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Abstract

Preimplantation mouse embryonic development is defined as a developmental time-window
started by oocyte fertilisation and concluding with uterine implantation, comprising a series
of cleavage divisions that produce an increasing number of progressively smaller cells
called blastomeres. Within this developmental time period three cell lineages are
segregated. These are the trophectoderm, giving rise to the placenta, primitive endoderm
later forming the yolk sac and epiblast building the embryo itself. Factors playing crucial
roles during this process include the establishment of intra-cellular polarity and relative
spatial cellular position that each contributes to the differential expression of key cell-fate
influencing transcription factors. The segregation of the already mentioned cell lineages is
accomplished in two successive waves of cell/blastomere internalisation occurring at the 8-
to 16-cell and 16- to 32-cell transitions. During the 8- to 16-cell division, individual cells
either divide to produce one polarised daughter cell on the outside and a second apolar cell
encapsulated inside the embryo (an asymmetric division), or in an orientation that yields
two outer polarised daughters (a symmetric division). The orientation of 8-cell stage
divisions is known to be affected by the mitotic spindle angle and nuclear positioning,
relative to, and along, the apical-basolateral axis but the exact mechanism regulating these
processes remain largely unknown. mTOR signalling is known to regulate the translation of
a subset of mRNASs containing a so-called TOP motif (5°UTR) and is also known to
influence chromosomal segregation and meiotic spindle positioning in oocytes. Chemical
inhibition of the mTOR pathway negatively influences inner-cell formation in 16-cell stage
embryos, potentially via the translational regulation of mRNAs related to spindle
orientation/ nuclear position. Interestingly, based on a published lists of TOP-containing
RNAs, candidate genes have been identified and include the dynactin subunit 2 mRNA
which is known to affect both spindle orientation and nuclear positioning. Experiments
investigating the clonal knock-down of this candidate gene during the 8- to 16-cell stage
transition are shown here to affect the generation of inner cells leading to reduced number
of inner cells. This result implies to a requirement of Dctn2 in the mechanism enabling the
appropriate division of blastomeres and generation of inner cells required to support further

embryo development.
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1 Introduction

1.1 Mouse preimplantation embryonic development

Mouse preimplantation embryonic
development starts with oocyte fertilisation leading to
the formation of a zygote and after 4.5 days concludes
s with uterine implantation of the embryo. The zygote
undergoes a series of asynchronous cleavage division
producing an increasing number of progressively
smaller cells called blastomeres without changing the
overall size of the embryo. After seven rounds of cell
division a structure called the blastocyst (defined by a

Fig. 1: A schema of the spherical epithelial tissue layer supporting a fluid

blastocyst stage mouse embryo
containing the three cell
lineages: TE in red, PrE in blue
and EPI in yellow, and fluid filled
cavity (Mansour and Hanna,
2013).

filled cavity and a mass of inner cells) is created and
the embryo is prepared for uterine implantation
(Fig.1).
embryonic development is analogous to the period

This crucial window of early mouse

during which derived human embryos are in vitro cultured prior to their transplantation to
the uterus under certain assisted reproductive techniques (ARTS), such as in vitro
fertilisation (IVF). Indeed, the preimplantation embryonic developmental period is devoted
to the differentiation/ formation of extra-embryonic tissues, which are fundamental for
implantation and post-implantation support of the embryo, as well as imparting specific cell
differentiation and patterning signals to the developing embryo proper. As such, during this
time, three distinct cell lineages are derived: the differentiating trophectoderm (TE) that
will form the foetal part of the placenta, the primitive endoderm (PrE), that subsequently
gives rise to parietal and visceral endoderm and later contributes to the yolk sac, and the
pluripotent epiblast (EPI), comprised of progenitor cells required to build the embryonic
foetus (Figl). The three cell lineages arise as a result of two cell fate decisions, the first one
in which outer-residing TE cells become segregated from the encapsulated cell population,
ultimately forming the blastocyst inner cell mass (ICM), and the second decision in which
EPI and PrE are specified and segregated from each other within maturing blastocyst ICM
(Paria and Dey, 1990). The appropriate derivation of TE, PrE and EPI is crucial for the

survival and normal development of the embryo, as exemplified by the need to form a fully



functioning TE, that is essential for embryo hatching and the complex molecular
interactions between the uterus and the embryo during implantation (Cockburn and
Rossant, 2010). However, the underpinning molecular mechanism of the derivation of
these three cell lineages remain largely unknown and ill-characterised.

The whole process of early mouse embryonic development is driven by an, as yet,
unidentified endogenous clock that ensures that certain morphological events (e.g. embryo
compaction and cavitation or intra-cellular apical-basolateral polarisation) coincide with
particular developmental cell cycles (Johnson, 2009). This is exemplified by experiments in
which separated blastomeres of the 2-cell stage embryos still independently follow the
same clock of development transitions as intact embryos (Morris, Guo and Zernicka-Goetz,
2012). It is noteworthy that the first two cell cycles of preimplantation mouse embryo
development last significantly longer than those that come subsequently, being specific, 20
hours versus 12 hours in length (Artus and Cohen-Tannoudji, 2008).

Following oocyte fertilisation, the mouse zygote initially relies on maternal stores
of mMRNAs and proteins but by the end of the 1-cell stage its own genome becomes
transcriptionally activated by a minor burst of transcription followed by the major burst at
the end of the 2-cell stage (Fig.4b). This developmental breakthrough is known as zygotic
genome activation (ZGA) and is precocious in mice versus other mammalian model
species. Simultaneously, the maternal mMRNAs are actively degraded during the 2-cell
stage, in contrary to maternally provided proteins that can sometimes be maintained long
into the preimplantation stage development period (Zernicka-Goetz, Morris and Bruce,
2009).

In the time window between the cleavage of the zygote and the 8-cell stage,
embryos are highly adaptable to changes, such as removal, addition or rearrangement of
blastomeres. For instance, if one of the blastomeres is removed or destroyed, the remaining
cell can compensate for its loss and support full and proper development (Tarkowski, 1959;
Morris, Guo and Zernicka-Goetz, 2012). Whereas, individual cells separated from the 4- or
8-cell stage are not alone able to develop beyond the uterine implantation stage (Tarkowski
and Wroblewska, 1967; Rossant, 1976). However, such cells are still able to contribute to
all blastocyst cell lineages and foetal tissues when combined with other cells, equivalently
developmentally staged, in embryo chimeras; demonstrating that they still retain their full
developmental potential (Kelly, 1977; Piotrowska-Nitsche and Zernicka-Goetz, 2005).
However, this fact does not necessarily indicate that the embryo has not yet started the

process of individual blastomere differentiation by these early cleavage stages, but rather
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shows the cells have not yet become irreversibly restricted in fate (i.e. they remain
developmentally plastic). This is supported by pioneering experiments with chimeras,
whereby the aggregation of two equivalently developmentally staged preimplantation
embryos is able to regulate the developmental programme and thus generate of a single
viable individual (Tarkowski, 1961). This remarkable plasticity, that counts as one of the
main features of mammalian development, is referred to as ‘regulative development’ and is
lost after the complete specification and segregation of the three cell lineages by the late
blastocyst stage.

Symmetric-cleavage External Although the establishment of inter-blastomere
@\ variability is recognised as a prerequisite of functional
blastocyst formation and cell lineage specification, up
Asymmeirtc doavage exenal Inemal UNtIl the 8-cell stage all blastomeres of early cleavage
@\ mouse embryo appear morphologically identical,
exhibiting a loosely associated inter-cell connectivity.

Fig. 2:A schema for the However, there is some debate as to whether there exists

symmetric and asymmetric some level of initial and functionally important
cleavage division orientations
in mouse preimplantation
stage embryos (Marikawa and SOme  experimental ~ evidence  suggests  certain

Alarcon, 2009):  Symmetric blastomeres maybe developmentally biased to
division pattern, typified by a
cleavage axis that is oriented in
parallel to A-B axis, resulting into  blastocyst cell lineage (Zernicka-Goetz, 2004).
two external and  polarised

blastomeres and  asymmetric o o o
cleavage orientations, defined by clonal inhibition of TE cell fate initiation within the

the  cleavage  plan  being cleavage stage embryo have shown that the ICM
perpendicular to the A-B axis, to
result in one apolar internal and one

polarised external blastomere. preferentially contribute to the EPI, due to reduced

molecular heterogeneity between the blastomeres, as

preferentially contribute towards one or another

Moreover, other modelling experiments based on the

residing progeny arising from such TE-inhibited clones,

expression of required PrE marker genes, such as Dab2,

Lrp2 and Fgf2 (Mihajlovi¢, Thamodaran and Bruce, 2015). Hence, supporting the

hypothesis that early inter-blastomere heterogeneities can have functional significance for
later blastocyst cell lineage segregation.

Before the onset of the first cell fate decision all blastomeres are developmentally

plastic and highly influenced by cell-cell interactions. At the 8-cell stage, blastomeres

undergo the process of intra-cellular polarisation, resulting from the asymmetric

distribution of specific intra-cellular components and the establishment of an apico-basal
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axis (A-B axis) of polarity in each blastomere. This process of polarisation is concomitant
with a process called compaction, the first morphogenetic event in preimplantation
embryonic development, whereby intracellular contact is increased and as a result
individual blastomeres become more flattened and results in the formation of two distinct
membrane domains differentially enriched by the presence of specific polarity protein
factors: i.e. the cell contactless apical domain and the basolateral domain that shares cell-
cell contacts. Blastomere compaction and polarisation by the late 8-cell stage is essential
for the subsequent formation of two spatially and molecularly (in terms of the extent of
apical-basolateral polarity) different populations of cells. These cells will either allocate to
the encapsulated inside compartment or remain on the outside surface of the embryo,
consequent to two successive waves of cell division that could potentially result in daughter
cell internalisation (i.e. the first wave occurring at the 8- to 16-cell stage transition and the
second, relating to only outer cells, when the number of blastomeres increases from 16 to
32). Alternatively expressed, after compaction and polarisation the embryo undergoes cell
cleavage divisions that will, depending on the orientation of the mitotic spindle, result in
the generation of either outer or inner cells (Dard, Louvet-Vallée and Maro, 2009). As
such, ‘asymmetric’ divisions are correlated with spindle poles aligning with the A-B axis
(of the 8-cell or outer 16-cell stage blastomere) and result in the generation of one apical-
basolaterally polarised outer daughter cell and one apolar inner cell. Alternatively, the
blastomeres can also divide

symmetrically, whereby the mitotic spindle orientation is perpendicular to the A-B axis,
and the cleavage plane is oriented in parallel to it. Such cleavage orientations yield two
polarised outer daughter cells, each containing a contactless polarised apical domain (Fig.2)
(Dard et al., 2008; Zernicka-Goetz, Morris and Bruce, 2009). It has been reported that the
symmetric divisions which are perpendicular to the A-B axis can occur in cells that exhibit
both basal and apically positioned nuclei, whereas asymmetric divisions typically only
occur in cells in which the nuclei is positioned relatively basally (Ajduk, Biswas Shivhare
and Zernicka-Goetz, 2014). However, it is also important to note that some blastomeres
that were initially segregated to outer positions can later become encapsulated by active
cell movements, related to inter-blastomere heterogeneities in cortical tension that
themselves are related to the extent of inherited apical-basolateral polarity resulting from
relatively oblique angles of cell division (Anani et al. 2014; Maitre et al. 2016; Korotkevich
et al. 2017; Mihajlovi¢ and Bruce 2017).



4-cell 8-16-cell 16-32-cell Early blastocyst Late blastocyst

First fate decision Second fate decision
| — Polarization @TE OICM @PE @FPI |

15t wave 2" wave
of internalisation of internalisation

Fig. 3: The two waves of cell internalisation emerging during mouse preimplantation
embryonic development (adapted from Zernicka-Goetz et.al., 2009): The first wave of

internalisation occurs from the 8-cell stage, when all blastomeres are morphologically equal and the
first outer and inner cells arise, resulting into 16 cells. The second wave of internalisation take place
from the 16-cell stage (experimental evidence suggests primary ICM founder cells can be biased to
preferentially contribute to the EPI whereas secondary ICM founders preferentially contribute to the
PrE — see arrows).

It is proposed that ICM founder cells internalized consequent to the first wave of
internalisation (i.e. the 8-cell to 16-cell stage transition), and hence minimally exposed to
TE promoting differentiation cues, are biased to ultimately form the EPI, whilst those
internalised later, following the 16-cell to 32-cell transition, are more likely to form the
differentiating PrE (Morris et al., 2010; Mihajlovi¢, Thamodaran and Bruce, 2015). Cells
contributing to PrE become morphologically defined in the late blastocyst stage as a layer
of epithelial cells at the surface of the ICM, facing the fluid filled cavity, whereas EPI
specified cells remain in the deeper layers of the ICM; cell fate commitment to either PrE
or EPI is established by the time of implantation at the late blastocyst stage by E4.5
(Zernicka-Goetz, Morris and Bruce, 2009).

