 0cb
primeSTAR Taqg polymerase (Takara) and water tol50his was run for 30 cycles

of 98C for 10 sec, 55°C for Secand 72°C for 1 min. Following the PCRebof

the PCR product was run on a 1% agarose gel alongdidéAasize marker to
ensure the correct product size had been formed and then the remaigingf 45
GFP PCR product was purified using the Wizard DNA purification system
foll owing the manuf act urekeofwater. Thepsrifiedu ct i o n ¢
EcoRFKOZAK-EmMGFRAscI fragment was then cut in a digest reaction that
consisted of El Ascl, 40el AsctEmMGFRECORIDNA, 5 ¢l buffer 4and 4¢l of

water for 1.5 h at 3@C. This was followed by aBcoRIdigest by adding to the 50

el Asclreaction &1 H buffer, 1l EcoRI and water to 6@I. This was digested for

2 h at 37eC. The digesteEmGFPfragment was then wpurified using the Wizard
DNA purification system except eluting in 20 The concentration of DNA was

measured using a Nanodrop and foumte 34 ngl.

Three microliters 02A-BCL2iPuro-pCAGmodvector DNA purified from the
miniprep was also cut sequentially witscl and EcoRlin a similar way as the
EmGFPfragment (first in a 5@I reaction in buffer 4 wittAscl, followed by a 60

el readion with buffer H andecoRlI) It was then treated with CIP using 2Dof

the digest mix and adding to i€b10x CIP buffer, 1l CIP, and water to 56| and
incubating for 20 min at 3@C, followed by 15 min at 56C and then adding a
further 1¢l of CIP and repeating the incubations. The cuptlesphorylated vector

was then run on a 0.7% agarose gel and the bands excised and purified using the
Wizard DNA purification Kkit.
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The prepared vector aEinGFPfragment were thendated using Mighty Mixas
previously described and transformed into max efficiency DEZoli. Twelve
colonies were selected to isolate miniprep DNA as described above. Three
microliters of miniprep DNA was digested witNotl and EcoRI1(0.4 €l of each
enzyme) in a 2@l reaction using H buffer. The products were run on a 1.2%
agarose gellangside a DNA size marker ladder to check for the correct insert size
and then 2 samples were selected to grow up further for maxiprep DNA preparation.

For maxiprep DNA preparatiorthe selected bacterial cell lines were grown
overnightat32 C w iakingin 1©0ml of LB broth supplemented with 10¢/ml

of ampicillin sodium salt. The followindaya maxiprep was performed (Purelink

maxiprep kit;Li f e Technol ogies) according to the
sample of the purified DNA plasmiQA-EMGFP-BCL2iP-pCAG was then

sequence verified in both directions (University of Waikato DNA Sequencing

Facility) using the primer€ AGsecandprelRESugsequences shown irable4.1;

Custom primers, Life Technologies3lycerol stocks were made of the iamtly

sequenced line and stored-&® eC.
4.3.5 Transgenic bovine BCL2 cell line generation

The generation of transgenic Ef5 cell lines was similar to that descrilsedtion

2.2.2 Briefly EF5 cells, passage 4 ene transfected in wells of avgell plate (Nunc)
using lipofectaminel(fe Technologes) with 4eg pCAGbovBCL22A-EmMGFP-
IRESPuromycin (BCL2-2A-GFP-CAG) plasmid DNA. One well of cells was left
untransfected to act as the control well to check cell death during antibiotic
selection. The followinglay after transfection each well was ded into 10cm
plates so as to achieve a low density of cells and isolated cell colonies. The next
daypuromycin antibiotic selection was applied by includingg?ml in the growth
media. Fresh growth media containing puromycin was exchanged every dagond
After approximatelyl week the untransfected control cells had all died and 100
isolated puromycin resistant colonies were picked. Isolated cell lines were
expanded in separate wells of a-\#dll dish (Nunc) and during expansion an
aliquot taken for DI extraction and PCR screening as describsgation2.2.2.4

The PCR reaction used to screen cell lines used Taq fast start polymerase (Roche)

foll owing the manufactur er p=IRESupandr ucti ons
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BCL2forward (Table4.1). These pgmers amplified a region of transgenic DNA
near the middle of the transgenic coding sequence (CDS). Following the&seR
screening, the DNA generated for each cell line was run on a 1.4% agarose gel
alongside a DNA ladder to check the expected ampheaohbeen produced. Water

was included as a negative control.
4.3.6 BCL2 RNA and EmGFP expression in transgenic cell lines

Total MRNA was extracted from strongly growing transgenic cell lines as described
in section2.2.3 BCL2endogenous and transgenic exp@ssvas measured by real
time PCR as described gection2.2.3.3 The primer pair8CL2-3 TR forward
andreversg(Table4.1) were used toneasure endogenous expressisithis region

was not included in the transge®€L2 vector, and BCL2forward and reverse
(Table4.1) to measure total expressias these primers amplify a region of the
BCL2 coding DNA sequenc#hat is present in both endogenous and transgenic
versions Expression was normalised to the geomean of three tkaeper genes
(GAPDH, CYCLOPHLLIN andHPRT;Table2.1).

Fluorescent emission of selected EF5 transgenic cell lines was viewed using a Leica

DMI6000B microscopevith a mercury lamp and GFP filter cube to detect emerald

GFP fluorescence (excitation 487 nm and emission 589 nm).
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Table 4.1: Primer sequences

Primer Name Amplicon |Pr i mer sdeéq@uearmce 50

size (bp)

Asct2A-BCL2forward | 750 AAGGGCGCGCCAGGCAGTGGAGAGGGCAG
AGGAAGTCTGCTAACATGCGGTGACGTCGA
GGAGAATCCTGGCCCAATGGCGCACGCGGG
GGGAACAGGCTA

Notl-BCL2reverse 750 GGGGCGGCCGCTCACTTATGGCCCABTAG
GCA

EcCoRIKOZAK-EMGFR | 708 AAAGAATTCCACCATGGTGAGCAAGGGCGA

forward GGAG

AsctGFP-reverse 708 CCTGGCGCGCCCTTGTACAGCTCGTCCATGC
CG

CAGseq CTCCTGGGCAACGTGCTGGT

prelRESup 351(with | ACACCGGCCTTATTCCAAGC

BCL2f)

BCL23 6 dowRrd | 229 ACGGAGGCTGGGACGCCTTT

BCL2-3 6 U-TeRerse 229 CAGTGGTGCATCAGCAACAATGC

BCL2forward 269 GGGCGCATCGTGGCCTTCTT

BCL2reverse 269 CAGGGTGATGCAAGCGCCCA

4.3.7 Apoptosis assay Caspase P of cell lines with protein

concentration normalisation

BCL2transgenic cell lines along withLaacZ-pCAGcontrol line were plated into

5 wells for each cell line at 3 x16ells /well of a 6well plate and grown overnight.
The followingdaythe media was removed and replaced with 1 ml of PBS into each
well. 3 wells of each cell line were exposed to QDiant 254 nm UV radiation in

a UV Stratalinker 180@ induce apoptosis. The growth media was replaced and
cells grown overnight. The followinglay (approximately 24 hours after UV
exposure) cells werharvested using Trypkes well as the growth mediso that

any floating/dying cells would also be collected. Cells/cell debris were washed in

PBS, spun down at 5000 rpm in a neentrifuge for 5 min and resuspended in 55
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pl of cell lysis buffer from the EnzChedRaspase 3 assay kit (MoleculaoPes,
Eugene,Oregon, USA). Five microliters were removed and used for protein
concentration analysis and the remainingub@sed in the EnzCheckaSpase 3

assay following the manufactureroés instr
assay was measured using a Genggnergy 2 plate reader (Millenium Science,
Wellington, New Zealand) with the appropriate filter cubes for 342 nm excitation

and 441 nm emission.

Fluorescent emission readings were normalised against protein absorbance to
minimise the effect of differg cell numbers in each well. Theubcell lysis sample

was mixed at a 1:20 ratio with the made up working reagent from the BCA protein
assay kit (Thermofisher) and incubated at 7 for 30 min following the
manufacturer 6s i nst coatairning different concéntrasonand ar d
of BSA prokin diluted in the same activea€pase3 assay kit lysis buffer was also
included. The components of the lysis buffer were checked to etimyeavere
compatible with the BCA assalyollowing the incubatiorhie samples were put on

ice and measured using the BCA protein measurement function on a Nanodrop
spectromeer at 562 nm. The fluorescenagpase 3 reading for each sample was
divided by the protein absorbance measurement to normalise for variation in cell

concentration between wells.
4.3.8 Generation and transfer ofBCL2 transgenic embryos

Transgnic EB BCL2 expressing cell lines along with transgenic (r®@L2)
control lineswere karyotyped and prepared for SCNT as describsekition2.3.3

The SCNT procegre was carried out by the Ruakura cloning team as described in
section 2.2.7. Instead of IVP embryos, cootrembryos were also produced
following SCNT using oocytes matured from the same batches of ovaries. The
donor cell lines used for the control embsywere generated by Dr Craig Smith
using the same parent EF5 cell line and also expressed a CAG plasmid except that
it contained thé. a ¢ -Laldrtosidas€lacZ)coding sequence under controkloé

CAG promoter/enhancer. @ay 7, BCL2cloned embryos atgy withLacZcloned

control embryos were graded and stage/grade matched for transfer into hormonally
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synchronised cows. Cows containing transgenic embryos were maintaitieel on
AgResearclanimal containment facility under BRpermit ERMA200223.

4.3.9 Embryo recovery

Embryos were nosurgically flushed from recipient cows that had been
anaesthetised by a caudal epidural (Bomacaine, Bayer Aniaml Health, Auckland,
New Zealand) administered by a trained technicidlovieng an approved standard
operating procedur@Ruakura TG SOP #2). Cows were flushed using an 18 or 20
French foley catheter. The flushing media was a freshly made, warm
(approximately 35¢C), sterile 0.9% saline solutio(BVS Veterinary 8pplies,
Hamilton, New Zealand) supplemented iwl2.3 mM sodiumpyruvate (Sigma
Aldrich), 2.5 mM glucose (SigmaAldrich), 0.75 mM MOPS buffer pH 7.4 (Sigma
Aldrich), 0.03 mM KCI, 0.02 mM CaGl 0.01 mM MgC}, 2mlIs of 50x
Penicillin/Steptomycin §igmaAldrich) and 1ml of BSA ICP). The flushing
procedure was carriedubby an AgResearch large animal technician as described
in section2.2.7.4under he approval of the Ruakura Animal Ethics Committee
(RAEC 11183)

4.3.10Somatic cell nuclear transfer embryo analysis

The flushings and embryos found were treated as descrilsedtion2.2.8 except

that on recoveryand after identification of thepiblastonly one portion of
trophoblasthypoblast was removed for retiihe PCR analysis by dissolving it
immediately in 100ul of TRIZOL (Life Technologies) and used for gene
expreson analysis. The remaining larger portion of embrgontaining the
epiblast was placed in% PFA and viewed/photographed using GFP filters with a
Leica AF6000 systemLgica DMI6000B microscopeDFC300FX camera and
Leica application suite software versi@b5.0). An equal exposure time and
magnification was used to view/photograph all embryos in order to be able to
compare fluorescent activity. The fixative was then replaced with fresh 4% PFA
andthe embryos fixed for 4 bn ice before dehydration to 1%0methanol and
longer term storage at20eC. The total time b®veen recovery until placing
embryos into full strength fixative was no longer than 1 h.