The arising, from the 8-cell stage, inter-blastomere differences in the position
(inner/outer) and intra-cellular organisation (polarised/non-polarised) are responsible for
the gradual specification and segregation of the first two cell lineages: TE and ICM
(Fig.4a). However, such spatial segregation and differential polarisation status does not
necessarily mean irreversible specification towards TE or ICM fates. This is highlighted in
experiments where both inner and outer cells removed from their original relative spatial
positions in 16-cell stage were placed in the opposite spatial environment in chimeras and
were shown to still be capable of reprogramming their fate according to their new position;
thus, demonstrating developmental plasticity and confirming initial relative spatial

separation and divergent polarisation status is not accompanied by irreversible cell fate



commitment at that stage. This fact indicates that all blastomeres in the 16-cell stage
remain, to a certain extent, pluripotent. In fact, after the re-aggregation of a uniform
population of either outer or inner cells into 16-cell clusters, blastomeres are able to
develop into morphologically normal blastocysts that result in fertile offspring after uterine
transfer. However, this plastic ability is lost by the late 32-cell stage, when the blastomeres
strictly belong to committed TE or ICM and thus can-not switch their fate (Suwinska et al.,
2008).

At the 32-cell (E3.5) stage, after the formation of an outer epithelium of committed
TE cells, a fluid-filled cavity (sometime called the blastocoel) that is the morphologically
defining feature of the blastocyst, is formed. This process is ensured by the creation of an
osmotic gradient created by Na* ion influx, mediated by apically localised Na*/H*
exchangers in the TE, and Na*/K" ion efflux via ATPases positioned on the basolateral TE
membrane (Eckert et al., 2004). The integrity of the growing cavity is maintained due to
the concomitant maturation of tight junction assembly between neighbouring TE cells,
which had been initiated earlier in development, during compaction. Note that progressive
expansion of the cavity volume is required for the blastocyst to ultimately emerge/ hatch
from its proteinaceous protective shell, the zona pellucida, and complete uterine
implantation; hence failures in TE specification are invariably lethal to the embryo.
Furthermore, cavity formation is asymmetrically positioned in relation to the inner cells of
the embryo, thus positioning the nascent ICM at one pole and defining the embryonic and
abembryonic axis of the embryo; the pole containing the ICM is defined as the embryonic
pole whereas the pole defined by the cavity is referred to as being abembryonic. As such,
this positioning also defines the mural TE as being that which is in contact with the fluid-
filled cavity at the abembryonic region and the polar TE overlaying the ICM at the
embryonic pole.

TE specification and blastocyst cavity formation are followed by the specification
and segregation of ICM cells into the PrE and EPI lineages. The PrE forms as a single cell
monolayer at the superficial surface of the ICM that is in contact with the cavity, whereas
the EPI is comprised of a mass of cells centrally positioned in the ICM, between the
epithelialized layers of the PrE and polar TE. The precursors of these two cell lineages
within the ICM emerge from initially uncommitted cells at the early blastocyst stage that
then resolve into a so-called “salt-and-pepper” pattern, defined by the mutually exclusive
inter-cellular expression pattern of early PrE markers and pluripotency related transcription

factors. These fate specified progenitors gradually segregate into the recognisable PrE and
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EPI tissue layers of the late blastocyst via a combination of active cell movement and
selective apoptosis (plus some inductive changes in cell fate related gene expression)
(Dard, Louvet-Vallée and Maro, 2009; Zernicka-Goetz, Morris and Bruce, 2009; Bruce and
Zernicka-Goetz, 2010; Cockburn and Rossant, 2010; Schrode et al., 2013). The mechanism
governing the specification and derivation of the PrE and EPI is known to be related to
FGF signalling (Chazaud et al., 2006; Nichols et al., 2009; Yamanaka et al., 2010;
Frankenberg et al., 2011; Kang et al., 2013; Kang, Nachtrab and Poss, 2013; Morris et al.,
2013; Thamodaran and Bruce, 2016; Bessonnard et al., 2017) and moreover it has been
shown that differences in the level of Fgf4 and Fgfr2 gene expression levels have been
detected in blastomeres generated within either the first or second wave of cell
internalisation, supporting the theory that specification of ICM founder cells to either PrE
or EPI fates is partly influenced by the timing of the inner cells generation (although it was
also reported that the total number of cells generated during each wave of internalisation is

also important (Krupa et al., 2014)).



8-16-cell 16-32-cell Early blastocyst Late blastocyst

First fate decision Second fate decision

| <o Polarization @ TE (ICM @PE @ EPI |

Blastomere TEICM decision

polarization

EPI:PE
decision

Minor ZGA
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Germinal vesical oocyte d
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Metaphase Il cocyte \
Zygote Phase | Tead4, Cdx2 o TE
Early 2-cell oocyte to embryo
Mid 2-cell transition
EPI
Late 2-cell O ( Nanog .
- - ZGA
4-cell \ /
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Fig. 4: Mouse preimplantation embryonic development (adapted from Zernicka-
Goetz et.al, 2009): a. The increasing number of blastomeres throughout the individual
stages of the embryo in the course of the preimplantation development. TE is set apart from
ICM in the first cell fate decision and PrE and EPI are segregated during the second cell fate
decision. b. The dynamic of the ZGA starting with the maternal-to-zygotic transition and
proceeding with the dominant persistence of the zygotic genome. c. The expression level of
mRNAs during preimplantation development orderly structured into clusters. d. The known and
key transcription factors (TFs) of preimplantation developmental, during the specification and
segregation of the TE (Tead4, Cdx2 and EIf5) and ICM (Nanog, Oct4, Sox2 and Sal4) and then
during the specification and segregation of PrE (Gata6) and EPI (Nanog).

The preimplantation developmental period in mice is driven by a gradient of
transcription factors (TFs), which fall into two groups: TFs retaining pluripotency such as
Oct4 (Scholer et al., 1990), Sox2 (Avilion et al., 2003) and Nanog (Chambers et al. 2003)
and TFs providing differentiation such as Cdx2 (Niwa et al., 2005; Strumpf, 2005; Jedrusik
et al., 2008), Eomes (Russ et al., 2000) and Tead4 (Yagi et al., 2007; Nishioka et al.,
2008). The cell fate decisions are, apart from other factors, affected by the relative
expression level of the abovementioned TF proteins. Specifically, during the first cell fate
decision, cells that will ultimately contribute to the TE are predominantly affected by
transcriptional gene expression regulation that promotes differentiation, mediated by Tead4
and Cdx2 (Niwa et al., 2005; Strumpf, 2005). Conversely, in the ICM, TF genes such as
Sox2 and Nanog are up-regulated and thus promote pluripotency and differentiation is

suppressed (Mitsui et al., 2003). During the second cell fate decision where PE and EPI are
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specified and segregated from early blastocyst ICM cells that remain uncommitted, key
TFs also play an important role; specifically Nanog and Sox2 by preserving/ ensuring
pluripotency in EPI and Gata6 by driving the expression of genes required to specify and
segregate the PrE, including the sequential activation of other required TF genes including
Sox17, Gata4 and Sox7 (Fig.4d) (Zernicka-Goetz, Morris and Bruce, 2009).

1.2 The first cell fate decision and cell internalisation bias

Within the first cell fate decision, TE and ICM lineages segregate from each other.
These two cell lineages become conclusively committed to their appropriate lineages
during the 32-cell stage (at E3.5) (Suwinska et al., 2008), which is proposed to be the time
point by which the first cell fate decision is fully committed and made. The specific
mechanistic details explaining how this is achieved remain predominantly unknown.
However, two historical models attempting to explain the first cell fate decision have been
proposed. The first is the “positional” model (sometimes referred to as the “inside-outside”
model) which proposes that cell-specific environmental cues (differential between inner
and outer positioned cells) underpin the separation of fates. This view was supported by
experiments in which disaggregated blastomeres that had been originally allocated to one
spatial position were found to appropriately select the correct cell fate when placed in the
opposing spatial environment; hence, inside cells develop into ICM, while outside cells
develop into TE (Tarkowski and Wréblewska, 1967). The second model is the “polarity”
model and suggests that a cell’s inheritance of the apical-basolateral polarity (typified by
the presence of a contactless polarised apical domain), or not, determines subsequent cell
fate; so that polarised cells (residing on the outside of the embryo) differentiate to TE and
apolar (inner) cells eventually form the ICM (Johnson and Ziomek, 1983; Beck et al.,
2003).

The relative spatial segregation of blastomeres within the developing mouse
preimplantation stage embryo (occurring in two successive cleavage transitions; i.e.
internalisation following the 8- to 16-cell transition and outer cell internalisation resulting
from the 16 to 32-cell transition) is fundamental to successful execution of the first cell fate
decision and has been shown to be dependent on the type/ orientation of the cleavage
divisions themselves (i.e. symmetric or asymmetric), which is largely affected by the
mitotic spindle orientation (Bergstralh, Dawney and St Johnston, 2017). However, other
factors have been shown to influence spindle orientation and include the extent and

orientation of the cells A-B axis of polarity (Korotkevich et al., 2017) and the position of
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also affect the relative spatial segregation of cells.
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8-cell stage
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/

symmetric or asymmetric (leading to the

delineation of outer TE and inner ICM founders -
Fig.5). As such, individual cells can divide to

\ ; produce one polarised daughter cell on the outside
% and a second apolar cell encapsulated within the

embryo; in this case the mitotic spindle is oriented

in parallel to the apico-basal axis (A-B axis), thus

Fig. 5: Depiction of the connection e requlting cleavage plane is perpendicular to the
between the angles of division and _ _
TE versus ICM fate (Watanabe et A-B axis. Such a cleavage is referred to as an

al.,, 2014). asymmetric division and results in the generation

of one outer and polarised cell contributing to the
differentiating TE and one apolar inner cell supporting the pluripotent ICM. In contrast,
cells can also divide symmetrically so that the cleavage plan is parallel, and the mitotic
spindle orientation perpendicular, to the A-B axis. Such division yields two outer polarised
cells contributing to the differentiating TE (Anani et al., 2014). However, in cases where
the mitotic spindle neither aligns with the A-B axis nor is strictly perpendicular to it, so-
called oblique divisions occurs. Therefore, oblique types of division are characterised by a
non-equal inheritance of the polarised apical and adhesive basolateral domains by each
daughter cell (that each initially occupy outer spatial positions). However, if a produced
daughter cell does not inherit a sufficiently large component of the apical domain it will
most often be encapsulated later in the development and thus form an inner cell. Such outer

cells, resulting from oblique divisions, are classified as “small apical domain” (SAD)
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containing cells (Zernicka-Goetz, 2005). Intra-cellular apical-basolateral polarity is closely
associated with the orientation of the mitotic spindle orientation during cell division and the
key role of the polarised apical domain during the first cell fate decision was underlined by
the experiments using transplantations of the polarised apical domains, to initially apolar
recipient cells. Such experiments showed that the attainment of an explanted polarised
apical domain is sufficient to drive a resulting asymmetric cell division, perpendicular to
the newly acquired A-B axis, even in disaggregated single blastomeres. However, it is
important to note that in the in vivo embryo context there is an interplay between the other
decisive factors that are also undoubtedly important (Korotkevich et al., 2017).

It has been reported that the nuclei in 8-cell stage mouse embryo blastomeres
migrate, to varying degrees, from apical to more basal positions, in a microtubule- and
kinesin-dependent manner, and moreover that the extent of this movement prior to nuclear
envelope breakdown at cell division affects outer/inner cell spatial segregation.
Specifically, that cells entering mitosis with relatively apically positioned nuclei invariably
divide symmetrically, whilst asymmetric divisions only occur in blastomeres with a basally
positioned nucleus; although it is still possible symmetric divisions can emerge from such
cells (Ajduk, Biswas Shivhare and Zernicka-Goetz, 2014). Thus, factors that can
potentially affect the degree/ ratio of apical-basal nuclear positioning are theoretically able
to impinge on the spatial segregation of TE and ICM progenitor cells, in the developing
preimplantation stage mouse embryo.

Another important factor regulating the internalisation of cleavage stage embryonic
cells is their relative cortical tension. Experiments studying the mechanical forces within
the early mouse embryo have shown apical constriction, generated via the contractility of
the action-myosin cell cortex underlying the contactless apical domain, is also responsible
for allocating inner cells during the first cell fate decision. The subcellular heterogeneities
in tensile forces observed between, and dispersed between, neighbouring cells are also
centrally involved in allocating individual cells to the inner cell embryo compartment
(Samarage et al., 2015). Furthermore, the crucial role of actomyosin contractility has also
been independently demonstrated and developed via experiments using maternal myosin
(Myh9)-knockout chimeric embryos, where the induced loss of contractility resulted in the
expression of ICM-like markers irrespective of the relative position of the cell within the
chimeric embryo. Therefore, it was concluded that actomyosin contractility in connection
with cell polarity and the expression of cell fate related TFs contributes to the robust self-

organisation of blastomeres in the developing embryo by the blastocyst stage (Maitre et al.,
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2016). Highly regulated and specific transcriptional circuits are inherently connected with
the first cell fate decision because they are closely related to the extent of an individual
cell’s apical-basolateral polarity. This has been demonstrated for the mRNA transcript of
the TE-related TF Cdx2, that asymmetrically accumulates at the polarised apical domain of
8-cell and outer-16-cell stage blastomeres and is thus potentially differentially distributed
between daughter cells according to the type of the ensuing cell division (i.e.
symmetric/asymmetric). In cases when the cell divides symmetrically, the Cdx2 mRNAs
become equally distributed into both outer daughter cells, thus both daughter cells inherit
the same potential to express a TE-appropriate gene expression program. Whereas if an
asymmetric (or even oblique) division occurs, only one (outer-residing) daughter cell
inherits all (or the majority) of the apically localised Cdx2 mRNA and thus initiates/
maintains TE differentiation. The other daughter cell (partitioned to the inner compartment)
does not inherit any Cdx2 mRNA and therefore develops into an ICM progenitor (or in the
case of oblique divisions inherits very little Cdx2 mRNA to effect cell fate choice when the
cell is ultimately internalised) (Jedrusik et al., 2008; Skamagki et al., 2013). Indeed,
consequent to symmetric cleavage divisions, both cell polarity and TE cell fate have been
reported to mutually reinforce each other, as increased expression of Cdx2 has been shown
to enhance cell polarity (Jedrusik et al., 2008), which in turn is argued to augment the
asymmetric distribution of apically localised Cdx2 mRNAs (Skamagki et al., 2013)
(Fig.6a). Whereas in inner cells, the expression of the pluripotency related TFs Nanog and
Oct4 is reinforced by a lack of transcriptionally repressive Cdx2 mediated regulation (Niwa
et al., 2005; Zernicka-Goetz, Morris and Bruce, 2009). This represent a prescient example
of the feed-back loop principle, that is essential for the functioning of TF driven cell-fate

regulating circuitries within the first cell fate decision (Fig.6b).
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Fig. 6: The depiction of the molecular basis within the first cell fate decision
(Zernicka-Goetz et al. 2009): a. The asymmetric distribution of Cdx2 mRNAs at the polarised
apical domain that according to the orientation of subsequent cleavage divisions acts to bias newly
generated daughter blastomeres to become either outer TE (driven by polarised Cdx2 localised
transcripts) or inner ICM cell founders b. The feedback loop principle of the cell polarity, cell fate
and TF expression (Cdx2, Nanog and Oct4) that cooperates to co-ordinately specify the segregated
first cell fates of mouse preimplantation embryo development.

Taking into consideration of all the factors that have been reported to bias
blastomeres towards occupying their relative spatial positions within the developing mouse
embryo and consequently adopting an appropriate cell fate (in the context of the first cell
fate decision) it appears this window of early development is extremely complex and based
on the delicate interplay of several crucial morphological events (e.g. compaction and
polarisation, spindle orientation, relative intra-cellular contractile and tensile forces etc.).
Therefore any further functional insight that can aid the identification of key factors and
genes involved in the specification and segregation of the first cell fates, can only serve to
illuminate this period of development and further our understanding of its inherent

complexities.

1.3 The mammalian target of rapamycin (mTOR) signalling pathway

and its role in mouse embryonic development

The mTOR signalling pathway has been proven as a very important regulator of many
essential processes occurring in the cell, such as growth, metabolism, proliferation and

survival. This regulation is achieved through intra-cellular and extra-cellular signals acting

13



through a defined set of signal molecules that are organized into two multi-protein
complexes called mMTORC1 and mTORC2 (Guertin and Sabatini, 2007).

The mTORC1 complex is considered as a master regulator of cellular metabolism and
is intimately connected to the regulation of cell growth. It is essential for many anabolic
processes, including biosynthesis of proteins, lipids and organelles and the complementary
restriction of catabolic processes, such as autophagy. These findings come from
observations of experiments employing the pharmacological mTOR inhibitor rapamycin,
that binds to FK506-binding protein (FKBP12), thus inhibiting mTORC1 activity (Guertin
and Sabatini, 2007); as such mTORCL1 is classified as being a rapamycin-sensitive mTOR
complex. However, mTORC?2 is unable to interact with rapamycin and is thus classified as
a rapamycin-insensitive complex. Although this classification might not be entirely correct
in all contexts, as it has been shown that chronic rapamycin treatment can indirectly block
the assembly of the mTORC2 complex and thus inhibit its activity in some cases
(Sarbassov et al., 2006).

With regard to the regulation of protein synthesis, mTORC1 promotes translation by
the phosphorylation of elF4E (eukaryotic translation initiating factor 4E; part of the
"methyl-guanasine cap binding complex, elF4F) inhibitory binding protein 4E-BP1 and the
p70 ribosomal S6 kinase 1 (S6K1). The phosphorylation of 4E-BP1 prevents the binding of
4E-BP1 to elF4E, thus promoting cap-dependent translation (Richter and Sonenberg,
2005). Furthermore, the phosphorylation of S6K1 causes its activation and in turn results in
the reinforcement of mMRNA biogenesis, cap-dependent translation and the translation of
ribosomal proteins, for instance, ribosomal protein S6 and eukaryotic elongation factor 2
kinase (eEF2K); to promote protein synthesis/ translation (Ma and Blenis, 2009). mTORC1
is also essential for lipid synthesis and is required for cell growth (that by its inherent
nature requires extra lipid membrane generation) and proliferation. This has been
confirmed by experiments based on rapamycin mTOR inhibition that show mTORC1
activity is required to activate and enable sterol regulatory element binding protein 1
(SREBP1) and peroxisome proliferator-activated receptor-y (PPARy) TFs to direct the
enhanced transcription of genes encoding proteins involved in lipid and cholesterol
homeostasis (Kim and Chen, 2004).

It has been reported, that mTORCL1 inhibition causes increased levels of autophagy (a
destructive process within the cell securing sequestration and disassembly of intra-cellular
dysfunctional components), whilst the experimental stimulation of mMTORC1 is associated

with reduced autophagy (Codogno and Meijer, 2005); thus highlighting how the mTOR
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pathway (and mTORCL in particular) can play an important cell survival role, when
nutrients availability is limited and the degradation of protein complexes and organelles
might be required to sustain essential anabolic processes. However, the increased levels of
autophagy mediated protein degradation caused by rapamycin inhibition is certainly
disadvantageous for the cell, if left unchecked for prolonged periods.

To date, there have been no studies investigating the potential roles of mTOR pathway
during early mammalian embryonic development (before blastocyst formation) nor its
potential to impact upon both of the two cell fate decisions described above. However,
several groups have reported various roles for mTOR in later preimplantation/ peri-
implantation development and post-implantation. For example, the inhibition of mTOR
activity can induce a reversible diapause in the development of the mouse blastocyst, as
well as in cultured embryonic stem cells (ESCs). Such paused blastocysts retain their
pluripotency and are able, once relieved of mTOR inhibition, to develop into live and
fertile adults. The induction of diapause, either in the in vivo or ex vivo contexts, causes
significant reductions in mTOR activity, global transcription and translation, as well as
impaired activity of genes associated with the deposition/ removal of epigenetic post-
translational histone modifications. Importantly, this research indicates that mTOR activity
is able to regulate the developmental timing window within the critical peri-implantation
developmental context (Bulut-Karslioglu et al., 2016).

Embryonic lethality associated with mTOR inhibition has been comprehensively
demonstrated by induced genetic null experiments targeting the mTOR gene. The effect of
the mutation was investigated in both the homozygous and heterozygous states. Mice
carrying the heterozygous mTOR mutations were found to not display any overt
phenotypes, compared to the wild-type control groups, however, their fibroblasts were
shown to contain 50% less of the specific mTOR protein and reduced levels of S6K1 T389
phosphorylation (a direct target substrate of mTOR — see earlier). By contrast, mice with
the homozygous mutation displayed a developmental arrest at E5.5 that was associated
with smaller sized embryos, defective ICM proliferation and a limited level of trophoblast
cells; thus contributing to the aberrant developmental arrest phenotype (Gangloff et al.,
2004).

Furthermore, the inhibition of mTOR by the chemical inhibitor rapamycin or by a gene
loss-of-function mutation in the mTOR itself leads to phenotype discrepancies in the mouse
embryos examined 9.5 days postcoitum; as was demonstrated by experiments investigating

the serine/threonine kinase activity of mTOR (known to mediate the cellular response to
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mitogens through phosphorylation dependent signalling to SK61 and 4E-BP1, that causing
increased translation of cellular mRNAs to thus positively affect cell proliferation). In these
experiments, rapamycin inhibition was performed by intra-peritoneal injections of pregnant
female mice 5.5 days postcoitum. At E9.5 the rapamycin treatment was shown to cause G1
cell cycle arrest in mouse embryonic development. The same effect was repeated in mTOR
mutated embryos, collectively providing evidence about the teratogenic potential of mTOR
mutation/inhibition on tissues requiring rapid proliferation during embryonic development;
such as telencephalon, ventral body walls and limb buds (Burnett et al., 1998).

The crucial role of mTOR in regulating cell growth and proliferation in mouse embryo
and embryonic stem cells has also been exemplified in experiments based on the genetic
disruption of the kinase domain of mouse, the mTOR gene, by homologous recombination
in the mouse embryo. Moreover, the phenotype was examined in mouse embryos at 8.5,
9.5, 10.5 and 12.5 days postcoitum and demonstrated that whilst heterozygous mutant mice
were overtly normal and fertile, embryos harbouring the homozygous mutation died soon
after implantation (5.0 days postcoitum), due to impaired cell proliferation in both
embryonic and extraembryonic tissues; a result that phenocopied that described above
(Gangloff et al. 2004). Furthermore, the deletion of six amino acids from the C-terminus of
mMTOR, that are required for the activation of the substrate S6K1 kinase in embryonic stem
cells, also resulted in decreased cell size and reduced proliferation and eventual arrest in
ESC models (Murakami et al., 2004). Hence, demonstrating that mTOR is indispensable
during the mouse embryonic development based on cell growth and proliferation securing

the proper formation of the embryonic and extraembryonic tissue.

1.4 The role of mMTOR in candidate gene translation

One of the interesting and multiple roles of mMTORC1 signalling pathway is the
regulatory role it plays in the translation of a subset of mMRNAs that contain a so-called
terminal oligo-pyrimidine tract (TOP) motif, in their 5 untranslated regions (5’UTRs)
(Laplante and Sabatini, 2009; Thoreen et al., 2012). The main structural features of TOP-
containing mMRNAs are defined as: (i) C residues followed by a stretch of 4 to 14
pyrimidines, (ii) a comparable ratio of C and U residues within the pyrimidine stretch of
most TOP-motif containing mRNA members, (iii) a CG rich sequence downstream of the
5 TOP motif itself and (iv) a significantly conserved 5" TOP motif (same or very similar
sequence within the TOP motif in the individual genes among mammals) and neighbouring

transcribed sequence (Meyuhas and Kahan, 2015). The exact mechanism of the translation
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regulatory role played by TOP-motifs is not fully understood, but nevertheless has been
addressed by Hamilton et al. in experiments assaying the polysome associated fraction of
cellular mRNAs (i.e. transcripts actively associated with translating ribosomes) via cDNA
microarray analysis. Specifically, the authors showed that required translation of ribosomal
protein related MRNAS is dependent on cis-elements located within the 5"UTR region that
are in proximity to TOP-motifs (Hamilton et al., 2006). Additionally, the general
translational regulation of gene mRNAs by mTOR is also known to be regulated via the
binding/ assembly of the eukaryotic initiation factor 4E (elF4E) into the greater/trimeric
complex known as the mRNA 7-methyl-guanosine-cap binding complex (elF4F), via the
phosphorylation of the elF4E-binding protein 1 (4E-BP1 — referred to above) (Fig.7) (Lin
et al., 1994; Pause et al., 1994; Fadden, Haystead and Lawrence, 1997). Accordingly, 4E-
BP1, which belongs to a family of three small proteins in mammals, functions as an
inhibitor of translational initiation, due to its ability to bind and inactivate elF4E (i.e.
prevent its assembly into the cap binding complex) when it itself is in an unphosphorylated
state (Showkat, Beigh and Andrabi, 2014). Therefore, mechanistically, initiation factor
elF4E is bound and inactivated by the unphosphorylated translation inhibitor 4E-BP1, but
active mTORCL is able to catalyse the phosphorylation of Thr37/46 of 4E-BP1, which in
turn leads to subsequent phosphorylations at Ser65 and Thr70 and the release of the 4E-
BP1 from elF4E, thus enabling elF4E to fully constitute the cap-binding complex (elF4F);
by its association with the other RNA helicase (elF4A) and scaffolding protein (elF4G)
subunits. It is the elF4E subunit, within this trimeric complex, that acts as a mMRNA cap-
binding protein itself (Gingras et al., 1999). However, the majority of mRNAs do not
require active mTOR for their translation, as the amount of available elF4E is usually
sufficient to drive their translational initiation. However, mRNAs containing a 5° UTR
TOP-motif are far more sensitive to the amount of available elFAE due to the inhibitory/
impairing nature of secondary structural motifs often co-associated with the TOP-motif
themselves, on the efficiency of translational initiation (Susor et al., 2015). Thus, efficient
translation of TOP-motif containing mRNAS requires comparatively elevated levels of free
elF4E than non-TOP-motif containing transcripts, that can be provided by active mTOR
mediated phosphorylation of 4EBP1, as shown using the mTOR inhibitor, rapamycin
(Dazert and Hall, 2011). The secondary structures occurring in the 5"UTR region in
MRNASs containing the TOP motif are known to complicate the translation, even if the
exact mechanism by which increased mTOR mediated signalling alleviates this hindrance

is not yet fully understood. Accordingly, rapamycin treatment has been shown to result in
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decreased levels of phosphorylated of 4E-BP1, and thus shown to increase its affinity for

elF4E, leading to reduced translation of TOP-motif containing mRNAs (Lin et al., 1995;
Beretta et al., 1996; von Manteuffel et al., 1996; Gingras, Raught and Sonenberg, 2001).
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Fig. 7: Depiction of mTORC1 signalling
related to the mechanism of candidate
gene translation (Nandagopal and Roux,
2015): The activity of mTORC1 is stimulated
by growth factors/ hormones via the RassfMAPK
and PI3K/Akt signalling pathways to promotes
mRNA  translation via  phosphorylation-
dependent regulation of 4E-BPs and S6Ks.
Initiation factor elF4E is occupied by the
inhibitory translation factor 4E-BP1, that can
then be phosphorylated by the mTORCL1 activity
to permit effecient translation of MRNAs
containing a TOP motif in their 5’UTR.