RNA isolation, cDNA production and retime PCR analysis was carried out as

describedn section.2.8.1 The primers used are detailedliade 4.1
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4.3.11Whole mount in situ hybridisation on recovered somatic cell

nuclear transfer embryos

The portion of embryo which was stored in methanol was used for \&h@Hsis

for either BRACHYURYor CERBERUS. WISH probe preparation and the WISH
procedure is eéscribed insections 3.2.23.2.3 Post WISH embryos were
photographed and then treated with the OCT4 antil§Sdpta Cruz) as described

in section3.2.4 Some embryos were then embedded and histologically sectioned

as described ipection3.2.6
4.3.12Statistical Analysis

Statistical analysis was carried out under the guidance of Dr Harold Henderson, a
statistician at AgResearch, Ruakura, Hamilton. Statistiestis carried out for
specific data sets are detailed in the appropriate results section. GenStetastatis
software was used tdo REML analysis. A Pralue of 0.05 was considered

significant.
4.4 Results

441 The mechani s nayedisintegatidner 6 s |

Two mechanisms that may result in tiradual demise of Ras the embryo grows
were investigated:

)] Reduced pliferation of RLcells

i) Removal of RL by apoptosis

4.4.2 Proliferation

To establish if a reduced level of proliferation was occurring in cells of RL, and if
this may be contributing to RL demise, the proportion of cells actively proliferating
in different tissues of stage 1 and 2 embryos were analysedmost RL
disintegration occurs at embryo stages 2 an@egtion3.3.]), it was therefore
hypothesised that a reduction in RL proliferation may be seen at stage 2 in
comparison to stage 1. Actively proliferating cells were detected using the H3
mitosis marker antiidy (Santa Cruz). Eighteen E13 embryos were stained with

the H3 mitosis marker and of these, 12 were sectioned for analysis. Embryos were

categorised based on morphology after sectioning into st&je(fh=5), and stage
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2-VH (n=7). An example of a seot from an embryo stained with the H3 antibody
and counterstained with haematoxylin is showRigure4.3A.

Proliferation in RL between stage 1 and 2 embryos was not significantly different
(t-test, P0.05. In fact RL proliferation remained relativelyrtstant at around 35%

of cells proliferating, although there was greater variation in average RL
proliferation in stage 1 embryawnost likely reflecting the low number of cells
making up his layer at this stage (Figure 4.4).

The mouse EXE expresses fibliadi growth factor receptor 2 (FGFR2) and relies

on FGH signalling from the underlying epiblast for continual proliferafibanaka

et al, 1998; Erlebacheet al, 2004; Guzmayala et al, 2004) An in situ
hybridisation to detedtGF4 expression shoveeFGF4 expressin in the epiblast

of a bovineDay 14 tubular embryo indicating a similar cross talk may also be
occurring (Figure 4.3B). Therefore, as well as analysing Riophoblast
proliferation it was decided to analyse distant muraphoblastproliferation
(defined agrophoblastellsgreater than 15 cell diameteagproximately 15um)
from the epi bl astiophablagsd P c b défieed astmeraln i a |
trophoblastells within 5 cell diameters of the epiblgtst see if there was/glence

of an increased zone tvbphoblasproliferation adjacent to the epiblaBGF4 is a
secreted ligand and is believed to act over distances of a few cell diameters,
therefore it would not be expected to have any signalling impact on mural
trophoblat greater than 15 cell diamters away from the epibladtez Maganat

al., 2014) Epiblast proliferation, visceral and parietal hypoblast proliferation were

also analysed and the results are presentEdjure4.4.
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Figure 4.3: Proliferation and FGF4 detection in bovine embryosA. An example of a

Stage 2 embryo section stained for the mitosis marker phésistane H3 (brown nuclear

stain) and countersteed with H & E stippled line indicates epiblast boundary; RL,
Rauber 6s vikcarg beypoplasB M Day14 (Stage 4) embryo stained using whole
mount in situ hybridisation for expressionfl6F4. Scal e bar i s 100 & m.

When the proportion of proliferating cells in RL was compared with (distant) mural
trophoblastor with epiblast proliferation withinstage 1l and 2 embryoso
significant difference was found (pairetest). These results indicatet a specific
reduction in RL proliferation as an embryo grows is unlikely to be the cause of focal
interruptions and the gradual demise of this tissue.

Circumferentialtrophoblastproliferation was not significantly different to distant
mural trophoblas within a stage indicating thattrophoblastproximity to the
epiblast and presumably exposure to secreted factors from the epiblast did not have
an overall effect on the proliferation of the trophobladitthe tissues studied had
higher (not statistidly significant) or similar proliferative indexes at stage 2
compared to stage lpart from parietal and visceral hypoblashe greatest
increase in proliferation rate wabserved in circumferential trophoblast (37% and
24% proliferation measured atg&é2 and 1 respectivelghd had a Ralue of 0.09.
Visceral and parietal hypoblast proliferation was much lower than the other tissues
at both stage 1 and and surprisinglyhad average lower proliferati values at

stage 2 Morphologically this phenonm®n is particularly noticeable in the
Astretchingo of the parietal hypobl ast
embryo cross sections of stage 2 embryos the cytoplasm of the parietal hypoblast is
barely visible and only the occasional nucl& seen.
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Figure 4.4: The proportion of proliferating cells as determined by H3 mitosis antibody
staining in stage 1 and 2 bovine embryogrror bars are SEM

4.4.2.1 Basal versus dorsal proliferation within the epiblast

Within the epiblast two populations ofte can be i denti fied;

population which lines the base of the epiblast adjacent to the hypoblast, and a
dorsal population, in which the epiblast cells haphazardly fill the space between the
basal epiblast and Rlséction3.3.1). It is al® the dorsal cells which cavitate (at
stage 3) andrepresumably lost, leaving behind the basal epithelial epiblast. Nodal
signalling in the mouse epiblast is important for promoting higher proliferation in
this tissue relative to the hypoblgstesnardet al., 2006; Stuckeyet al, 2011;
Kumaret al, 2014)and in fact higher proliferation in the epiblast is required for
AVE migration initiation (Stuckeyet al, 2011) NODAL expression in cattle
appeardo be different between basal and dorsal epibldi, garticulaly when

RL is no longer intactlt was therefore decided to determihe corresponding
difference in epiblast proliferatioras a possible consequence of do@DAL

shutdownin cattle embryoscould be detected between basal and dosblaest.

When basal epiblast proliferation was plotted against dorsal proliferation for stage
1 and 2 embryqst was found that indeed basal proliferation was always higher
than dorsal proliferation in all embryos analysédgqre 4.5. The difference
between basal and dorsal proliferation in stagehenNODAL expression appears

to be ubiquitous in the epiblast was 6.4% 2/5% and wa found not to be
significant (=0.09). At stage 2vhenNODAL expression is also observed in the

hypoblast and has beg to be restricted to the basal epiblast (particularly in
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embryos that show a disintegrating Rib)e differencebetween basal and dorsal

epiblast proliferation was 20.4%-8.2% and wasighly significant (R0.001).

70 -
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Epiblast basal proliferation (%)

=
o
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1-RL
2-VH

o

10 20 30 40 50
Epiblast dorsal proliferation (%)

Figure 4.5: Basal epiblast proliferation is significantly higher than dorsal epiblast in

stage 2 cattle embryosA plot of the % basal proliferation versus % dorsal proliferation
as measured by the H3 mitosis marker antibody reveals, in all embryos analysed, basal

proliferation is highern stage 4RL and stage-¥H embryos (black line shows the line of

equal proliferation). Only at stage 2 was the level of basal proliferation significantly higher

(p=0.001).

4.4.3 Apoptosis in pre-gastrulation bovine embryos

Transmission electron microscope sésdinto the loss of the polar trophoblast in

horse and rabbit embry@d&nderset al, 1988; Williams & Biggers, 199Ghow a

gradual demise of RL; firstly with the appearance of focal interruptions between
RL cells exposing some underlying epiblast, fokkal by the appearance of

vacuol es

epiblast. These results suggest that apoptosis followed by phagocytosis is the likely

n

cell s of Rauber 6s

ayer

fate of the polatrophoblastells. In cattle embryos most Rlisintegration occurs

when the embryo disc is between 100 to B0 (Figure3.1). Active (cleaved)

Caspase 3 is one of the main executioner caspases in apfMalsiset al., 2008)

In order to determine if apoptosis was playing a role in the demie of cattle

ten whole embryos with discs of approximately 1G@® pm in length were
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analysed bymmunocytochemistry with active Caspase 3 antibodyth@se six
embryosrepresenting stages3lwere sectione@Table4.2 Figure4.6). Day8 IVP
bovine bhstocysts that had been treated withuisisporine for the last 24 &f

culture wereused as positive controls.

Serial sections of the embryo disere counted for total cell number and the
number of positively stained cells in either the epiblast origiué. An average
value for apoptosis in each tissue was found by dividing the total number of
apoptotic cells by the total number oélls counted. Positive activea§pase 3
staining cells were rarely observed in the mural trophoblast and hypoblast and so
these tissues were not analysed. In the epiblast of normal appearing estéggos

1-3 embryosthe incidence of apoptosis in the embryos sectioned ranged between
0 and 6% Table4.2). However in one embryo (embryo 1178jgure4.6E) the

entire ICM was poptotic. Active caspase staining in RL ranged widely depending
on eaclembryo and was between zero &4d6 in the embryos sectioned. In stage
1-RL embryosapoptosis was not detectedRi.. In two of the three stage ABVH
embryos with epiblast lengths leten 130 and 138m, Caspase 3 staining was
detected in RL at considerably hey levels compared to stainingthe epiblast.
These results suggest that RL does disintegrate by apoptosis. In one stage 3 embryo
(1166 Figure 4.6F, the epiblast was undengg cavitation and there was a
tendency for epiblast cells in the area surrounding the formivity¢a be positive

for active Gispase 3. In this embryo RL was mostly intact (RL disintegration stage
2) and no apoptosis was detected in RL.

Table 4.2 Apoptosis occurs selectg | y i n Rauber3cattlelermbyyesr i n st age
Embryo ID Epiblast length  EmbryoStage Epiblast RL apoptosis
(um) apoptosis (%) (%)
1173 apoptotic 1 100 0
1167 95 1 5.7 0
1174 120 2 4 Not able to be
determined
1169 130 3 2 84
1163 135 3 0 30
1166 138 3 2.4 0
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Figure 4.6: Apoptosis in pre-gastrulation embryos A, C Embryo 1168 A wholemount
dorsal view, C a represtative section showing active Caspastained cells (red arrows,
dark brown)cells on the surface of the epiblaBtD Embryo 1169B wholemount side
view of the epiblast and D a representative section showing caspase poskioa ted
surface of the epibladt. Embryo 1173, a representative section showing the entire epiblast
stained for active caspage. Embryo 1166 undergoing epiblast cavitation, still with a
mostly intact RL (red bracket, note one cell of RL is above the apoptdtiaspcell).
Positive apoptoticells are seen in the epiblast and hypoblakgreas theemaining RL

does not stain positive for apoptosiall sections have been counterstained with
haemotoxylinScale bar 100 pum.
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444 Correl ation between the presence

development

Ra u b e r gradudllyadigietagrates in cattle embrystages 2 to 3. This period
also corresponds to the morphological differentiation of the visceral hypoblast from
the parietal hypoblast and subsequent formation of the AVH in a region of the
visceral hypoblastGhapter 3. In an analogous manner to theuse EXE, RL may

be a source of inhibitors which prevent AVH development, and therefore, its
disintegration may be required for the development of the AR®triguezet al,

2005) Rabuer 6 ssokxprgsees tha NOPALacivating proteBEERIN
(Figure3.11G). Nodal activation is required for AVE formation in the mo(Ben
Haimet al, 2006) The disintegration of RL may therefore set up subtle differences
in NODAL signalling and effect asymmetric specification of the AY&ection
3.4.3.

To investigate if a relationship between RL disappearance and AVH development
could be seen, wild type embrydggreviously sectioned for the work done in
Chapter 3 were analysed for the presence of RL in relatiothéopresence of an
AVH. Twelve embryos weredund that displayed a morphologically discernible
AVH and still had at least some RL tissue presknjust over half (7/1Rof these
embryosthe AVH was located at the opposite end of the epiblast to the remaining
RL tissug(Table4.3). In one embrypthe remaining RL tissue was at the same end

of the epiblasas the AVH, and in the otherednbryos RL was still at early stages

of disintegration (RL stages?) covering most or all of the epiblast. These results
suggest that complete RL disintegratiomdt required for AVH development, as
AVH development still proceeded in the presence of an intact or almostRitact

(RL disintegrationstages 1 and 2). RL may still play a role in establishing
asymmetry of the embryo through its secretion of FUR#dushg subtle
differences in NODAL concentration at different locations of the embryo. RL cells
about to or in the process of disintegration may express lower levels of FURIN,
thereby setting up these concentration gradients. In this analysis it is difiiteilt t
which cells of RL are about to disintegrate, however in support of the idea that RL
plays a role in asymmetry of the 8 embryos which had more advanced stages of RL
disintegration 7 of these had the remaining RL tissue at the opposite end of the

epidastto the AVE(Table4.3, Figure4.7)
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Table 4.3: Morphological Relationship between formation of the AVH and loss of RL

Embryo Embryo Disc RL Scale Location of RL in
Embryo stageé

number length (um) (1to 59 relation to AVH
1044 3 160 1 InsufficientRL loss
1022 3 170 1 Insufficient RL loss
1048 3 215 2 Insufficient RL loss
1024 3 170 2 Insufficient RL loss
1042 3 120 3 opposite
1164 3 150 3 same
1155 3 230 3 opposite
1047 3 120 3 opposite
1021 3 200 3 opposite
1092 3 170 3 opposite
1161 4 225 4 opposite
1162 4 150 4 opposite

a Embryo stage classified using Figure 3.5
b RL scale as described in Table 3.3
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Figure 4.7: AVH formation occurs predominantly at the oppositeend to remaining

RL. A, Whole mount, dorsal view of an embryo stained by WISH for expression of
CERBERUSZan AVH marker)B, C, Sections through the same embryo as in A stained
for OCT4 (brown) to mark epiblast cells and counterstained with e68RBERUS1s
specifically expressed e AVH of the hypoblast in the mighggital section shown in C
and an intact layer of RL can be seen in the very lateral parasaggital section sho@n in B.
Wholemountof embryo 1047 stained for RNA expressioBdMP4. E-F Sections through

the embryo shan in D and countersiiged with H & E The AVH is clearly discerned in

F, where RL is no longer preseAVH, Anterior visceral hypoblast; RL, Raubers layer;
VH, visceral hypoblast.

4.4.4.1 Generation of a DNA vectoto overexpress BCL2 and BC2 over

expressingoovine fibroblast lines

The first attempts to ovesxpres88CL2in the bovineEF5 cell line involved the co
transfection of a linearisedAG-bov+BCL2IRESGFP construct with a linearised
puromycin cassette for antibiotic selection. The inclusioGBP seprated by an
internal ribosome entry sitéRES)element fromBCL2was included in the vector
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to allow GFPfluorescenceo be used as an indicator BEL2 expression. In the
transfection the molar ratio oBCL2 vector to puromycin selection marker was
1:20 to increase the chance that puromycin resistance would accompany BCL2
vector insertion. As expectadlie to the puromycin selection marker andBfd.2
expression cassette not being directly linked, not all puromycin resistant EF5 lines
were positive ér theBCL2construct, with about half (results not shown) of the 100
cell lines screened using PCR fraxiracted DNAbeing positive. When real time
PCR analysis was done to assB€4 2 expression, expression levels were lower
than desired, being 1/20@o ¥ of GAPDH expressior(results not shown)This

was not considered sufficierstp new transgenic EF5 lines were generated only to
give similar lower than desiredransgeni@dCL2expression levels. It was therefore
decided ¢ design a new construaith theBCL2 expression motif linked directly

to the puromycin selection cassetténking BCL2 directly to puromycinwould

0f or ced c eBClL2along vath purorpycireresistance

A construct was designed which link@&CL2 with GFP using a2A elemen
followed by anlIRES and then thepuromycinresistance cassette. The entire
polycistronic transcript was designed to be expressed under control GAtBe
promoter.GFP and BCL2 were linked by @A motif because this would enable
GFP to be produced at threame molar ratio aBCL2 This allowed GFP
fluorescence to be used as a reliable indicator of BCL2 protein expression.
Following BCL2was anlRESelement linked to @uromycinantibiotic resistance
cassette. Gene expression downstream ofRES element $ generally dwer
compared to upstream of dRES element(lbrahimi et al, 2009) Because
transgenic cell lines would be under puromycin selection, only those with sufficient
levels would survive and therefore the elements upstream of the IRESBGED

would be expected to be expressed at least as well psribraycinresistance gene.
This construct was known &FP-2A-BCL2iP-pCAGand avector map showing

the features of the plasmid and locations of primers used to amplify regions of DNA
used in thecorstruction is shown ifrigure4.8. Upon sequencingio mutations in

the BCL2 sequence were identified in comparison to the refer&@e2 mRNA
sequence (NM_001166486.1)
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Figure 4.8: Vector map of the GFR2A-BCL2iP-pCAG plasmid. Map shows the main
featuresincluding the CMV/Chickb-actin/Rabbitb-globin (CAG) enhancepromoter
intron module which will drive production of the KOZAK (initiation of translation),
EmGFP, 2A (viral protein cleavage sequence), BCL2 and IRES puromycin (antibiotic
resistance) as argjle mRNA.

Transgenidovine fibroblastcell lines were established by transfectthg cattle
embryonic fibroblast (EF5) cell line (obtained from Dr Goetz Lahvié) theGFP-
2A-BCL2iP-pCAGplasmid. PCR screening of extracted DNA from each isolated
puramycin resistant cell line showed every line tested (69 cell linesgpositive
for the transgene as was expecsaace one polycistronic transcript codedB&L 2,
GFP and puromycin resistence. RNA expression analysisrasfsgenicBCL2
expression irselectedcell lines showed transgenic expression to be 19®@00
fold greaterthan endogenously expresde@L2 (Figure4.9A). GFP fluorescence
was also ubiquitous in all cellnes analysed, (example cell lines showigure
4.9D-1) indicating protein traslation of the polycistronic codon coding IBCL2
andGFP.
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Figure 4.9: BCL2 expression and GFP protein fluorescence in BCL.2A-GFP-CAG

EF5 bovine cell lines A TransgenidBCL2 expression/ endogenoB&L2 expression for
the @ll lines that were later used to make cloned embiieS. Brightfield image and
fluorescence image of LagZCAG expressing EF5 cell line showing no GFP fluorescence.
D-E Phase contrast and fluorescent image of line BEAZSFR-CAG line 51.F-G Phase
contrast and fluorescent image of line BGCRA-GFP-CAG line 53 H-I Phase contrast and
fluorescent image of line BCL2A-GFR-CAG line 2. All pictures were taken with the
same exposurd (0 and at the same magnificationX0

4.4.5 Functional analysis of BCL2 fibroblast cell lines for apoptosis

resistance

To check thaBCL2overexpression was playing a functional aapioptotic role in

the transgenic cell lines, a functional test was done by expo&i@d 2cell line to

UV light and measuring activeaSpase 3 and induction.Caspase 3 and 7 are the
executioners of apoptosis and would be expected to be activated after UV induced
cell damage. A.acZ-CAG expressing EF5 cell line was used as a control. It was
derived from the same bovine wild type cell line (EF5) aad also transgenic for

the CAG vector except it expressedlLacZ/puromycin instead of
BCL2/GFP/puromycinAll wells were seeded at an equal density and the caspase
3/7 measurements were normalised to protein absorbance to minimise the effect of
the reducd cell number in wells that had been treated with UV. Triplicate repeats
showed a signiiant induction of Caspase73activity 24 hafter UV exposure in

the LACZ control line Figure4.10, p=0.001(t-test). As predicte@CL2 line 53,

which expressed arpproximately 200 fold increasdICL2 expression compared

to endogenous expressidfiqure4.9A), was protected from UV induced apoptosis.
The BCL2 overexpressing lindad a slighbut significanty reduced caspase 3/7
activity 24 h following UV exposurg€0.0(b, ttest).
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Figure 4.10: BCL2 transgenic cell lines are resistant to UV induce@poptosis A The
average of triplicate measurements of UV induced caspase 3/7 afliwityescence)
normalised to protein absorbance (BCA assay)paoed to no treatment controls for LacZ
control cell line 1 and BCL2 line 53. The LacZ control cell line had significantly highe
caspase 3/7 activity 24 following UV exposure compared to the LacZ untreated sample;
the BCL2 cell line did not increasmspase activity compared to the no treatnBCL2
control line and a slighbut significantreduction in caspase activit, LacZ line 1
untreated cells at 24 hourS. LacZ line 1 at 24 hours after exposure to UV, refractile
apoptotic bodies cabe seei. BCL2 line 53untreated cells at 24 houis.BCL2 line 53
cells at 24 hours after UV treatmenp=0.001,** p=0.005(t-test) error bars are SEM.
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4.4.6 BCL2 cloned embryo development tay 7