General mTOR activity is known to be
regulated by, amongst other factors, the
statues of the cell,

overall energetic

exposure to specific growth factors
signalling molecules (Greene, 1978; Rudkin
et al., 1989; Stolovich et al., 2002) amino
acid availability (Hay, 2005) and the cell
cycle stage (Bass, 2012; Jouffe et al., 2013).
Such translational regulation of TOP-motif
containing mRNA transcript by mTOR (as
described above) has been shown to affect
appropriate chromosomal segregation and
meiotic spindle positioning in the maturation
of mouse oocytes (Susor et al., 2015).
Moreover, unpublished findings from our
own laboratory have shown that the
chemical inhibition of the mTOR pathway
(using the inhibitor Torinl), during a short
window just prior to and overlapping cell
division,  negatively  influences  the
generation of ICM founder/ inner cells
to 16-cell (but

curiously, not the 16- to 32-cell) stage

consequent to the 8-

transition, during early mouse

preimplantation embryonic development (Gahurova et al., manuscript in preparation);

potentially via the translational regulation of mMRNAs related to spindle orientation/ nuclear

position (as reported for oocytes and the extrusion of the first meiotic polar body — (Susor

et al., 2015)). In the literature there are a couple of published lists of confirmed and

candidate TOP-motif containing mMRNAs (based on experimental data and bioinformatic

analyses) in the mouse and human genomes (Yamashita et al., 2008; Thoreen et al., 2012);

based on such lists we have identified the Dynactin 2 (Dctn2) mRNA (plus other
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1.5

candidates, such as Ankyrin 2/ Ank?2) as a potential mTOR regulated TOP-motif containing
transcript involved in the generation of the first inner cells (hypothesised to be biased to
ultimately form EPI within the ICM (see above), during the 8- to 16-cell stage transition).

Dynactin 2
Dynactin . p150% Dctn2 (p50 or dynamitin) is a protein encoded by
4 cC1B the gene Dctn2, localised on the chromosome 12,
Ry o P o . .
) f. AALA) CC1A as a 50kDa subunit of a dynactin macromolecular
AN A NA f % " g

complex consisting of 10-11 subunits ranging in

wi-Tubulin ,r",(.v-Tul“.;.viln | EBH domain &

E-Hooks +EEY/F motif \_ EEY/F motif . .
v_-%;?;_ Sy size from 22 to 150 kDa. The Dynactin
AR O |

Microtubule ~ B macromolecular complex is connected to

microtubules and to cytoplasmic Dynein, the
Fig. 8: The interaction between the ytop y

dynactin complex, microtubules and major microtubule minus-end-directed cellular
the end-binding protein (Barbosa et
al., 2017): Dctn2 depicated as p50 is the
part of the D-D complex side-shoulder D) complex. The correct localisation of the D-D
and is essential for anchoring
microtubules to dynein.

motor, thereby forming the Dynein-Dynactin (D-

complex is essential for a wide range of cellular
functions, such as ER-to-Golgi transport, the
centripetal movement (movement from Golgi aparatus to the nucleus) of lysosomes and
endosomes (Splinter et al., 2012), vesicular transport (Muresan et al., 2001; Kwinter et al.,
2009), axonogenesis (Grabham et al.,, 2007) but also for mitotic spindle formation
(Williams et al., 2011) and orientation (Siller and Doe, 2008), chromosome movement and
nuclear positioning (Yamamoto et al., 1999, 2001). Dynactin has two important functions
associated with its association/ regulation of dynein: (i) the catalytic activation of Dynein
that enables it to move along microtubules (Schroer and Sheetz, 1991) and (ii) the binding/
tethering of organelles to Dynein (McGrail et al., 1995; Waterman-Storer et al., 1997),
which is crucial for their intra-cellular transport along microtubules. Recruitment of the D-
D complex to its cargo is highly dependent on other cofactors, such as Bicaudal D2
(BICD2), which promotes a more stable interaction between Dynactin and Dynein
themselves. Moreover, direct and high resolution microscopic visualisation have also
shown that the triple D-D-BICD2 complex itself is incompetent to bind microtubules or
cargo, whereas tethering of BICD2 to different membranes permits directed motility along
microtubules (Splinter et al., 2012). Dctn2 itself is a part of the so-called D-D complex
‘side-shoulder’ that, together with Dctnl and Dctn3, plays an important role in anchoring

microtubules to Dynein (Fig.8) (Eckley et al., 1999). Dcnt2 can also target the kinetochore
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via binding to the constituent zw10 protein and thus potentially plays a role in mitotic
spindle checkpoint inactivation, to ensure appropriate segregation of sister chromatids to
opposing poles during mitotic cell division (Starr et al., 1998; Howell et al., 2001).

This has been further investigated by analysing the effect of Dctn2 over-expression on
mitosis in vertebrate cells, using immunofluorescence staining of Dynactin and cytoplasmic
Dynein components, and has demonstrated that both complexes are recruited to
kinetochores within prometaphase and concentrate near the mitotic spindle poles
afterwards. The over-expression of Dctn2 in COS-7 cells has been shown to cause
interrupted mitosis, with cells arrested in a prometaphase-like state characterised by
chromosome condensation spindle contortion and mis-alignment (although the spindles do
remain bipolar). As such, these data provide evidence implicating Dynactin (including

Dcnt2) and Dynein in roles associated with chromosome alignment and spindle

organization (Echeverri et al., 1996). Moreover,

Mitotic i i
spindle g/ the regulatory role of Dctn2 in spindle
orientation has been examined in experiments
using tissue-specific Integrin-Linked Kinase
(ILK) knock-out mice resulting in the disruption
of spindle orientation and cell proliferation in
intestinal epithelial cells in vivo, as ILK together
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basal cortex of mitotic cells. It has been shown

Fig. 9: Schema of the interaction
between ILK, Dctnl/2 and Dynein
resulting in the regulatory function in absence of ILK, indicating ILK acts as a linking
spindle orientation closely connected

with cell division orientation (Morris
et al., 2015). Dynactin complex, which regulate the mitotic

that Dctn2 can-not interact with Integrins in the

protein between Integrin receptors and the

spindle orientation (Morris et al., 2015). It has also been reported that the Dynactin
complex has a crucial role in nuclear positioning within post-mitotic Drosophila
melanogaster photoreceptor neurons. Several experiments based on multiple and
functionally independent disruptions of Dynactin complex function have confirmed
displacement of the nucleus, such that photoreceptor cells acquired a bipolar appearance
with long leading and trailing processes. Moreover, data from this study have also indicated
Dynactin as not only cooperating with the microtubule minus end directed motor protein

Dynein but also its plus-end directed counterpart, Kinesin. Thus, demonstrating that it is a
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balance and regulation of these two opposing activities that is essential for the appropriate
positioning of the nucleus (Whited, 2004); that could well be relevant to regulating the
frequency of asymmetric and symmetric cell cleavage divisions in the early stage mouse
embryo (i.e. 8- to 16-cell stage transition).

To date, no investigations into the potential role/ mechanism of Dctn2 on spindle
orientation and nuclear positioning in the early mouse embryo have been reported. Thus,
we wanted to investigate the potential role of Dctn2, as a potential TOP-motif containing
and translationally mTOR sensitive mRNA transcript, in spindle orientation and nuclear
positioning, during preimplantation embryo development; since it is known that these two
factors can affect cell internalisation processes during the first cell fate decision, with
potential knock-on consequences for the second cell fate decision in the ICM.
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2 Goals of the thesis
1. Dcnt2 presence confirmation in 8- to 16-cell stage embryos
2. Down-regulation of Dctn2 through RNAI

3. Visualisation of the Dctn2 protein in mTOR inhibited and control embryos — Dctn2

primary antibody

4. Visualisation of the Dctn2 protein in control embryos — fluorescently tagged Dctn2
mMRNA
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3 Materials and methods

3.1 Embryo cultivation

8-9-week old F1 hybrid mouse females (C57BI6%xJCBA/W) were super-ovulated
by intra-peritoneal injection of 7.51U PMSG (pregnant mare serum gonadotrophin extract;
Sigma Aldrich) followed by 7.51U hCG (human chorionic gonadtrophic hormone; Sigma-
Aldrich) administered 48 hours later and mated with F1 males. 2-cell stage embryos were
recovered into M2 medium containing 4 mg/ml BSA from dissected oviducts approximately
44 hours post hCG administration. The detailed composition of M2 media is shown in table
1.

After washing the embryos through M2 drops covered with mineral oil (Irvine
Scientific), they were then either microinjected immediately (see sections 3.3 and 3.4), or
washed through KSOM growth media drops (Embyro-Max; Millipore) and cultured in
KSOM under mineral oil in a 5% CO> containing atmosphere at 37°C until the required
stage, either the 8- to 16-cell transition (approximately 32 hours in culture) or 16-cell stage
(approximately 40 hours in culture).

When mTOR pathway inhibition was required, the embryos were cultured in KSOM
with 200nM Torinl (Selleckchem), or DMSO (Sigma) vehicle for control, from the mid 8-
cell stage (28 hours after the start of the culture) until either the 8- to 16-cell transition (4-8
hours after the start of the Torinl-containing media culture, exact timing was assessed by
the embryonic phenotype for the presence of dividing blastomeres) or late 16-cell stage (12
hours after the start of the Torinl/DMSO-containing culture).

Tab. 1: M2 media preparation from concentrated stocks.

STOCK M2 MEDIA ingred. g/100ml TOTAL VOLUME
NacCl 5.534
KCl 0.356
KH2PO4 0.162
A (x10) MgS04x7H20 0.293 10.0m|
Na-Lactate 60% syrup 3.2(ml)
Glucose 1.000
Penicilin 0.060
Streptomycin 0.050
B (x10) NaHCO3 2.101 1.6ml
Phenol Red 0.010
C (x100) Na Pyruvate 3.600 1.0ml
D (x100) CaCl2x2H20 2.520 1.0ml
E (x10) HEPES 5.958 8.4ml
F BSA 400(mg)
G H20 78.0ml
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3.2 Microinjections of dsSRNA and Venus-tagged mRNA

Beforehand, needle micropipettes, using HARVARD APPARATUS 30-0038
capillaries were prepared using Micropipette Maker machine model PC-10 (Narishige), and
holder pipette, using HARVARD APPARATUS 30-0017 capillaries, for the
microinjections procedure were prepared. Moreover, plates and pipettes for dissection were
prepared (see 3.1). The microinjection apparatus was assembled from 4 parts: |i.
Fluorescence inverted microscope (OLYMPUS 1X71) used for the object observation ii.
FemtoJet (positive pressure) microinjection machine (Eppendorf) used for the set-up of the
timing, constant pressure and injection pressure iii. Negative capacitance generator (RS
Components LtD.) used for the generation of negative capacitance which is necessary for
the penetration of the negatively charged phospholipidic embryonic membrane iv. Voltage
regulator (WPI) used for current flow visualisation. After the 2-cell stage embryos was
dissected one of them were placed on the beforehand prepared stage of the microscope into
an M2 drop covered with mineral oil and captured into the holder micropipette. The needle
micropipette, in advance loaded with the construct (dsSRNA/mMRNA), was placed also into
the M2 drop as close as possible to the embryo and then either one or both blastomeres of
the transferred 2-cell stage embryos were microinjected. The microinjected embryos were
further cultivated in KSOM media (see 3.1).