BCL2expressing cell lines were used to genelilé 2 overexpressg transgenic
embryos using the technique of somatic cell nuclear transfer (SCNT). As a control
to assess the impact of exogenB@ 2expression on embryo developmenhon
BCL2expressing cell line was also concurrently used as donor cells for SCBIT. Th
samepool of ovaries wasised for theBCL2 and control donor cell lines and the
embryos were grown concurrently. All embryos were grown in single culture and
zonapellucidafree. The control lines used were two stable transgenic cell lines
derived from he same wildype bovine parent cell line (EF5) and expressing a
CAG vector with d.acZIRESPuromycinexpression motif instead of tieanGFR
2A-BCL2IRESPuromycinmotif in theBCL2donor cell linesln vitro development

to Day 7 (whereDay 0 was theday of SCNT) of the transgenic embryos was
assessed and is shownTiable4.4. There was no significant differenbetween
development to eithéday 5 morula oDay 7 blastocyst stages for either tAREL2

or thethe LacZ control embryos grown concurrently.

Table 4.4: In vitro development toDay 7 of zonafree SCNT embryos

Early Late
SCNT Cell Eggs Developmerit Developmerft
Run Line fused 2-Cell (%) pc (%)
1 BCL25 69 67 28 (42) 0.98 22 (79) 0.32
BCL251 70 65 29 (45) 1.00 19 (66) 1.00
Lacz 7 73 69 30 (M) 19 (63)
2 BCL2 5 95 94 71 (76) 0.07 34 (48) 1.00
LaczZ 1 99 o8 61 (62) 30 (49)
3 BCL253 57 50 31 (62) 0.84 14 (45) 0.32
LacZ 1 19 18 10 (56) 7 (70)
4 BCL2 2 70 70 49 (70) 1.00 26 (53) 0.08
BCL253 62 60 36 (60) 0.37 25 (69) 0.96
LacZ1 69 68 47 (69) 34 (72)

a Number and percentage of cleaved embryos developing to at least morula stage;

b Number of grade 1 or 2 blastocysts and as a percentage of those embryos having
developed to at least morula stages;

c Significance of difference be¢en BCL2 lines and LacZ control IBwith each runas
determi ned abttestFi sher 6s ex

4.4.7 Somatic cell nuclear transfer enbryo recoveries

A total of 159 transgenibay 7 embryosmade up of 9BCL2 embryos and 60

LacZ embryos, were transferred into symonised recipient cows. Each cow
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received a mixture of stage matcHg#@L2andLacZembryos. A total of 48CL2
embryos and 3RacZembryos were recoveret ®ays 13 to 15g¢eeTable4.5for

a summaryof embrye transferred and recovered per SCNT run aelll line).

BCL2 embryos could be recognised by their GFP fluorescence and this was
confirmed by real time PCR analysis of B€L2transgeneThe number oBCL2
andLacZembryos recovered per cow was recorded and the recovery rates for each
embryo type alculated (for exampld8CL2embryo recovery rate for an individual
recipient animal snumber ofBCL2 embryos recovered/number BEL2 embryos
transferred). Plotting the recovery rateLacZ embryos versuthe recovery rate

of BCL2embryos per cow showerkcipient animals that had higher recovery rates
of BCL2embryos also had higher recovery ratet afZ embryos and thpoints

for each individual recipientere equally distributed around a 50:50 proportion line
(Figure4.11). Using REML analysis to takato consideration cow variatiothere

was no significant difference £B.8) between the number @CL2 and LacZ
embryos recovered per cowhd mean (probability) of recovering.acZ embryo

or BCL2embryo was 53% and 51% respectively

Table 4.5: Number and proportion of transgenic nucleartransfer embryos recovered
at Days 1315 and the number and proportion thatcontainedan epiblast

SCNT | Embryo derived line Embry | Embryos Total Embryos
Run 0s recovered embryos with an
transfe Day recovered epiblast
rred | 13| 14| 15| (recovery (proportion
on rate) of recovere(l
Day 7
1 BCL2 line 5 16 2| 8| 10(0.6) 5(0.5)
1 LacZ line 7 10 3|4 7 (0.7) 0 (0)
co-transferred
1 BCL2 line 51 19 3|4 7 (0.4) 6 (0.9)
1 LacZ line 7 9 3|1 4 (0.4) 2 (0.5)
co-transferred
2 BCL2 line 51 18 4 | 4 8 (0.4) 8 (1.0)
LacZ line 1 18 4 |5 9 (0.5) 8(0.9)
co-transferred
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BCL2 line 53 17 5| 5| 10(0.6) 9 (0.9)
LacZ line 1 8 2|2 4 (0.5) 2 (0.5)
co-transferred
BCL2 line 53 19 8 8 (0.4) 7 (0.9)
LacZ 1 10 6 6 (0.6) 5(0.8)
co-transferred
BCL2 line 2 10 5 5 (0.5) 5(1.0)
LacZ line 1 5 2 2 (0.4) 2 (1.0)
co-transferred
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Figure 4.11: No difference in the recovery rate of LacZ versus BCL2 embryos
recovered per cow Each point isfom an individual recipient @@ Cows that showed
higher recovery rates for BCL2 embryos atsaded to hava higher recovery rate of LacZ
embryos. A 50:50 proportion line is shown (blue)

For the first runthe LacZ control line 7 was used. On recovery it was found that
only 2/11 LaZ embryos had a disc, and of the two embryos containing a disc, both
discs appeared to be small for embryo length/developmental age. This result was
interpreted as an unidentified problem with the cell line used and for the statistical
analysis on the praption of embryos witlepiblass, the data from the first run was

removed.
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After the data from run 1 was removelde numberof BCL2 embryos recovered
without an epiblast was 2/31 and taacZit was 4/21. Using a generalised linear
mixed model analysiwith a binomial distribution and recipient cow as a variable,
a predicted mean of having no epiblastB&L2 andLacZ embryos was 6% and
19% respectively with B0.17.

4.4.8 Expression analysis oBCL2 transgenic embryos

In vitro Day 7 BCL2cloned embryos andacurrently growrLacZcloned embryos
were compared for totaBCL2 expression Kigure 4.12A). The expression of
endogenouBCL2was below the limit of detection for thecZ control embryos,
whilst in transgenidCL2 embryosBCL2 was robustly expressed,ibg at about
half the level ofGAPDH expression. WheDay 7 blastocysts were inspected for
GFP fluorescengethere was a clear difference (at identical exposure and
magnification settings) betwedBCL2 blastocysts and.acZ control blastocysts
(Figure4.12B-E), making identification oBCL2expressing blastocysts very easy.

BCL2transgenic grade 1 and 2 blastocysts were stage and grade matchextith
control blastocysts and transferred into synchronised recipient cows, so that each
cow received a mixite ofBCL2and controLacZ This was done so as to minimise
the recipient cow effect on the difference betwB&hb2and controLacZembryos.
Embryos were recovered @ays 13-15 and analysed for GFP fluorescence and
total BCL2 expression. Because tbphoblastautefluorescencel.acZ embryos

did fluoresce, however these were still discernible from BEIL2 litter mates at
identical exposure and magnification settings because thdlaotescence was
usually of a lower intensity and wasainly in he @Il membranes dfrophoblast
cells Figure4.121-J). The epiblasts dCL2embryos fluoresced brightlyigure
4.12 G-H). TransgenidBCL2 expressiomormalised to the geomean GAPDH,
CYCLOPHILLINandHPRTwas lower in embryosecovered oays 13 to 15n
comparison toxgression levels measured@ay 7. OnDays 1315, total BCL2
expression measured by real time P@Rs on average approximately-tad
greater in transgenic embryos compared th#uZ control embryosKigure4.12F).
BCL2 expression shwed highconcordance with the GFP fluorescence daith
only 3 embryos out of the 81 recoverkdvingambiguousBCL2 expressionas

measured by real time PCBndweretherefore unable to beonfirmed as either
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BCL2 or LacZembryos BCL2 expression wasignificantly greater irDay 13-15
embryos derived frorall BCL2cell lines compared to LacbHdransferred control
embryos (R0.03 for line 2 and p<0.0005 for the other lineest).
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Figure 4.12: BCL2 expressionand GFP fluorescence in transgenic embryog BCL2
expression normalised to the geomean of three housekeeping geréxDH
CYCLOPHILLINandHPRT) in Day 7 SCNT BCL2 and control LacZ embryos; * BCL2
expression was below the detection limits in LacZ end(ALCL2 line 5 n=2, BCL2 line
51 n=6, BCL2 line 53 n=2, Lac Z line 1 n=2, Lac Z line 7 n=1. Samples were pook of 6
blastocystembryos) Error bars are SEM. Brightfield image of éDay 7 BCL2 line 53
cloned blastocystC. Fluorescent image of the samadibcyst after a 500ms exposuie.
Brightfield image of a LacZ line 1 cloned blasyst grown concurrenthE. Fluorescent
image of the same LacZ blastocyst after a 500 ms expoBurBCL2 expression
normalised to the georae of three housekeeping geimeBay 13-15 cloned embryos from
the different BCL2 and LacZ cell lines us€éBCL2 line 2 n=4, BCL2 line 5 n=9, BCL2
line 51 n=16, BCL2 line 53 n=17, LacZ line 1 n=20, LacZ line 7 n=&0pr bars are SEM.
G. Brightfield image of a BCL2 line 53 transgerembryo with a side view of the
protruding epiblastH. Fluorescent image of the samebryo after a 2 s exposute.
Brightfield image of a LacZ line 1 embryd.Fluorescent image of the same LacZ embryo
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after a 2 s exposure, some autofluorescencetéxtid in the trphectoderm and the epiblast
appears as a nhdluorescent circle in the centre of the photo.

4.4.9 Embryo length and epiblastlength in transgenic embryos

RecoveredDay 13-15 BCL2 embryos were compared with théiacZ littermate
controls to @tect if overexpression oBCL2 had an effect on overall embryo
(trophoblask length,trophoblastgene expression a@piblastlength Numbers as
perTable4.5 Figure4.13A-C). There was a large range in embryo lengths even
within a recipient animal, sthat no overall significant difference could be found
betweenLacZ and BCL2 embryos at a given embryonic ageigure 4.13A).
Analysis oftrophoblastyene expression was done using the ¢e®€12. ASCL2 is

a trophoblastmarker that has been found to be maally expressed during the
embryonic age period of interest in bovine embir@mithet al, 2010)and so was
best suited for this analysis. No significant differenceegt) was found in the
expression oASCL2betweenBCL2 and LacZ embryos at each emloyic age
(Figure4.138B).

To analyse the effect 8CL2 expression ompiblastiength, the log of epiblast
length was plotted against lp@f embryo length foBCL2embryos and theltacZ

litter mates. A regression line was fitted for each group ofgostBCL2andLac?)

and found to have no significant difference in slope, indicating there was no
significant difference between thratesat which embryo length increased with
epiblast length. An analysis of variance (ANOVA) was done using Genstat
statigical software to measure the differences in intercept between the two
regression lines and found the intercepts to be significantly different,Bitt2
embryos having, on averagmiblass 57% longer than thdiacZlittermates at any
given embryo lendt (95% confidence interval 33% to 85%<@000) (Figure
4.130)
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Figure 4.13. BCL2 embryos show no difference in embryo length otrophoblast
ASCL2 expression but have significantly longeepiblasts than their LacZ littermates.

A. Logio of embryo length is clustered into embryorday for BCL2 embryos and eo
transferred LacZ embryos; no significant difference was found between BCL2 and co
transferred LacZ embryo8, ASCL2expression normalised to the geomean of three
housekeeping genes was faind to be different between BCL2 (shaded bansl) lzacZ
(open bars) embryos Bays 1315.C, Plot of logo of epiblastiength plotted against leg

of embryo length with a regression line fitted for each group. BCL2 embryos (red markers
and red trend fie) had signifiantly longerepiblass (P<0.0001) and were on average 57%
longer compared to ewansferred LacZ embryos (black markers and black trendline).
Embryo numbers as p&able4.5.

4.4.10Morphological traits of BCL2 transgenic embryos

To characteriseansgenidCL2embryos in more detainorphological traits such

as the degree of RL disintegratia@piblastthickness an@piblastcrosssectional
shape were plotted fdBCL2 embryos recovered ddays 1316 alongside data
collected for wild type (WT) efiryos (WT datdrom Chapter Plus a small amount

of additional WT data collected at a later stage) antlale@ co-transferred control
transgenic embryos. The information used for this analysis was from embryos that

were histologically sectione®Cl2n=21, LacZn=8, WT n=46)
4410.lIRauber ds | ayer

Rauberds | ayer di sintegrati onuanwatise cl assi
scale described in@pter 3 Table 3.3). The degree of RL disintegration was
plotted as a function aépiblastlength sinceepiblastlength has been shown to

provide a good measure of developmental st@@eapter 3. A polynomial
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regression curve was fitted to the WT dd&imygre 4.14AR?=0.51). LacZembryo

RL disintegration data mpats were positioned around theegression curve
generged from the wild type data. ConverseBCL2 embryos were shifted to the
right of the curve, showing they had lower RL disintegration values for a given
epiblastiength. For examplatepiblastengths of 15250em, when normally RL
would be at advanced stages of disintegration, the RL disintegration vaR@Liar

embryos was lowetHjgure4.14A).

When the RL disintegration value BBCL2embryos and thelracZlittermates was
plotted as a function of embryorage, there was also a tendencyB@L2embryos
to have lower values of RL disintegration at a given embryonicragaré4.14B).
This retardeddss of RL was most apparentCdy 14 when ndBCL2embryos had
lost more than 50% of their RL, yet all Lac@ntrols had completely lost their RL.
At later embryonic ageBCL2embryes appeared to catch up, andgy 16 were
all devoid of a RLTo confirmthe observed trend for RL to be maintaine@@L2
embryos at later embryonic ages, particularlipays 13 ad 14, was not simply a
recipient effect the RL disintegration value for the embryos recovered was
separated out per recipient animéafle4.6). In every recipient animal that had
both LacZ and BCL2 embryos sectioned, thBCL2 embryos had lower RL
disintegration scale values compared to theicZ littermates, demonstrating the

delayed loss of RL is unlikely due #orecipient effect.

As epiblast length itself is affected IBCL2 overexpression, RL disintegration
values were then plotted as a functafrembryo lengthBCL2embryo data points
were moreclosdy aligned to WT and.acZ embryo data points; showing that the
developmental delay in RL disintegration occured in paratidbhgerepiblast

length.
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Figure 4.14: BCL2 embryos tend to bse their RL at more advancedepiblast length
and embryonic age compared to wild type and ctransferred LacZ embryos. A. RL
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disintegration value as a function epiblastlength stippled blue line is a polynomial
regression curve fitted to wild type dgtadividual wild type data points not showd.
RL disintegration value as a function of embryonic, &tgck stippled line is an exponential
trendline for LacZ embryos, red stippled line is an exponential trendliB&fio2embryos
C. RL disintegratiorvalue as a function of embryo length. WT=wild typpenblue circle
markers; LacZ =black open square markers; BCL2= red triangle markers.

Table 4.6: BCL2 embryos tend to maintain their RL compared to their LacZ
littermates regardless of recipient cow.

Embryo Rauberdos | ayer s

Recipient Day Type 1 2 3 4 5
1 13 BCL2
LACZ
2 13 BCL2
LACZ
3 13 BCL2
LACZ
4 14 BCL2
LACZ
5 14 BCL2
6 14 BCL2
LACZ

4.4.10.2Cavitation

A higher frequency of epiblast intracellular cavities was observed in sectioned

BCL2 embryos than in theacZ controls. FromChapter 3(Figure 3.1) wild type

embryos develop intracellular epiblast cavities frdmwt 100um in disc length.

Therefore the proportion of section®CL2 embryos containing intracellular

epiblast cavities witlepiblastlengths between 16250 um was analysed. It was

found that 6/7 (85%) dBCL2embryos with discs between @60 um contaned

epiblast cavities compared to 10/28 (35%) and 1/4 (25%) in WTLand co-

transferred embryos respectively. To investigate this phenomenon further, embryos

were classified on the basis of their cross sectional disc shape into either concave

|l enssdfn)] emoncave |l ens with cavities (Acavit
(Afl at o) and protruding one to two cel/l | a
were plotted as a function epiblastengthandlineartrend lineditted to wild type
andBCL2data(Figure4.15A). The fittedregressionines, whenepiblasiength was

used as the independent variable, showed a shift of the BCL2fetetllineto the

right conpared to the WT regression linghisindicated thaBCL2 embryos may
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be @elayedat the cavity stagand were still found at this stage with greater disc
sizescompared to WT embryos.adever whenthe averagepiblastiength of only
cavitating embryos for WTBCL2 and LacZ embryoswere comparedBCL2
embryoson average did not have sifioantly larger discgP=0.27, ttest Figure
4.15B)

A Crosssectional epiblast shape vs epiblast length
dome- O AO A A
flat 1
O LacZ
cavity o A BCL2
——Linear (WT)
lens - ——Linear (BCL2)
50 100 150 200 250 300 350 400
Epiblast length (um)
B 250 -

Cavitating embryos

200 +
150 -

100 -

Average epiblast length (em)
ul
o

WT BCL2 LacZ

Figure 4.15 BCL2 embryos tend to have crossectional epiblast cavities for a given
epiblast size, however this is not significantA. Plot of crosssectional epiblast shape
versus embryonic lgth shows the linear trendline for BCL2 embryoed) is shifted to
the right of the wild typeréend line (blue; wild type points not shopindicating BCL2
embryos at lagerepiblastengths ae still at the cavity stag8. The averagepiblasiength
for cavitating embryos is shown for each of the embryo types, error baBEbeThe
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averageepiblastength for cavitating BCL2 embryos wast significantly larger compared
to either wild type or LacZ control embry(s=0.27) WT, wild type

4.4.10.3Crosssectiond epiblast thickness

Epiblastthickness was also investigated following Hreecdotabbservation that
partiaularly for embryos recovered Bays 13 and 14heBCL2embryos appeared
to have thicker epiblast Aplot of epiblasthickness as a function efe confirmed
that at embryoni®ays 13 and 18BCL2 embryos tendedothave thicker discs.
Howeverby Days 15 to 16 (once the-A cell layered EmE had been formed) the
disc thickness was in concordance with wild type embryos aihosferred.acZ

embryocontrols(Figure4.16A).

In wild type embryos, epiblaghickness ineases gradually up until epiblast
lengths of about 17Qm before it decreaseFifure3.1). This correlates with the
morphologicaldevelopment of the epiblast; wheredpiblast thicknss increases
with embryo length up until a point when the dorsal epiblast cellpraszimably
lost leaving behin@ one to two cell layered EmEmbryo thickness waglotted

as afunction of epiblastength for wild type embryos and compd to BCL2
embryos (Figure4.1@B). As anticipatedor a given lengthBCL2 epiblass tended

to bethicker.Interestingly, whenneBCL26 out | i er s dLadZendbryoswi | d t ype
that hacepiblasslengthgreater than 17(m, yet also had discs thickitlan 35um,
were analgedfor their degree of RL losg was found thatsimilar to theBCL2
embryos, theyalso tended to haviewer RL disintegration valuegTable 4.7).
Seven out of eight neBCL2 embryos identified as haviran above average disc
thicknesdor theirembryonc lengths (>17@m) had lost 50% or less of thé&L.

This observation suggesthe abnormally thicker discs &CL2 embryos is not
simply an effect oBCL2 overexpression but may be related to a delayed loss of
RL.
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Figure 4.16: BCL2 embryos have hicker epiblasts for a given embryonic age

or epiblastlength. A Epiblastthickess plotted as a function of embryonic agé
polynomial trend lines fitted to wild type (WT, blue) and BCL2 (red) embryo data.
B. Epiblastthickness plotted as a functionagiblasiength with polynomial trend
lines fitted for wild type (WT, blue) and BCL2 (red) dataellow shadedmarkers

are the wild type and LacZ outlier embryos that were further analysed for RL
disintegratiorvalue.