3.3 Fixation, staining, confocal microscopy

3.3.1 Fixation and immunofluorescence staining of the embryos

When embryos reached the required developmental stages the zona pellucida was
removed by incubation in drops of acid Tyrode’s (Sigma). Embryos were fixed in 96-well
plates (maximum 15 embryos per well) by 20 minutes incubation at room temperature (RT)
in 4% paraformaldehyde (PFA) (Santa Cruz Biotechnology), causing covalent inter-
molecular cross-linking, followed by three RT washing steps with 0.15% Tween20 in
phosphate buffered saline (PBS), with 20 minutes incubation in the last phosphate buffered
saline Tween20 (PBST) wash. Cellular permeabilization was achieved by 20 minutes
incubation at RT in 0.5% Triton-X100 (Sigma-Aldrich) diluted in PBS, followed by three
washing steps in PBST. Nonspecific epitopes for primary antibody binding were blocked
by 30 minutes incubation at 4°C in 3%
bovine serum albumin (BSA) (Sigma-Aldrich) diluted in PBST. Subsequently immuno-

staining of Dctn2 protein was performed using an anti-Dctn2 primary antibody
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(MyBioSource — cat.n. MBS2522994, raised in rabbit) at a dilution of 1:50 in BSA, in
which the embryos were incubated overnight at 4°C. The next day, embryos were washed
three times in PBST, incubated for 30 minutes at 4°C in BSA and exposed to an anti-rabbit
secondary antibody, conjugated to the Alexa-Fluor555 fluorophore (Life Technologies,
cat.n A21429. raised in donkey), at a dilution of 1:500 in BSA for 1 hour in 4°C. This was
followed by a PBST washing step and 20 minutes incubation in pure Vectashield (Vector)
containing DAPI, for the fluorescent staining of DNA.

Embryos microinjected with fluorescently tagged recombinant Dctn2 mRNA were
fixed and washed as described in the previous paragraph, followed by 20 minutes
incubation in pure Vectashield (Vector) containing DAPI, without (in most cases) being

immuno-stained.

3.3.2 Confocal microscopy

For confocal microscopy imaging a special confocal plate, containing a glass
microscope cover slip base (Matek), was prepared with 4 small drops of PBST in which the
embryos were placed and scanned on an inverted confocal microscope (Olympus
FLUOVIEW FV10i). The appropriate laser excitation and detector emission wave lengths
to the secondary antibody conjugated fluorophore and DAPI were selected and each embryo
was scanned in its entirety in a series of high-resolution confocal z-sections. Both the
percentage of laser power and sensitivity/ gain of the detector were kept constant between
all visualised embryos per experiment to enable meaningful signal strength and localisation

comparisons, of immuno-fluorescently stained proteins, among different groups of embryos.

3.4 dsRNA preparation and microinjections
3.4.1 Preparation of Dctn2specific dsSRNA

The preparation of dsRNA specifically targeting murine Dctn2 derived mRNA
transcripts was started with a PCR reaction, serving for the amplification of the desired
fragment from a cDNA preparation that would later be used as template in an in vitro
transcription (IVT) reaction. The cDNA preparation itself was reverse transcribed from
RNA previously isolated in the laboratory from mouse testes tissue. The composition of this
PCR reaction is shown in table 2 and the primers sequences used (that incorporated T7-
RNA polymerase promoter sequences at their 5° ends) are displayed in table 3. The

amplification was performed according to the PCR program illustrated in table 4.
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Tab. 2: PCR reaction mix used for Dctn2 dsRNA template preparation (total volume
50 pl).

PCR reaction mix sample cDNA
Buffer 1x
MgSO4 1.5 mM
dNTPs 0.25mM
primer S 307 0.30 uMm
primer A 307 0.30 uM
cDNA 738 ng
KOD Hot Start DNA Polymerase (Milipore) 1U

Tab. 3: Primers used for Dctn2 specific dSRNA template generation.

Primers T7_Dctn2 company
primer S 307 TAATACGACTCACTATAGGGGGCATTGCCAGGAATGAG |Sigma-Aldrich
primer A 307 TAATACGACTCACTATAGGGCTGTCCTCTTGGTCTTTCCAA | Sigma-Aldrich

Tab. 4: The PCR program used for Dctn2 specific dsSRNA IVT template generation.

PCR program temperature time

denaturation 95°C 2 minutes
denaturation 95°C 20 seconds

annealing 60°C 10 seconds 38X
elongation 70°C 10 seconds

extension 72°C 10 minutes

cooling 4°C 00

The correct size of the PCR product was confirmed by gel electrophoresis in a 1%
agarose gel. The amplified template cDNA was then purified by conventional phenol-
chloroform organic extraction. Specifically, to the overall 50ul volume of the IVT template
DNA, 250ul of HPLC water and 300ul of Tris (pH = 8.0) - saturated phenol were added,
vigorously mixed and placed into a 4°C pre-cooled centrifuge and spun for five minutes at
16,000g. The aqueous (upper) phase was transferred into a new 1.5ml Eppendorf tube and
300pul of chloroform was added, similarly mixed, and the centrifugation was repeated as in
the previous step. The agueous phase was pipetted into a new 1.5 ml Eppendorf tube and
mixed with a 1/10 volume of 3M NaAc (pH = 5.2), 2.5x volume of 100% ethanol and 2ul of
glycogen (concentration = 5mg/ml) and vigorously mixed before being incubated at -20°C

overnight, to facilitate DNA precipitation. The next day the sample was centrifuged at
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16,000g in 4°C for 30 minutes. After centrifugation, the supernatant was removed, the DNA
pellet was washed with 70% ethanol (500ul — 10 minutes 16,0009 centrifugation at 4°C)
and resuspended in 12pl of nuclease free water. 1pul of the DNA combined with 1pl of
water was used for Nanodrop-mediated UV-spectroscopy measurement of concentration
and purity and gel electrophoresis for size confirmation analysis.

After confirming the amplified DNA size and concentration, the I\VT reaction was
assembled and performed using the MEGA Script T7 Kit (Ambion) according to the
manufacturer’s instructions. The in vitro transcribed dsRNA was purified with phenol-
chloroform (in detail described previously in this section; although Tris (pH = 6.7) -
saturated phenol was instead used in the initial extraction). Single stranded RNA was
removed using specific single-strand RNAse treatment (Invitrogen) according to the
manufacturer’s instruction, and the dsSRNA was purified by phenol-chloroform extraction
and 100% ethanol precipitation, washed twice with 75% ethanol and the resultant purified
and air-dried pellet was resuspended in 10ul of nuclease free water. The concentration of
the final Dctn2-specific dSRNA was measured by Nanodrop UV-spectroscopy and correct
size was confirmed by agarose gel electrophoresis.

dsRNA with a final concentration of 200ng/ul was microinjected (see 3.2) into either
one blastomere or both blastomeres of 2-cell stage mouse embryos to elicit either clonal or
global down-regulation of Dctn2 expression (as measure by quantitative RT-PCR analysis
of recovered RNA samples, using a C1000 Touch Thermal Cycler from BIO-RAD — see
below 3.5.2), respectively.

3.5 mRNA construct preparations and microinjections
3.5.1 Preparation of Venus-Dctn2 mRNA construct from a IVT plasmid vector

Dctn2 specific mMRNA was derived by IVT of a plasmid containing the full-length
Dcnt2 cDNA sequence cloned downstream of a T3 bacteriophage-derived RNA polymerase
promotor but upstream of an in-frame cDNA for the Venus fluorescent protein (thus,
encoding a C-terminally and fluorescently tagged Dcnt2-Venus fusion gene — cloned in
house and described below). The IVT vector used (pRN3-Venus) also ensured the Dcnt2-
Venus fusion gene was flanked by both 5" and 3" UTR sequences from the frog B-globin
gene (designed to provide in vivo transcript stability to the IVT derived mRNA construct).
Thus, the preparation of the Dcnt2-Venus IVT mRNA construct began with the generation/
cloning of the Dcnt2-Venus IVT compatible plasmid vector, pRN3-Dcnt2-Venus.

Accordingly, a PCR reaction consisting of template cDNA (same as in 3.3), utilising the
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primers shown in table 6 (designed to incorporate Nhel restriction enzyme specific
recognition sequences at the 5’+3’ extremities of the desired product) and the PCR program

illustrated in table 7 was performed.

Tab. 5: PCR reaction mix used to generate Dctn2 cDNA insert (for cloning into pRN3-
Venus - total volume 50 pl).

PCR reaction mix sample cDNA
Buffer 1x
MgS04 2.50 mM
dNTPs 0.25 mM
primer S 316 0.30 um
primer A 316 0.30 uM
cDNA 738 ng
KOD Hot Start DNA Polymerase (Milipore) 05U

Tab. 6: Primers used for Dctn2 cDNA insert generation (for cloning into pRN3-
Venus).

Primers Dctn2_CV_ company
primer S 316 GACTATGCTAGCATGGCGGACCCTAAATACGCC | Sigma-Aldrich
primer A 316 GACTATGCTAGCCTTTCCCAGCCTCTTCATCCGA | Sigma-Aldrich

Tab. 7: PCR program used for the amplification of Dctn2 cDNA insert (for cloning
into pRN3-Venus).

PCR program temperature time

denaturation 95°C 2 minutes

denaturation 95°C 20 seconds

annealing 60°C 10 seconds 38X
elongation 70°C 2 minutes

extension 72°C 10 minutes

cooling 4°C 00

The correct size of the PCR product was verified by 1% agarose gel electrophoresis
and the remaining product extracted and purified using phenol-chloroform and ethanol
precipitation (described in detail in 3.3). Afterwards, the DNA pellet was washed with 70%
ethanol and resuspended in 30ul of HPLC water. The amplified Dctn2 cDNA was the
digested with 10 units of the restriction enzyme Nhel (NEBiolabs), in a total volume of
50ul, incubated at 37°C for 3 hours, and purified using a commercial PCR purification Kit
(QIAQuick) according to the manufacturer’s instructions. Then the phosphates from the

open ends of the vector were removed using Alkaline phosphatase treatment (Roche) to
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prevent self-ligation (performed according to the manufacturer’s instructions). The
concentration of the purified and Nhel digested Dctn2 DNA (i.e. the insert) and vector was
then measured by Nanodrop mediated UV-spectroscopy and the amount of the insert and
vector (PRNA3p) used for ligation was established according to the on-line NEBio
calculator (https://nebiocalculator.neb.com/#!/ligation). A DNA ligation reaction was
assembled with a ratio of insert to vector of 3:1, in a 20ul total reaction volume, with 1 unit
of T4 DNA Ligase (Roche Diagnostics) and incubated in RT for 20 minutes followed by
incubation at 4°C for 7 hours (including a control reaction without insert). The ligation
product was mixed with competent cells allowing bacteria transformation by heat shock.
Specifically, the Eppendorf tube with the mix of competent cells and ligation product was
kept on ice for 30 minutes, then transferred into heat block preheated on 42°C for 90
seconds and then back on ice for 10 minutes. After the transformation of the competent
cells, a resuspension (~15ul in residual SOC broth) of the sedimented cells was spread on
LB agar plates containing Ampicillin (concentration = 100ug/ml) and incubated at 37°C
overnight. Several bacteria colonies were then streaked out on a new LB agar plate,
containing 100ug/ml Ampicillin, in preparation for colony-PCR based screening to confirm
successful insertion/ligation of the Dcnt2 cDNA insert (note that streaking of the colonies is
required to minimise the false-positive rate associated with colony-PCR, when performed
directly from the initial transformation plate that was spread with a mixture of transformed
cells and initial ligation mix). To confirm the presence or absence of the full-length Dctn2
insert in the pRN3-Venus plasmid in each originally picked clone from the initial
transformation plate, colony PCR was performed (including positive and negative control)
using two different primer combinations (primer sequences can be found in tables 6 and 10)
and Taq polymerase in a mastermix (Ampigen). The composition of the PCR mix for
colony PCR reactions is illustrated in table 8 and 9. For each colony PCR reaction, a small
pipette tip was used to transfer some of the streaked colonies into 9ul of the PCR mix (one
colony per reaction). The PCR mix with transformed cells was initially heated to 95°C for 5
minutes to liberate the plasmids from the cells followed by cycling conditions described in
table 7 (the same conditions as were used for the amplification of the cDNA template of

Venus-tagged Dctn2).
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Tab. 8: Colony PCR mix used for full-length insert verification (primer combination
1).

Colony PCR reaction mix Plasmid DNA
Taq mix 25 ul
primer A 316 0.40 uM
primer T3 frw 0.40 uM
Water 20 pl

Tab. 9: Colony PCR mix used for full-length insert verification (primer combination
2).

Colony PCR reaction mix Plasmid DNA
Taq mix 25 ul
primer S 316 0.40 uM
primer Venus Reverse 0.40 uMm
Water 20 pl

Tab. 10: Primers used for full-length insert verification.

Primers Venus company
. GACTATTCTAGATCACTTGTACAGCTCGTCCATGCCGAGAGTG
primer Venus
Reverse A Sigma-Aldrich
primer T3 frw GCAATTAACCCTCACTAAAGG Sigma-Aldrich

Afterwards, plasmids (concentration = 521ng/ul) from the colonies with confirmed
Dcnt2 ¢cDNA inserts (in pRN3-Venus) were isolated and purified using a small-scale
commercial plasmid isolation kit (QIAQuick Miniprep - Qiagen), according to the
manufacturer’s instructions. The purified plasmid concentration was measured by UV
spectroscopy on the Nanodrop and the veracity of the Dcnt2 cDNA insert sequence was
confirmed by out-sourced dideoxynucleotide sequencing (NextGEN). 2000ng of the circular
plasmid DNA was then digested with 20 units of the restriction enzyme Sfil (NEBIo), in
20pl total reaction volume, at 50°C for 2 hours. Successful linearization of the plasmid was
verified by 0.8% agarose gel electrophoresis (comparing digested and undigested plasmid).
The digested plasmid was then purified by phenol-chloroform extraction and ethanol
precipitated (as described above). The DNA pellet was resuspended in nuclease free water
(10ul) and the concentration was determined by Nanodrop UV spectroscopy (the correct
size of the plasmid DNA was further examined by agarose gel electrophoresis). Finally, an

IVT reaction using Message Machine T3 Kit (Ambion) was assembled according the
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manufacturer’s instructions and mRNA was generated. The newly transcribed Venus-tagged
Dctn2 mRNA was than purified by phenol-chloroform extraction and ethanol precipitation
(see 3.4.1) and the size of the generated transcript examined on a 0,8 % denaturing agarose
gel.