143



Table 4.7: Wild type and LacZ embryos with greater epiblast thicknesses at more

advancedepiblastlengthsalsot end t o have | ower Rauberdéds | ayer
Embryo disc Embryo RL disintegration
Embryo number
length (um) thickness (um) value
LacZ 1110 170 40 2
1022 170 45 1
1024 170 37 2
1004 180 70 5
1021 200 40 3
1150 206 55 2
1048 215 44 2
1155 210 60 3

4.4.11Effects of exogenouBCL2 expression on AVH and gastrulation
initiation

Given the morphological effects &CL2 overexpression, namely longend

thicker epiblasts abays 13 and 14 that stitended tomai nt ai n a Rauber 0s

despite their increased size, the expressi@ERBERUSAndBRACHYURYvere

investigated using WISH to investigate possible phenotypic differences in the

hypoblast and/or the initiation of gasiation. CERBERUS Was chosen because

WT embryost was shown to ba marker for the fonation and locatatiothe AVH

(Chapter 3)BRACHYURYwvaschosen because in WT embryos it is expressed at

stages 4 and 5 and marks the area of the epiblast adountmascent mesoderm,

and therefore is a good indicator of gastrulation induction (Chapt&e8hvered

embryos from nuclear transfer runs 2, 3 and 4 were used for WISH analysis. Thirty

threeBCL2 embryosand 19LacZ embryoswere analysed by WISH. Of the, 21

BCL2and 8LacZembryos were sectioned.

Formation of the AVH as judged WYERBERUSZExpression irBCL2 embryos
appeared phenotypically normalable 48; every BCL2 and LACZ embryo
analysed foCERBERUSIs presented in this tablé distance o7Oum is thought
to be required between the mouse primitive endoderm and trophoblast (EXE) to
allow DVE formation (Mesnardet al, 2006) Depite he increasecdepiblast

thickness observed BCL2embryos none werehicker than 7Qdm, and therefore
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would nothave allowed the hypoblast to escape any putatiypdoblasinhibitory
signals. A possible effect of maintaining RL could therefore have been inhibition
of AVH formation and a reduced region@ERBERUS®xpression. Instead there
was some tendency fBCL2 embryos to have an expanded regio@BRBERUS1
expression in their hypoblast compared.&xZ littermates. Forxamplein BCL2
embrys 1111 and 1114 where half to thopeartersof the hypoblat underlying

the epiblasstained folCERBERUSITable 4.8§. Nonethelessvhen compared to
wild type embryos, it was not uncommon for more than half of the visceral
hypoblast testain forCERBERUS Ifor example embryos in figure 3.7 chapter 3)
Although attempts were made to quantify any differemceCERBERUS1
expression betweeBCL2andLacZembryos for example by counting the number
of cells in the hypoblast stained fGBERBERUSDr the quantifying thearea of
CERBERUSIstained hypoblast as a proportion of the tataiblast there was
considerablevariation letween embryosso that no gross overakffect on
CERBERUSZExpression could be measured amy subtle differencewere not
obvious Because alBCL2embryos that were used f6BERBERUS Analysis were

at RL disintegration stages3l it was difficult to acertain if there was a tendency
for the AVH to be at the opposite end of theiblastto any remaining RL, as
observed in WT embryos.
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Table 4.8: Expression of CERBERUS1in BCL2 and LacZ transgenic embryos

CERBERUS1section

The weak bluestain in this embryo is nen
specific stainingThe real stain is the darke

area.

BCL2/ embryo | Day | Epiblast | CERBERUSI1wholemount
Lacz number Length

line (nm)

LacZz1l | 1056 | 14 280

BCL2 1057 | 14 230

51

LacZz1l | 1058 | 14 300

LacZz1l | 1059 | 14 160

Shading indicates littermates, a red border indicates control emb
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CERBERUS1wholemount

BCL2/ embryo | Day | Epiblast
Lacz number Length
line (um)
BCL2 | 1062 |14 | 210
51

Lacz1 | 1075 | 14 140
BCL2 | 1076 | 14 150
53

BCL2 | 1084 | 15 230
53

CERBERUS1section

Shading indicates littermatea,red border indicates control embryc
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CERBERUS1wholemount

BCL2/ embryo | Day | Epiblast
Lacz number Length
line (pm)
BCL2 | 1085 | 15 150
53

BCL2 | 1087 | 15 170
53

LacZ1 | 1110 |13 | 180
BCL2 | 1111 |13 | 170
53

CERBERUS1section

Shading indicates littermates, a red border indicates control embryos
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BCL2/ | embryo | Day | Epiblast | CERBERUS1wholemount CERBERUS1section

Lacz number Length

line (um)

Lacz1 | 1112 | 13 180

BCL2 | 1113 | 13 180

53

BCL2 | 1114 |13 | 250

53

Lacz1 | 1115 |13 | 80 No CERBERUS1stain. Small
disc

BCL2 | 1116 |13 | 180

2

Shading indicates littermates, a red border indicates control embryo:
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CERBERUS1wholemount

BCL2/ embryo | Day | Epiblast
Lacz number Length
line (pm)
Lacz1 | 1118 | 13 170
BCL2 | 1119 |13 | 210

2

BCL2 | 1120 |13 | 135

2

Lacz1 | 1121 | 13 160

CERBERUS1section

Shading indicates littermates, a red border indicates control embi
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CERBERUS1wholemount

CERBERUS1section

No CERBERUS ktain detected

BCL2/ embryo | Day | Epiblast
Lacz number Length
line (um)
BCL2 | 1123 |13 135
53

LacZ1 | 1125 |13 | 90
LacZ1 | 1126 |13 | 80
BCL2 | 1127 |13 | 130
53

BCL2 | 1129 | 13 146
53

No CERBERUS ktaindetected

Shading indicates littermates, a red border indicates control embryos
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BRACHYURYexpression similarly did not appear affected BZL2 over
expression except for one embryo that showed 4 distinct regiddRACHYURY
expression in three isolateeépblasts. Most BCL2 embryos showed the
characteristic crescent BRACHYURYexpression which covered -4D% of the

disc. In embryos sectioned which had a regioBRACHYURexpression 20% or
greaterextraembryonic mesoderm could be seen. S&Ge&2embrys recovered
atDay 16 were also included in this analysis along wittaaZ embryo recovered

at Day 16 from the same litter. All theDay 16 embryos showed normal
BRACHYURYexpression and were at a similar stage to e littermates, also
displaying tle formation of mesoderm at the correct location. These results
indicated that in mostBCL2 embryos gastrulation was cectly initiated.
Surprisingly, one embryo 1081 Table 4.9) recovered aDay 15 displayed three
discreteepiblass as revealed by OCT4t@dyody staining. The largespiblast(disc

a), was a dome shape devoid of RL and showed a hollow mass of cells at one end
of the disc with a small region aBRACHYURYexpression on the edge of this
mass. The other end of the disc appeared more nob@af a typical EmE
morphology with BRACHYURYinduced in a thin a crescent region of cells. The
second largest disc (disc b) was on the other side of the embryo and was also devoid
of RL and dome in cross sectional shape. It displayed a more expandedofegion
BRACHYURY expression over about half the disc, but no obvious mesoderm was
observed. The thirdpiblast(disc c) was smaller (70m) and still a concave lens
shape partly covered by RL asiédges. It also showed expressioBRACHYURY
despite its snibsize.
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Table 4.9: BRACHYURY expresson in BCL2 and LACZ embryos at Days 15
16.

BCL2/ | embryo | Day | Epiblast
Lacz number Length
line

BRACHYURYwholemount BRACHYURYsection

(Hm)

No BRACHYURYstain

Lacz | 1070 |15 |120 No BRACHYURYstain

Shading indicates littermates, a red border indicates control embryos
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BRACHYURYwholemount BRACHYURYsection

BCL2/ | embryo | Day | Epiblast
Lacz number Length
line (pm)
BCL2 | 1071 | 15 | 350
51
LacZ | 1072 | 15 | 180
1
BCL2 | 1073 | 15 | 390
51
BCL2 | 1081 | 15 | 380
53 disca

Shading indicates littermates, a red border indicates control embryos
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BCL2/ | embryo | Day | Epiblast | BRACHYURYwholemount BRACHYURY section

Lacz number Length

line (um)

BCL2 | 1081 | 15 | 280

53 disch

BCL2 | 1081 | 15 | 100

53 discc

Red arrqws indigatectopic BRACHYURY exp

BCL2 | 1082 | 15 250

53
BCL2 | 1102 | 16 460
53

Shaling indicates littermates, a red border indicates control embryos
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BCL2/ | embryo | Day | Epiblast | BRACHYURYwholemount BRACHYURYsection
Lacz number Length

line (m)

BCL2 | 1103 | 16 | 390
53

LacZz | 1104 |16 | 320

Shading indicates littermates, a red border indicates control embryos

4.5 Discussion

451 The mechanism of Rauberds | ayer

di

sap

The results presented inthispheer i ndi cate that Rauber ds |

apoptosis. A reduced level of proliferation within RL was not detected, either in
comparison with murarophoblastcells at the same stage or between embryos at
stages 1 and 2. If RL was disappearing ttua reduced level of cell proliferation,

a difference in the number of mitotic cells would be expected at stage 2 in
comparison to stage 1 embrybecause this is the stage at which focal interruptions
are seen within RLGhapter 3. These resultare n agreement with other autiso

who notal that even once RL is no longer a continuous layer over the epiblast of
the horse blastocyst, the remaining isolated RL cells still undergo niEosiers

et al, 1988) In the stagd-RL embryos sectioned, activea§pase 3 could not be
detected i n Rtage B embyos, which yaa disagths nvhich fell
within the size distribution of when RL disappears, higher levels of apoptosis were
measured in two out of the three embryos selectively within RL.€lhesults
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support the current idea thAL disintegrates by apoptosia.the rabbit enbryo at

144 hourspost coitus transmission electron microscope sections show the
appearance of large phagosomes containing cell debri (mitochondria and nuclear
materia) underlying areas where RL had disintegrdi&dliams & Biggers, 1990)

Some RL cells themselves were highly vacuolated and had condensed chromatin
and a disintegrated nuclear membrarseiggesting apoptosis followed by
phagocytosis is the likely mechamsof RL disintegrationWilliams & Biggers,