Venus-tagged mRNA with a concentration of 200ng/pl was microinjected into one
blastomere of 2-cell stage embryos for clonal over-expression of fluorescently tagged Dctn2
protein.

3.6 Other molecular biology techniques

3.6.1 Confirmation of gene mMRNA Dctn2 down-regulation via QRT PCR

Total RNA was isolated from 16-cell stage Dctn2-knockdown or control embryos
that were microinjected at the 2-cell stage with Dctn2-specific or control dsRNA (dsRNA
lacking endogenous target, specifically anti-GFP dsRNA) into both blastomeres, using
Arcturus Pico Pure RNA Isolation Kit (Thermo Fischer Scientific) according to the
manufacturer’s instruction. The isolated RNA was treated with 1 unit of DNasel from the
Ambion DNA-free Kit (Invitrogen) followed by inactivation by DNase inactivation reagent
(as in manufacturer’s instructions). cDONA was then generated by reverse transcription using
Superscript 11 (Invitrogen) and oligo d(T)is primers (Invitrogen) according the
manufacturer’s instructions. The generated cDNA was used a template for real-time PCR,
employing the SYBR Green PCR kit (Qiagen) using 400nM primers (sequences depicted in
table 12 and 13) in 10pl total reaction volumes and as three technical replicates. QRT-PCR
was performed using C1000 Touch Thermal Cycler (Biorad) using PCR cycling conditions
depicted in table 11. Dctn2 transcript levels were internally normalised against the levels of
H2afz , and fold changes attributable to dsRNA, were derived using the AA Ct method
(Livak and Schmittgen, 2001). Melting curves were examined to assess the specificity of

the amplification reactions/products.

Tab. 11: QRT PCR program used for KD confirmation.

QRT PCR program temperature time

denaturation 95°C 15 minutes

denaturation 94°C 25 seconds

annealing 57°C 25 seconds 39x
elongation 72°C 30seconds

PLATE READ / /

Melting curves 57°C-94°C /
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Tab. 12: Dctn2 primers used for Q-RT-PCR knock-down verification.

Primers QRTPCR Dctn2 company
primer A 315 TCAGGCCGTGAGTGGAGTTC Sigma-Aldrich

Tab. 13: mH2afz primers used for Q-RT-PCR knock-down verification.

Primers QRTPCR mH2afz company
primer A 85 CCGATCAGCGATTTGTGGA Sigma-Aldrich

3.6.2 Confirmation of the presence of Dctn2 mRNA in 16-cell stage mouse embryos

RNA from 16-cell stage embryos, in vitro cultured from the 2-cell stage, was

extracted and reverse transcribed as described in 3.5.1. The PCR reaction to confirm the

presence of Dctn2 mRNA in 16-cell stage embryos was assembled as described in table 14,

using cDNA previously prepared from RNA extracted from testis as a positive control. The

sequence of primers used for PCR are depicted in table 15 and PCR cycling was performed

according to the program illustrated in table 16. The lengths of the PCR products were

examined by the 1% agarose gel electrophoresis.

Tab. 14: PCR reaction mix used for Dctn2 presence verification in 16-cell stage mouse

embryos (total volume 10 pl).

16C emryonic

PCR reaction mix testis cDNA cDNA
Buffer 1x 1x
MgS04 1.50mM 1.50mM
dNTPs 0.05mM 0.05mM
Primer A 307 0.20uM 0.20uM
Primer S 307 0.20uM 0.20uM
Platinum Tag DNA polymerase (Thermo Fischer Scientific) 0.25U 0.25U
Examined sample 738 ng 750 ng

Tab. 15: PCR primers used for confirmation of Dcnt2 mRNA expression at the 16-cell

stage.
Primers T7_Dctn2 company
primer S 315 TCTGGGACCAGATGCTGCAA Sigma-Aldrich
primer A 315 TCAGGCCGTGAGTGGAGTTC Sigma-Aldrich
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Tab. 16: PCR program used for confirmation of Dcnt2 mRNA expression at the 16-cell
stage.

PCR program Temperature Time

Denaturation 95°C 2 minutes

Denaturation 95°C 20 seconds

Annealing 62°C 10 seconds 40X
Elongation 70°C 10 seconds

Elongation 72°C 10 minutes

Cooling 4°C 00

3.7 Western blotting SDS-PAGE

Torinl-treated and DMSO-treated control embryos (n=60 in each case) were collected
at the 16-cell stage (see 3.1), centrifuged at RT for 5 minutes and denatured in lysis buffer
containing 1xPBS and 3xSDS-PAGE loading dye (Sodium dodecyl sulfate - SDS, Tris-Cl
pH=6.8, Glycerol, Bromophenol blue, 3-Mercaptoethanol). Afterwards, the samples were
incubated at 97°C for 5 to 7 minutes, so the sample viscosity was diminished and protein
denaturation was secured. Western blot apparatus was assembled and filled with 1xSDS
running buffer (Tris, Glycine, SDS; pH = 8.3) in which the Triglycin 25% commercial gel
(Invitrogen) was placed and all of each protein samples was subsequently loaded, together
with the PageRuler Prestained Protein Ladder (TermoFischer Scientific). The gel was run at
90V for approximately 20 minutes until the sample exited the stacking and entered the
resolving portion of the gel, when the voltage was increased to 110V for 2 hours. The
blotting of the size-resolved proteins from the gel to PVDF membrane was performed using
a conventional wet sandwich blotting paper (Whatman) method. The PVDF membrane was
first activated by methanol exposure for 40 seconds and subsequent immersion into MilliQ
water for 2 minutes. The blotting apparatus was then filled with transfer buffer (Glycine,
Tris base, Methanol, ddH2O; pH = 8.3) and a voltage of 90V passed perpendicularly across
the gel-membrane sandwich, allowing the size resolved negatively charged proteins to move
towards the positively charged anode and become immobilised onto the PVDF membrane.
Thereupon the membrane was placed into a 50ml conical tube with 45ml of dissolved 5%
milk powder (diluted in PBST) which was rotated for 1 hour in RT to block out the
nonspecific epitopes for primary/secondary antibody binding. The membrane was then
probed with anti-Dctn2 primary antibody (MyBioSource) using a 1:5000 dilution (1pl of
Dctn2 primary antibody was diluted in 5ml of the 5% milk blocking buffer) by rotating the

conical for 2 hours in RT. The blot was then rinsed with three washes of 1xPBST (NacCl,
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KCI, Na2HPO4, KH2PO4, Tween 20 — with pH adjusted to 7.2 and then added ultrapure
water), by rotating at RT for 10 minutes. The membrane was then incubated with anti-rabbit
secondary antibody (goat anti-Rabbit IgG HRP-conjugate, Biorad, diluted 1:2000 in 5ml of
5% milk blocking buffer), by further rotation for 2 hours in RT. Another PBST washing
step followed (as described before) and the membrane was finally rinsed with ECL reagent
(Biorad). After this step the membrane was prepared for visualisation and densitometry
analysis of revealed immuno-reactive protein bands on a Chemidoc instrument (Biorad)
using the ImageLab program. Hereafter, stripping of the PVDF membrane was performed
using stripping buffer (Glycine, SDS, Tween20 — with pH adjusted to 2.2 and then added
ultrapure water) to remove the primary/secondary antibody and then the probing procedure
was repeated with the loading control anti-Hdacl (Hdacl is an enzyme regulating
eukaryotic gene expression) IgG (Abcam cat.n: ab7028, raised in rabbit) primary antibody
diluted 1:1000 in 5% milk and the anti-rabbit secondary antibody (goat anti-Rabbit IgG
HRP-conjugate, Biorad) diluted 1:2000 in 5% milk. Visualisation and densitometry analysis

followed to normalize the levels of Dctn2 protein.

3.8 Statistical analysis

The statistical analyses were performed using Microsoft Excel. The means and the
standard error of means (mean +/- s.e.m) were calculated and statistical significance was

determined using two-tailed Student’s t-test.
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4  Results

4.1 Analysis of the expression level of Dcnt2 derived mRNA throughout
the preimplantation period of mouse embryo development and
confirmation of the presence of Dctn2 mRNA in 16-cell stage

embryos

It was previously reported, according to the normalised mRNA microarray data
obtained by Wang et al 2004, that the expression of Dctn2 is almost undetectable from
fertilisation until 4-cell stage, slightly increases at 8-cell stage and significantly increases at
16-cell stage (illustrated in the figure 10)(Wang et al., 2004). Crucially, this implies an up-
regulation of the Dctn2 expression that is concomitant with the first wave of cell
internalisation during mouse embryogenesis (at the 8- to 16-cell transition) and could
potentially impinge on the generation of the first ICM founder cells, reported to be

ultimately biased to provide progeny that populate the epiblast.
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Fig. 10: Chart illustrating the expression of Dctn2 mRNA throughout mouse
preimplantation embryonic development (from the germinal vesicle oocyte/GV to late
blastocyst/late blast stages) according to Wang et al. 2004 mRNA expression
microarray data.

The presence of Dctn2 mRNA in 16-cell stage mouse embryos was also confirmed in our
own hands by reverse transcription PCR (RT-PCR), followed by gel electrophoresis (see

M&M section 3.5.3), using testis cDNA as a positive control. The resulting gel image
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(figure 11) confirms that Dctn2 mRNA is present in both testis cDNA and embryonic
cDNA samples isolated from 16-cell stage embryos. The size of the PCR products
corresponds to the expected size 174 bp. While in the sample with water, used for
contamination exclusion, no band was detectable; in the other two samples a clear band of

the size 174 bp is detectable, confirming Dcnt2 mRNA expression.

100bp
ladder

Fig. 11: Agarose gel confirming the presence of Dctn2 mRNA in 16-cell stage embryos.
NC indicates negative control.

4.2 Dctn2 knock-down phenotype
4.2.1 dsRNA preparation specifically targeting Dctn2 mRNA

Dctn2 specific long dSRNA was generated to specifically target the coding sequence
of Dctn2 mRNA by RNAI. This was achieved by in vitro transcription (IVT) of PCR
derived DNA template, itself acquired by amplification of mouse testis cDNA (in detail
described in M&M section 3.3.1). The size of the amplified template DNA fragment was
examined on the agarose gel depicted in the figure 12. Its size of 248 bp corresponded to the
expected size of the band. After this confirmation, the cDNA template of appropriate size

was purified and used in IVT to generate dsRNA.
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Fig. 12: Agarose gel verifying the size of the amplified cDNA template used for
dsRNA generation.

The gel confirming the size of the newly generated and IVT derived dsRNA is
depicted in figure 13. Despite the higher concentration of the dsRNA loaded on the gel, the
band still clearly corresponds to the expected size of 248bp.

Fig. 13: Final agarose gel verifying the size of the in vitro transcribed Dctn2 dsRNA.
4.2.2 Confirmation of Dctn2 down-regulation

Endogenously derived Dctn2 mRNA down-regulation was confirmed by
quantitative RT-PCR (QRT-PCR) of 16-cell embryos that had been microinjected with
either control (dsRNA lacking endogenous target, specifically anti-GFP dsRNA) or Dcnt2-
specific dsSRNA into both blastomeres at the 2-cell stage. RNA was isolated from these
microinjected controls and Dctn2 knocked-down embryos, reverse transcribed into cDNA
and the expression of Dctn2 mRNA was measured by QRT-PCR using Dctn2 specific
primers, normalised to the housekeeping gene H2afz. The results are depicted below in the

figure 14.
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Fig. 14: Bar chart showing the level of Dctn2 mRNA down-regulation caused by
Dctn2-specific microinjected dsRNA (relative to Dcnt2 mRNA levels in control dsRNA
microinjected embryos, expression values normalised to H2afz gene), using QRT-
PCR; thus confirming 85% efficient knockdown in expression.

Figure 14 demonstrates that Dctn2 mRNA expression was decreased in the Dcnt2-
specific dSRNA microinjected group to 15% of the level observed in control embryos. The
knock-down was therefore considered efficient since the expression level of Dctn2 was
reduced by 85%. Thus, by obtaining this result we could be confident that by
microinjecting the Dctn2 specific dSRNA into one blastomere of the 2-cell stage embryo

the Dctn2 mRNA expression would be efficiently decreased, in a clonal manner.