1990) Similar observations we made in electron microscope sections of the horse
embryo betweeDay9 andDay 11, withincreased vacuation of RL cells and the
frequent presence of phagosomes containinglleeltlebrs within the epiblast
during RL disintegration(Enderset al, 1988) Although RL was proliferating
normally it is possible that this proliferation is not sufficiknb O keep up?é6
maintain a continuous layer over the growing epiblHsis mayhen cause ruptures

in RL, reducing the cell contacts and initiating the active loss of RL through
apoptosis of this tissu&lotably in embryos with regions of intact RL especially
overlying areas of an epiblast cavity, RL cells are thinner giving a stgktch
appearance in comparison with gi@ouring muratrophoblas{Figure3.21). The

cells of RL that were found to be apoptotic were isolated and not adjoining other
cells of RL Figure4.6A-D). In one stage 3 AVH embryo (1168p apoptosis was
detected irRL; this embryo did have interruptions in its RL particularly over an
epiblast cavity and the remaining RL was still part of a continuous layer. The
inability to detect apoptotic cells mage due tothese cellshaving been
phagocytosedrlhe factthattheremaining norapoptotic RL cells werstill part of

an intact layer also supports the idea that cells of RL need to have reduced levels of
neighbouring cell contacts before undergoing apoptosis. Interestimglgpoptosis
detected in the epiblast of tlesbryo tended to be adjacent to the forming epiblast
cavity, which may indicate how the dorsal cells of the epiblast are lost during

epiblast cavitation.
4.5.2 Apoptosis in cattle pregastrulation embryos

Apoptosis in the epiblast of stage3lembryos variedrébm 0% to 5.7% and
appeared to decrease with neasing embryonic stag@&dble4.2). A plethora of
publications exist on prEnplantation apoptosis bovine embryos up until tHeay

7 blastocyst stage due to the ease at which embryos of this stagegesaretaed
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by IVP (Byrneet al, 1999; Gjorreet al, 2007; Leidenfroset al, 2011) The most
sophisticated study used multiple measurements of apoptosis and reported that 28%
of ICM cells were undergoing apoptosis at the hatched blastocys{istederfrost

et al, 2011) It was difficult to find any quantitative studies on basal apoptosis
levels in bovine embryos beyomdhy 7. One study, using transmission electron

mi croscope sectiongnstmeot i episikapldwRrt apoptdosi
bovine embryogqAlexopouloset al, 2008) This thesis appears to be the first to
quantify apoptosis in the bovine epiblast tweg Day 7. Only low levels of
apoptosis were seen in ttiephoblas{not quantifiedl compared to agptosis levels

in the epiblastin this study the entire epiblast of one embryo was apoptotic
indicating this embryo would no longer be viable despitettbyghoblasthaving

little or no apoptosis and appearing normal. These observations support the result

obtained inChapter 2that he epiblast is the most sensitive tissue to degeneration
4.5.3 Proliferation in cattle pre-gastrulation embryos

Proliferation in the circumferentiatophoblast which was in close range to the
epiblast (approximately 50m), was not significantly greater thafistant mural
trophoblastMural trophoblastwas defined as beingreater than 15 cell diameters
(approximately 15@m) from the epiblastFigure4.4). This result was interesting
consideringthat cattleepiblass do expres$GF4 (Figure 4.3B) and thatin the
mousda-GH signalling from the epiblass required to maintain a proliferating stem
cell nicheof TS cellsin the overlyingtrophoblast Trophoblastcells that are
physically distant from the epiblast soon cease proliferation and undergo
differentiaton (Tanakeaet al, 1998; Simmons & Cross, 200%) the pigit has been
shown that the epiblast strongly expresse&F4 RNA and a similar
epiblast/trophoblast cross talk is active, via FGF4 signalling from the epiblast
initiating a pMAPK response only inophoblasheighbouring the epiblaéEuijii et

al., 2013; Valdez Maganat al, 2014) However in agreement with the results
found here in cattle embryos, the phosphorylation of MAPK from FGF4 signalling
did not result in increased proliferation as meaduby DNA ethynytabeled
deoxyuriding[EDU) incorporation. In fagin freshly retrieved spherical and ovoid
porcine embryos cultured for 10viith or without exogenous FGF4 no trophoblast
proliferation was detectealdez Maganat al, 2014) AlthoughFGF4/FGFR2

cross talk is occurring between the epiblast and adjaogitoblasbf the porcine,
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and likely the bovine embryo (as shownB@F4 RNA expression in the bovine
epiblas}, the absence of a (porcine) trophoblasiliferative response to FGFds

well as the homogenous proliferation seen in different parts of the bovine
trophoblastsuggests that increased trophoblastiferation in response to FGF4
signalling from the epiblast does not occur in bovine and pig ungulate embryos.
Interestingly attle stage 4 parietal hypoblast has been found to express high levels
of FGF2 (Dr Peter Pfeffer, personal communication), and this may be substituting
for a lack of FGF signal from the epiblast. Considering the large increase in
trophoblassize as the ebryo elongates from ovoid to filamentous over just a few
days, it is not surprising that proliferation is high in all parts of tre@phoblast
Further evidence supporting the independent ability of the domestic ungulate
trophoblast to elongate without efast signalling can be found in the fact that
ovine trophoblast vesicles devoid of an epiblast are able to elongate when
transferred in to a suitable uterine environm@éechonet al, 1986) In uterine

gland knockout sheep which the uterine environemt is compromisedransferred
blastocysts failed to develop and elond@eayet al, 2001) Taken togethethese
results indicate that maternal factors and/or signals from the underlying parietal
hypoblaststimulate proliferation andhat interaction with the epiblast is not
required for trophoblast proliferation.

In all the embryonic tissues studjguioliferation levels between stage 1 and stage
2 embryos were maintained or increased, except for the visceral and parietal
hypoblast. This is interesty because in the mouse it has been shown that a
reduction in visceral endoderm (visceral hypoblast) proliferation relative to epiblast
proliferation is required for AVE migratio(Gtuckeyet al, 2011) In the mousge

the ratio of epiblast proliferation/pgblast proliferation goes from 2f2ld at the
preDVE stage to 7.6old a the DVE formation stage to ifdld during AVE
migration. In cattle stage 1 embryos the ratio of epiblast to visbgmiblast
proliferation was 3.-fold and at stage 2 (just pridco AVH formation) this ratio

was 7.8fold. Whether this increase in epiblast proliferation relative to hypoblast
proliferation is required for formation or migration of the A\@$ in mice,is

unclear
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4.5.3.1 Dorsal versus basal epiblast proliferation

In the nouse Nodal signalling within the epiblast is specifically required for
epiblast proliferatior{Stuckeyet al, 2011) In cattle embryos at stage NODAL
expression is homogeneous throughout the epiblast but at stage 2, particularly in
embryos that have disintegrating RLNODAL expression is shut down in dorsal
epiblast cells and restricted to the basal epiblast cells adjacent to the visceral
hypoblast Figure3.10. In light of these resulfst was decided to determine if a
difference in proliferatiotvetween basal epiblast, adjacent to the visceral hypoblast,
and dorsal epiblast cells could be detedtedorrelation with the difference in
NODAL expressionin both stage 1 and 2 embryos basal proliferation was higher
than dorsal proliferatio(6.4% and20.1% more proliferation in basal epiblast cells

at stage 1 and 2 respectivelffpwever this result vgaonly significant at stage 2
(P=0.001).It is not known if the expressioratiern of NODAL is the cause tfis
difference in proliferationFuthermordhe expression patterns NODAL do not
necessarily equate to NODAL signallinglowever these results support the
possibility thatNODAL expression at the base of thpiblast(due to visceral
hypoblast and/or epiblast expression) does result in anasera NODAL
signalling in this areand consequently, an increase in basal epiblast proliferation
in comparison to dorsal epiblast proliferation whéd®DAL expression is
diminished. This also suggedisat an effect of the disintegration of RL is an

increase in the ratio of basal to dorsal epiblast proliferation.
4.5.4 BCL2 over-expression

The CAG-GFP-2A-BCL2IRESPURO DNA vector designed and used for over
expression oBCL2was expressed robustly in the generated transgenic fibroblast
cell lines. Earlier att@mpts to create cell lines robustly expresdsd@l 2 when coe
transfected with an antibiotic selection cassette were considered unsuccessful due
to the low levels oBCL2 expressed in relation to housekeeping genes such as
GAPDH (1/100" to half of GAPDH levels). It was surprising how low the
exogenoudBBCL2 expression wasgasBCL-2 is anttapoptotic and therefore would

be expected to be selectively advantageous. The relatively low exoge@Gbas
expression was also unexpecgtbédsed on my previous observasoBCL2 was
expressed under the control of the sa@#G promoter/enhancer that had been

previously used to derive transgenic qamoptoticBAD expressionand which
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resulted inBAD expression at about the same leveGad°DH expressionKigure

2.2). BCL2 is usually classed as an oncogene because it prevents apoptosis;
however it also has a role in cell cycle progression. Myeloid cellsexmessing
BCL2get blocked athe G1 to S phase transition, and accumulate giD@hget

al., 2003) Patients with aacer, particularly derived from epithelial or mesenchyme
tissues such as liver, skin and breast cancer, have more favourable outcomes if the
cancer express&CL 2 and this has been attributed to the -pntliferative ability

of BCL2 (Zinkel et al, 2006) Because of the bias to select large, faster growing
colonies when deriving cell lines, this may have caused a bias for selection of cell
lines that expressed lower levelsBEL2 Alternatively the lower expression of
BCL2 may have been due to epigeneatitit down of the transgene iasvas not
directly linked to the puromycin selection cassette, and therefore there was no
selection force for it to be expressed for cell survival. The epigenetic shut down of
permanently inserted DNA construdtas been praously reportedn transgenic
animals and cell linefClark et al, 1997; AlonseGonzalezet al, 2012) When

BCL2 expression was coupled to antibiotic selectipmomycinwas expressed

with BCL2andGFP as part of the same polycistronic transcript, ifogccell lines

to express BCL2 along with puromycin. When this strategy was used cell lines
expressing greater than 2@fld BCL2in relation toGAPDHwere generated.

BCL2 protein expression was not directly analysed, howeeeause of the use of

a 2A motif betweenGFP andBCL2in the overexpression vector, BCL2 protein
would be expected to be generated at an equal molar ratio to GFP protein production.
Therefore GFP expression could be used as an indicaBCIo2 protein levels.
TheBCL2cell lines siowed strong GFP expression in comparisolpattZ control

cell lines. The production of high levels of BCL2 protein in B@L2 transgenic

cell lines is also supported by the functional tests which showed these cell lines
were more resistant to apopts s measured by activated<pase 3) than thacZ
control line after UMlight exposure. UV light exposure causes DNA lesions and
BCL2 downregulation which in turn triggers apopto@dunkernet al, 2001) UV

light exposure also activates the p53 tumayppsessor protein, which then blocks

the G1/S and G2/M transitions to perM@NA damage repaithereby slowing cell
proliferation (Painter & Howard, 1982; Agarwait al, 1995; Dunkern & Kaina,
2002) The resistance of tHgCL2cell lines to UV induced aptosis as well as the
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reduction in proliferation observed (as seen bg teduced cell density 24 h
following UV radiation compared to the equally seeded control Wdisre4.10
demonstrate thaBCL2 overexpression did result in functional BCL2 priote
production ands consistent with a reduced level of proliferation being expected as
a result of p53 induction. Similar apoptosis protection from UV radiation by over

expressinCL2has been previously reportédunkernet al, 2001)

4.5.5 The effect of ove-expressingBCL2 in pre-gastrulation bovine

embryos

Developmentof SCNT embryos derived fronBCL2 overexpressing donor cell
lines was not sigificantly different at eitheDay 5 or Day 7 of development
comparedo SCNTLacZ embryos grown concurrentllBCL2 overexpression in
embryos atDay 7 was confirmed by both expression of GFP &€l 2 RNA
expression. These results are interesting in light of the data frorerperssing
pro-apoptoticBAD at the same stagé€hapter 2) Overexpression oBAD was
expected to sensitise embryonic tissues to survival signalling, possibly resulting in
lower numbers of embryos developing to the blastocyst stage. ConvBGel
overexpression would be expected to increase the proportion of embryos which
develop successilylto the blastocyst stage. In reality neitB&L2nor BAD over
expression significantly affectegimbryonic development up unfilay 7. These
results support the hypothesis that apoptosis is not a major cell death pathway
during eary embryonic developmeéno theDay 5 morula stag¢Hansen & Fear,
2011)because an arease in the expression of pov antiapoptoticfactors had no
effect. BeyondDay 5, when embryos are able to undergo apoptosis, these results
could also suggest that autocrine survival aligmg and endogenous levelsBREL2

are sufficient, so thaBCL2 overexpression does not enhance development, and
evenwhen BAD is ovetexpressed embryos able to counteract this. In this work
endogenousBCL2 expression was undetectable &y 7 when pools of 68
embryos were used per samgeg(re4.12), howevey other workers using larger
embryo pools (20 embryos) were able to deBf€t. 2 RNA expression abay 7,

along with BCL2 proteir{Fear & Hansen, 2011)

Recovery of BCL2 embryos from recip@ cows atDays 1315 was not

significantly different td_acZco-transferred control embryos and neither was there
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a significant effect on overall embryo length wophoblastdevelopment as
measured byASCL2. This indicates that althougBCL2 was being epressed
throuchout the developmental stag&afs 1315), as detected by RNA and GFP
expressionBCL2did not affect (norpolar)trophoblastievelopment. These results
mirror the results obtained froBAD overexpression irDay 13 and14 embryos
which shaved no effect of BAD oveexpression onrophoblastdevelopmentlt
appears survival and growth of ttiephoblasis already relatively robust and able
to withstand oveexpression of a prapoptotic factor and is not enhanced by

exogenous expression af antrapoptotic factor.

BCL2overexpression did selectively impact on the sa®l possibly the survival
of theepiblastin relation to thearophoblastissue. Theepiblastof BCL2 embryos
was on average 57%rger andBCL2 embryos were three timesore likely to
contain an epiblast compared to théiacZ littermates, although this latter
difference was not deemed significant.

The increase in disc survival complements the results obtained bgxuessing
pro-apoptoticBAD in embryos Chapter 2 BAD overexpression had a significant
negative effect on the survival of the epiblast. Taken together these results indicate
that the epiblast is more prone to apoptosis and reliant esupvival signalling

than the trophoblasand that this suspgbility may be reduced/overconiy over
expression oBCL2

The increase in epiblalgngthmeasured in BCL2 overxpressing embryos Bays
13-15 (pregastrulation stages®) may be due to:
i.  Areduction in cell death

ii.  Anincrease irproliferation

The levés of epiblastapoptosis in wild type stage 1 and 2 embi§esy 11 and 12)
were between 4% and 5.7%x¢luding 1173 with 100% apoptositable 4.2).
Proliferation of the epiblast at the same stages is between 28 toFk9%ed.4).
Assuming a cell doubtig ime of 24 h and a time of 2lays between stage 1 and
stage 3 this would result in an inase of epiblast cell number ofa% (0.95x1.293.

In the case oBCL2embryosassuming n@poptosigo occur 0%), the increase in

epiblast cell number would b@x1.29% or 166%. Therefore the BCL2 emyws
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might be expected to have %1(16/150) more epiblast cells. Instead 57%
increase is seen in the average length of the epiblast and an increase in thickness is
also observed. This suggests that a simplectexiuin apoptosis in the epiblague

to the antiapoptosis action of BCL2yould not be sufficient to account for the
increased disc sizeAn increase in proliferation simply due #®CL2 over
expression is also unlikely éBCL2 is actually antproliferative (see above).
Instead these calculations suggest an increase in proliferatioiodaesecondary

mechanism resultdd the increased epiblast sizes observed.

Although overexpression oBCL2 did not prevent the eventual loss of RL, the

results presaed in this thesis strongly indicate RL was able to be maintained to a

later developmental age than what would normally be expected. Regardless of

recipient cow BCL2 overexpressing embryoshowed a delay in the loss BL

compared to stagand agematdedLacZ littermate control embryosTable4.6).

Rauberdés | ayer was al so maint aalthowgld i n embry
this result is confounded by the falcatBCL2embryos had greatepiblastengths

in comparison th.acZco-transferred combl embryos

Could the observed delay in RL disappearance be responsible for the increase in
epiblast size seelRauber 6 s | aFYRIN (FigureB.11e whicke is an
analogous manner to the mouse, would be expected to be sdayeRidand
activateNODAL in the epiblast, allowing NODAL to upegulde itself and further
increaseNODAL signalling(Ben-Haimet al, 2006) As described above, NODAL
signalling in the epiblast has been shown to play a role in promoting epiblast
proliferation(Stuckeyet al, 2011) Sq potentiallymaintenance of RL in thBCL2
embryos could maintain/elevate Nodal signalling in the underlying dorsal epiblast,
thereby increasing its proliferation. This would causénarease in epiblast size.
Several lines of evidence froini$ thesis supports this idea:

1 When RL begins to disintegradODAL expressionn the dorsal epiblast is
shutdown, indicatindNODAL expression is most likely activated and up
regulated byFURIN expressed by RL.

1 WT embryos have a greater level of prolifevatat stage 2 in the basal

epiblast compared tdorsal epiblast proliferation.hls coincides with the
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reduction in NODAL in the dsal epiblast and suggests tiDAL
signalling isindeedimportant for regulating cattle epiblast proliferation.

1 The incrase in or maintenance MODAL signalling as a result of
maintaining RL would be expected to matect dorsal epiblast cells
resulting in their increased proliferation and therefore thicker discs, which
is exactly what is observe#&igure4.16).

1 In mostWT embryos at disc lengths greater than [Li#) embryos have lost
their upper dorsal epiblast cells and epiblasts are becomi2gallllayered
EmE morphology measuring about @& thick Figure 3.1). Wild type
6outl i er 6 epiblabtlengtbssgraterithrhl7@um and with disc
thicknesses greater than @i also tended to havetained RL for longer,

similar toBCL2embryos

If the increased proliferation/epiblast sizes observeB@h2 embryos is due to
excessive FURIN production (from a maimid RL) and NODAL signallingve
mightalsoexpect ectopic expression of NODAL targets. NODAL directs induction
of gastrulationThe T box transcription factdRACHYURY is one of its targets
and required for gastrulatigistern, 2004) Analysis ofBRACHYUWRY expression

in BCL2embryos revealed ectopic expression in one embryo (out of 8 anfdysed
BRACHYURY. Surprisingly this embryo also had threpiblass and each showed
abnormal or expanded regionsBRACHYURYexpressionThe survival of three
epiblasts could be due to the ovekpression oBCL2 however the expanded
BRACHYURxpressiomn each of the threepiblassis most likely due taberant
NODAL signalling Because this was the only embryo recovered which showed
ectopic expression pattetnsis difficult to ascertain if the ectopBRACHYURY
expression is dudo delayed RL disintegration resulting in excessive Nodal

signallingor if this is due tanother cause.

Disintegration of RL trophoblast may be required for development of the cattl
embryo by removing a source of putative AVH inhibitiéigure3.13. However
when WT embryos were analysed they were able to form a morphologically
discernible AVH regardless of their level of RL disintegration. The ability for the
AVH to form in the pesence of RL was further verified by analysCigRBERUS1
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expression in the BCL2 embryds. all Day 13 and 18BCL2embryos, regardless

of their relatively lower stages of RL disintegration, phenotypical normal
CERBERUSZexpression was observed. In mieedistance of 7Qum must be
exceeded between the distal endoderm and the EXE inforaetisto escape from
the inhibitory influence of the EXE and allow for DVE formatidiesnardet al.,
2006) The inhibitory signalling factor secreted from the mousg Exthought to

be Bmp4(Yamamotoet al, 2009) In cattleBMP4 is selectively not expressed in
the AVH, suggesting cexpression ofBMP4 with other AVH markers is
incompatible. Wwever BMP4is also expressed in the epiblast directly adjacent to
the hypolast Figure3.9). The epiblast thus would be expected to provide a source
of BMP4less than 7Qum away. In cattle it appears formation of the AVH is able
to proceed at a closer rangeBglP4 expression from the epiblast and also less than

70 um from any R trophoblast

RL disintegration may also play a role in the establishment of an asymmetrically
located AVH through its expression of the protdad®IN, which cleaves NODAL

into a more active form. Nodal in turn is essential for expression of AVE nsarker
in the mouséBenHaimet al, 2006) In sectioned wild type stage 3 embryos at RL
disintegration stages-8there did appear to be a correlation between the location
of the AVH and RL disintegration. In 7/8 of these embrytbe AVH was
positioned at tb opposite end of thepiblastrelative to remaining RL cells.
Although this supports the hypothesis that RL may play a role in asymmetry
establishment the exact timing of AVH expression in relation to RL disappearance
is unclear. It may be that the visakhypoblast is abléo cause the selective

apoptosis of RL tissue, particularly in regions closest to AVH establishment.

Although not deemed significant, there was a trendfok2embryos aDays 13
14 be delayedt the morphological cavity stage. Tkas particularly noticeable at
Day 14 when allBCL2 embryos recovered were at the cavity stage and had not
progressed to a flat EmE structure devoid of a RL, in comparidac#flittermates
recovered at the same stage who all had an exposed EmEidige4.15. These
results suggest that inhibition of apoptosis, through-expression oBCL2 does
not prevent the formation of an epiblast cavity but may play a role in the loss of
(dorsal) epiblast cells adjacent to the cavity and the loss of RL.isThansistent
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