4.2.3 The effect of down-regulation of Dctn2 using RNAI

It was hypothesised that clonal knockdown of Dctn2 expression would affect the
normal derivation of inner and outer cells during the 8- to 16-cell stage division, since it
was reported that Dctn2 can affect spindle orientation and nuclear position in dividing cells
(Whited, 2004; Morris et al., 2015), which thus might affect the generation of the first inner
cells during preimplantation mouse embryo development. Specifically, fewer inner cells
might be formed from the clone of the Dctn2-specific dSRNA microinjected blastomeres.
Therefore, 2-cell stage embryos were dissected and microinjected into one blastomere
either with Dctn2 specific dsSRNA or with control dsRNA (lacking target in the mouse
embryo) mixed together with rhodamine dextran conjugated beads (RBDs) (used as a
distinguishing mark between the microinjected and non-microinjected parts/ clones of the
embryo) and in vitro cultured until the 16-cell stage. The embryos were then fixed and

stained with DAPI (staining DNA) and Oregon Green conjugated phalloidin (staining
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filamentous F-actin, therefore acting as a marker of cell cortex/ membrane) so that the
number of inner/SAD/outer cells could be quantified in the Dctn2 knockdown group and
control group of embryos using confocal microscopy. The number of inner and outer, plus
so-designated SAD (an abbreviation used to describe outer cells with atypically small
apical domains and thus are often apolar and ultimately internalised naturally during the
onset of the 16-cell stage (Anani et al., 2014)), cells was compared between the
microinjected and non-microinjected parts of the embryo as well as between the knock-
down and control group of embryos. The results of the inner/SAD/outer cells analysis are

shown in the figure 15.
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Fig. 15: Statistical analysis of the formation of inner, SAD and outer cells in 16-cell
embryos after clonal dsSRNA-mediated down-regulation of Dctn2.
Chart A: The average number of inner cells formed in embryos microinjected either with control

dsRNA or with Dctn2-specific dSRNA.

Chart B: Quantification of the average number of outer cells containing a small apical domain
(SAD). These cells were counted after microinjections with control or gene-specific dsRNA.

Chart C: Analysis of the average number of outer cell number derived after microinjections of
control and gene-specific dsRNA.

Control embryo group: n=37, Dcnt2 knock-down experimental group: n = 33
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Chart A displays the inner cell number in the two groups of embryos. The first group
of embryos marked as control represents embryos microinjected with control dsRNA into
one blastomere. The second group marked as Dctn2 refers to embryos microinjected with
Dctn2-specific dsSRNA targeting Dctn2 mRNA and therefore causes (as confirmed in Fig.
12) a robust down-regulation in the expression of the Dctn2 gene. In reference to chart A, a
highly significant decrease in the average number of total inner cells is observable in the
embryos microinjected with Dctn2-specific dsSRNA, versus the control dsRNA group
(2.3514 zerror 0.0969; 1.3939+error 0.0915). Moreover, this reduction is solely manifested
in the reduced average contribution of the Dcnt2 down-regulated clone of cells (i.e.
microinjected with Dctn2 specific dSRNA) as compared to the equivalent clone in control
microinjected embryos. The contribution of the progeny of the non-microinjected 2-cell
stage blastomere, to the inner cell compartment by the 16-cell stage, was unaffected by
microinjection of Dcnt2 dsRNA in the other blastomere. This data demonstrates that the
clonal down-regulation of Dcnt2 expression is associated with a cell-autonomous
impairment to contribute to the inner cell compartment by the 16-cell stage. Moreover, that
there is no increased and compensatory contribution from the non-microinjected cell clone,
acting to regulate the total number of inner cells to levels observed in the control group (at
the 16-cell stage), reinforces cell-autonomous nature of the uncovered phenotype. Chart B
illustrates the average number of total outer cells per embryo group with a small apical
domain (SAD) and the numbers of these SAD outer cells derived from either microinjected
or non-microinjected clones. As observed, the total number of SAD cells does not
statistically differ between the two investigated groups of embryos with only a slight
increase in the Dcnt2 down-regulated group of embryos, which fails to reach significance.
Chart C represents the group of remaining outer cells (i.e. not defined as SAD) and
describes an opposite trend to that associated with the derivation of inner cells - a
statistically significant increase in the total number of non-SAD outer cells in the Dctn2-
specific dsSRNA microinjected embryos that is accounted for by a robustly significant and
increased contribution from the Dcnt2-dsRNA microinjected clone. The number of outer
cells in the non-injected halves of embryos in either group remained statistically equivalent.
The statistically significant increase of the number of non-SAD outer cells in the embryos
clonally injected with Dctn2-specific dsSRNA reflects and compensates for the statistically
significant decrease of the number of inner cells in these embryos (as the total number of

cells per assayed embryo was always 16).

40



The substantial difference between the number of derived inner cells (as a
consequence of Dctn2 down-regulation through RNAI) between the two investigated
groups of embryos indicates that Dctn2 plays an important role during the first cell fate
decision, where the nuclear position and spindle orientation might be affected by Dctn2
gene function. Dctn2 down-regulation by RNAI affects only the Dcnt2-specific dSRNA
microinjected clone. On the contrary, microinjected and non-microinjected cells appear to

be autonomous as the non-microinjected clones in either group behave equivalently.

4.3 Visualisation of recombinant and fluorescently tagged Dctn2 protein

4.3.1 Preparation of the recombinant Venus-tagged Dcnt2 mRNA

The Venus-tagged Dctn2 mRNA construct was derived from a plasmid (pRN3-
Venus) containing the appropriate cDNA (containing a 5’ HA-epitope tag) cloned
downstream of the T3 bacteriophage-derived RNA polymerase promoter with stabilising 5
and 3" UTR sequences from the frog p-globin gene, and a Venus fluorescent protein-coding
sequence downstream. During the generation of this pRN3-Venus-Dctn2 construct
(performed as part of this project), full-length Dctn2 insert cDNA was generated by PCR
via the amplification of mouse testis cDNA (in detail described in M&M section 3.4.1). The
correct size of the amplified Dctn2 insert cDNA was confirmed by agarose gel
electrophoresis (as shown in figure 16) and clearly reports the appropriate and anticipated
size of 1257 bp.

Fig. 16: Agarose gel electrophoresis confirming the correct size of the full-length Dctn2
insert cDNA.

Therefore, the Dctn2 insert cDNA was subsequently ligated into the pRN3-Venus
plasmid vector, transformed (heat shock) into competent cells and cultivated on LB agar

plates containing Ampicillin (see M&M section 3.4.1) to select for successful pRN3-Venus-
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Dctn2 transformants (screened by colony PCR). Positive colonies were selected for plasmid
isolation (via miniprep) and subsequently the veracity of the inserted Dctn2 cDNA sequence
was analysed and confirmed by direct sequencing. A verified pRN3-Venus-Dctn2 plasmid
clone was then linearised and used as DNA template in IVT to generate full-length
recombinant Venus-tagged Dctn2 mRNA. The size of the newly generated mRNA of
approximately 2000 bp (including Dcnt2 and Venus cDNA sequence) was confirmed on the

agarose gel depicted in figure 17.

1kb
ladder

Fig. 17: Full-length Venus-tagged Dctn2 mRNA
4.3.2 Visualisation of the fluorescently tagged Dctn2 protein

Embryos were microinjected (in one blastomere at the 2-cell stage) with fluorescent
Venus-tagged Dctn2 mRNA. In addition to the VVenus-derived fluorescence of the tagged
recombinant Dctn2 protein, the embryos were also immuno-fluorescently (IF) stained with
a Dctn2 specific primary antibody to permit fluorescent confocal microscopy mediated
visualisation; additionally such IF staining was designed to confirm the specificity of the
primary Dctn2 antibody, enabling its subsequent use to probe the expression and
subcellular localisation of endogenous Dctn2 in the preimplantation embryo in a reliable

manner. The results are illustrated in figure 18.
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Fig. 18: A representative embryo microinjected with Venus tagged Dctn2 mRNA and
IF stained for Dcnt2. Panel a shows staining with Dctn2 antibody (shown in greyscale and red,
with DNA in greyscale and blue; DAPI), panel b shows the inherent fluorescence of recombinant
Venus-tagged Dctn2 (shown in greyscale and green, with DNA also in greyscale and blue; DAPI),
panel ¢ shows an enlarged and merged visualisation of the same embryo. Note, the arrowheads in
panel ¢ denote the speckles emerging randomly in the cytoplasm after Dctn2 IF staining in the
microinjected (white arrowheads) and non-microinjected (yellow arrowheads) clone.

Figure 18 demonstrates that the microinjection of Venus-tagged Dctn2 mRNA
caused the over-expression of recombinant Dcnt2 protein only in the clone originating from
originally microinjected 2-cell stage blastomere. It is manifested in the strength of the anti-
Dctn2 signal coming from the microinjected clone, compared to the blastomeres
originating in the non-microinjected blastomeres. IF staining with the anti-Dctn2 antibody
shows co-localisation with the fluorescent signal of the Venus-tagged Dctn2 protein,
confirming that the primary anti-Dcnt2 antibody is indeed specific for Dctn2. Also, the
Venus-tagged Dctn2 protein localises in the cytoplasm, particularly within cytoplasmic
speckles (see arrows; Fig. 18c — merged image) and there is no detectable nuclear signal
(see Fig.18a&b). It is noteworthy to highlight that the signal from the recombinant Venus-
tagged Dctn2 appears to be brightest in the sub-apical region of outer blastomeres and co-
localises with signal from the anti-Dctn2 IF staining; although the comparative reduced IF
signal in more internal areas of the blastomeres (including nuclei) may be due to saturation

of the primary antibody by recombinant VVenus-tagged Dctn2 derived epitopes.
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4.4 Torinl sensitivity

4.4.1 Visualisation of Dctn2 protein in mTOR inhibited and control embryos using a

Dctn2 specific primary antibody

It was hypothesised that the translation of Dctn2 mRNA, as it was considered a
candidate transcript containing a TOP motif in the 5’"UTR region, might be sensitive to
MTOR inhibition, using the chemical inhibitor Torinl. Theoretically, Torinl inhibition
during the first wave of cell internalisation, consequent to the 8- to 16-cell transition, might
cause a reduction in Dctn2 translation and lead to discernibly lower levels of functional
Dctn2 protein. To address this hypothesis, embryos were cultured in parallel under mTOR
inhibition conditions using Torinl and in control conditions using the same concentration
of DMSO vehicle control. They were subject to this regime from the mid-8- until the 8- to
16-cell division/ transition, when the first cell fate decision and the first relative spatial
allocation of cells occurs, and then fixed for immuno-fluorescent confocal microscopy

assaying endogenous Dcnt2 levels; the results are illustrated in figure 19.

Dctn2Ab

Dctn2Ab

Fig. 19: Ilustrative IF staining images of embryos £+ mTOR inhibition captured
during 8- to 16-cell transition (TORIN1 marks mTOR-inhibited embryos, DMSO
marks control embryos). Panel a shows staining with a Dctn2 antibody (red), panel b shows
DNA staining with DAPI (cyan) and merged visualisation is in panel ¢ (ref. Methods II.).
Magnified insets are shown in both greyscale and pseudo-coloured red for the anti-Dcnt2 IF
staining to aid interpretation; arrows denote cytoplasmic speckles of Dcnt2 immuno-reactivity
present in control DMSO treated embryos but absent in the Torinl treated group.
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In the control group of embryos Dctn2 is localised in bright cytoplasmic speckles
(see arrows in Fig.19a-DMSO - magnified insets) with a lower level of uniform distribution
throughout the cytoplasm. In contrast, the mTOR-inhibited embryos exhibit very weak/
basal level of cytoplasmic staining, with a signal that is almost completely absent from any
discernible cytoplasmic speckles (see Figl9.a-TORINL1; n.b. both illustrative examples
were IF stained and image captured using identical confocal microscope settings on the
same day). Whereas there is an obvious difference in the amount of cytoplasmic Dctn2
between the two groups, nuclear staining does not appear to change after mTOR inhibition.
This nuclear staining was not detectable in the initial characterisation of this primary
antibody in embryos microinjected with recombinant Venus-tagged Dctn2 (nor was it
observed in the Venus specific channel — see Fig. 18), although this lack of potential
endogenous signal could have been due to saturated antibody-recombinant Venus-tagged
Dcnt2 interactions in the sub-apical, as stated above. However, subsequent experiments
have suggested that this nuclear localised signal is largely an early mouse embryo specific
artefact of the fluorescently conjugated secondary antibody used; moreover the fact that the
recombinant Venus-tagged Dcnt2 did not localise to the nucleus (as determined by its
inherent Venus-derived fluorescence) substantiates this conclusion.

These data strongly suggest that the inhibition of the mTOR pathway, prior to the 8-
to 16-cell transition (the first developmental point at which inner/ICM-founder cells can be
generated) leads to the down-regulation of Dctn2 protein, located within discreet

cytoplasmic speckles, potentially through a mechanism of inhibiting its translation.

4.4.2 Western blotting SDS-PAGE analysis of Dctn2 protein expression in mTOR
inhibited and control embryos

The sensitivity to Dctn2 protein levels to Torinl was further analysed using western
blotting SDS-PAGE. Mouse embryos were cultured in parallel under mTOR inhibition
conditions using Torinl and in control conditions using the same concentration of DMSO,
as vehicle control, from the mid-8- until the 8- to 16-cell division. Then the Dctn2 protein
level in the mTOR-inhibited and control group was determined by western blotting using 60
embryos per sample, and a sample of PMJ2-R macrophages (mouse peritoneal macrophages
infected with J2 virus) as a control of the protocol (due to the low amount of input material
available from the embryos). Furthermore, anti-Hdacl (enzyme regulating eukaryotic gene

transcript expression) re-probing of the stripped membrane was performed, to serve as a
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loading control and a normalising signal for Dctn2 protein expression level determination.
The results are depicted in the figure 20.

As we can see in figure 20 (panel Al) the size of the detected anti-Dctn2 bands in
both the investigated embryonic groups correspond to 60kDa in contrast to the expected
size 45kDa defined by the antibody manufacturer. Interestingly, in the PMJ macrophages
samples, two bands were detected - one corresponding to the size of the bands detected in
the embryonic samples and another of an approximate size between 40kDa and 55kDa. The
single bands detected in the embryonic samples look very clear and we presume that they
correspond to the Dctn2 protein that is in someway post-translationally modified and/or
multimerised (despite the stringent denaturing/ reducing conditions employed in the
protocol). Interestingly, and in keeping with our hypothesis, the intensity of the band in the
mTOR-inhibited sample appears to be weaker when compared to the band in the control
lane (confirmed by pixel measurements, see below), suggesting there is indeed a lower level
of Dctn2 protein expression in 8- to 16-cell stage mouse embryos after mTOR inhibition.
The size of the band of the Hdacl loading control in both the embryonic and PMJ
macrophages derived samples corresponds to the expected size of 65 kDa and appeared to
be of equal signal intensity; although an additional band of approximately 30 kDa was
detected in the macrophage sample (the reason for which remains unclear, but could

represent a splice variant or a macrophage unique non-specific interaction).
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Fig. 20: Western blotting analyses used for the determination of the expression of
Dctn2 protein in mTOR-inhibited and control embryos and peritoneal mouse
macrophages (PMJ MPH) as a comparison.

Al: Dctn2 protein expression in mTOR-inhibited and control embryos during 8- to 16-cell transition
and two different volumes of PMJ macrophage derived protein sample shown in red, ladder shown
in green

A2: Dctn2 protein expression in mTOR-inhibited and control embryos during 8- to 16-cell transition
and two different volumes of PMJ macrophage derived protein sample shown in greyscale

B1: Hdacl loading control (used for Dctn2 protein expression normalisation) expression shown in
red — western blot membrane re-probed with anti-Hdacl antibodies after first detecting Dctn2
protein.

B2: Hdacl loading control (used for Dctn2 protein expression normalisation) expression shown in
greyscale — western blot membrane re-probed with anti-Hdacl antibodies after first detecting Dctn2
protein.

For embryo derived protein samples n=60 embryo equivalents of loaded protein, in each group.

Quantitation of Dctn2 protein expression detected by the above described western
blotting was determined using image pixel intensity analysis software (ImageLab program).
It was also hypothesised that if mMTORCL1 regulates the translation of TOP-containing
MRNAs including Dctn2, mTOR inhibition would lead to the decreased level of quantified

Dctn2 protein expression compared to the levels in control embryos. The results of the

analysis are illustrated in the figure 21.
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Fig. 21: Relative and normalized (to Hdacl levels) Dctn2 protein expression levels in
control and mTOR-inhibited (by Torinl) embryos; obtained by pixel analysis of the
bands detected by western blotting (see Fig. 20).

According to the pixel analysis of the bands representing the Dctn2 protein
normalised against those of the Hdacl loading control, there is a significant decrease in the
level of Dctn2 protein expression in the Torinl treated group of embryos versus the vehicle
DMSO control group. The results show that the Dctn2 protein level in Torinl-treated
embryos is 41% of the level observed in control embryos. This difference is certainly
consistent with our original hypothesis that mTOR inhibition around the time of the
generation of the first wave of ICM founders is associated with reduced levels of Dctn2
protein expression (and is in agreement with the same conclusion derived from IF-based
assays — see Fig. 19), however, it remains to be verified that the inappropriate size of the
observed western blot bands truly correspond to the Dctn2 protein. Hence, other

experimental strategies or optimizations need to be devised or addressed (see Discussion).
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5 Discussion

The aim of the research conducted within my master’s thesis was to clarify the role
of the Dctn2 gene during mouse preimplantation embryonic development. The described
experiments were undertaken based on the fact it is known that Dctn2 has been reported to
affect spindle orientation and nuclear positioning (Whited, 2004; Morris et al., 2015), each
of which are known to influence the manner in which cells divide that can then, in certain
contexts, affect the ultimate cell fate of their generated progeny. Something especially
relevant to the spatial segregation of preimplantation stage mouse embryo blastomeres
during the first cell-fate decision, from the 8- to 16-cell stage transition. Furthermore, the
Dctn2 gene transcript had been identified as potential candidate mTOR (mTORC1)
signalling pathway sensitive mRNA, whose translation is potentially regulated by a putative
TOP motif inits 5" UTR and that could be functionally involved in mediating founder ICM/
inner cell generation (known to be sensitive to mTOR/mTORC1 chemical inhibition — A.
W. Bruce lab, unpublished observations). Hence, the expression status of Dctn2 mRNA and
protein was investigated and the functional effect (in relation to founder inner cell
generation consequent to the 8- to 16-cell transition) determined using a RNAi-based loss-
of-function approach; clearly demonstrating a cell-autonomous link between functional
Dctn2 expression and inner cell generation in the mouse embryo. Lastly, the sensitivity of
Dctn2 protein levels to mTORC1/ mTOR inhibition immediately prior to and encompassing
the 8- to 16-cell stage transition was determined to provide evidence that could either
support or refute a role for mTOR-mediated control of Dctn2 mRNA translation in
supporting the generation of the first founding ICM cells, biased to ultimately populate the
pluripotent epiblast, in murine preimplantation stage embryogenesis.

The research was started with experiments focusing on the knock-down of Dctn2
expression and examining any resulting phenotypes to find out if there would be any
significant effect on cell division orientation and the spatial segregation of cells during the
8- to 16-cell stage transition. Taking the data obtained after Dctn2 knock-down into
consideration, it was confirmed that the Dctn2 knock-down affects significantly cell
division in the manner that less inner cells are generated. The exact mechanistic manner in
which this is achieved remains illusive, however, given the fact that Dctn2 is known to
affect spindle orientation (Whited, 2004; Morris et al., 2015), one of the crucially important
factors effecting the symmetry of cell/blastomere division (Bergstralh, Dawney and St

Johnston, 2017), it seems probable that a similar mechanism may operate in the 8-cell stage
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blastomeres of dividing mouse embryos; potentially contributing to preferentially align the
mitotic spindles parallel to the apico-basal axis (A-B axis), thus resulting in the generation
of one outer polarised cell (contributing to TE) and one inner apolar cell (constituting ICM).
Moreover, it was hypothesised by Korotkevich et al. that all 8- to 16-cell divisions are in
essence asymmetric since it was shown that isolated 8-cell stage blastomeres can be
affected to divide asymmetrically by induced polarity (by attaching a bead to one surface)
and that the apical domain controls the spindle orientation through microtubule organizing
centers (MTOCSs). This notion further support our hypothesis that Dctn2 might affect the
number of inner cells derived during the 8- to 16-cell division by affecting the spindle
orientation, thus less inner cells are generated after Dctn2 knock down implying a
requirement of Dctn2 for successful execution of asymmetric divisions. In respect to this
hypothesis, it would be interesting to perform Dctn2 global knock down and investigate the
acquired phenotype; specifically, how it would impinge on overall inner cell generation.
Furthermore, Dctn2 is also known to affect nuclear positioning, another crucially important
factor that can define the ultimate symmetry/ orientation of a cell/blastomere division.
Indeed, it has been shown in the preimplantation stage embryo that nuclei that are
positioned apically, prior to mitotic nuclear envelope breakdown, ultimately and universally
give rise to symmetric divisions, resulting in two polarised outer TE-destined daughter
cells; moreover, that nearly all asymmetric cell divisions occur as a result of nuclei being
positioned to the basolateral portion of the blastomere, although under such circumstances
symmetric divisions so still also occur (Ajduk, Biswas Shivhare and Zernicka-Goetz, 2014).
Therefore it is equally possible that Dctn2 knock-down could also affect 8-cell stage mouse
blastomere nuclear positioning in a manner that ill-favours the generation of inner cells (i.e.
prevents/ attenuates basolateral nuclear localisation). Whilst, these possibilities only
represent speculation, it is highly probable that are other important factors may contribute,
either in isolation or in a coordinated manner; for example, mechanical actino-myosin based
apical constriction (although we detected no differences in the number of SAD cells
generated), transcriptional outputs etc., however, how these would interact with functional
Dctn2 remains an open question.

Owing to a paucity of data on the expression status of the Dctn2 gene, on either the
MRNA or protein levels, experiments and analyses were undertaken to investigate Dctn2
expression within the preimplantation stage embryo. Curiously, analysis of published
microarray mRNA expression data (Wang et al., 2004) reported the first expression of the

zygotic alleles of the Dctn2 gene occurring at the 8-cell stage. Given this is the stage at

50



which pending cell divisions can be either symmetric or asymmetric, resulting in the first
spatial segregation of daughter blastomeres with distinct cell-fates, and that our clonal
Dcnt2 knockdown experiments showed a defect in the generation of inner cells during this
transition (and not before; Dctn2 knockdown embryos cultured in step with control
microinjected embryos until this stage, with no obvious pre-8-cell stage phenotype), these
data argue for an important role for embryo derived Dctn2 protein from the 8-cell stage
onwards. Although we did not assay the effect on inner cell generation beyond the 16- cell
stage, it would be interesting in the future to see if the phenotype extended to the 16-32 cell
transition (the second and last point in preimplantation mouse embryo development inner
and outer cells are actively separated); especially given reports in the literature that inner
cell generation at this time, particularly after the cell divisions have occurred, is more
connected with apical constriction and active cell internalisation (Fierro-Gonzélez et al.,
2013; Samarage et al., 2015; Maitre et al., 2016) rather than the orientation of the previous
cell division planes (Korotkevich et al., 2017). In an effort to gain a better understanding of
the protein expression status of Dctn2 in the preimplantation mouse embryo a full-length
Venus-tagged Dctn2 fusion mRNA construct was generated; this was to enable experiments
to address the question of the sub-cellular localisation of Dcnt2 protein and to validate the
specificity of an acquired anti-Dctn2 antibody in IF studies to reliably detect endogenous
protein expression. The expression of the recombinant Venus-tagged Dctn2 indeed did
validate the specificity of the antibody to recognised Dcnt2 and helped to demonstrate that
the localisation of endogenous Dctn2 at the late 8-cell stage is largely cytoplasmic with
randomly distributed brighter speckles (n.b. very recently acquired data, in which 8-cell
stage blastomeres undergoing mitosis have been captured, has provided evidence for
additional Dctn2 localisation on mitotic spindle poles — data not shown). In embryos not
expressing recombinant Venus-tagged Dctn2, nuclear staining has also been reliably
observed, but considered to be artefactual since it was not affected by mTOR inhibition
(unlike the cytoplasmic signals) and nor did the direct recombinant Venus-tagged Dctn2
derived fluorescent signal display any nuclear localisation. Interestingly, the over-
expression of Dctn2, when performed in COS-7 cell lines, has been shown to cause
interrupted mitosis, with cells arrested in a prometaphase-like state characterised by
chromosome condensation, spindle contortion and mis-alignment (although the spindles do
remain bipolar) (Echeverri et al., 1996). However, we did not observe any similar
phenotypes after Venus-tagged Dctn2 over-expression in mouse embryos. To date, there are

not studies reporting the use of a full-length VVenus-tagged Dctn2 mRNA in mouse embryos,
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as far as referred in reliable sources, but there is evidence about the application of Dctn2 IF
staining on research conducted with HelLa cell lines. The pattern of the Dctn2 IF staining
performed on HelLa cells profoundly differs being localized exclusively at the basal cell
cortex (Morris et al., 2015). Conversely, anti-Dctn2 immuno-staining performed by
Echeverri et al., examining the sub-cellular distribution of Dctn2 throughout the cell cycle
in cultured mammalian cells, strongly resembles the pattern as described herein within 8-
/16- cell stage mouse embryo blastomeres. Specifically, they observed a fine punctate
staining densely filling the entire cytoplasm throughout the cell cycle, which was excluded
from the nucleus during interphase. Furthermore, they observed a prominent centrosomal
staining appearing as a closely spaced group of brighter speckles (compare with our recent
data describing mitotic spindle pole localisation — data not shown). Such similarities in this
immunostaining patterns bring significant support for the specificity of the anti-Dctn2
primary antibody used in our research, even though, immune-staining was performed on
different cells (HeLa, PtK1, COS-7 and Rat2). Because of time constraints, it was not
possible to elucidate further the relationship between Dctn2 localisation and its mechanism
affecting the generation of inner cells in 16-cell stage mouse embryos. It is important to
note that whilst the expression of recombinant Venus-tagged Dctn2 protein in early mouse
blastomeres was able to confirm the specificity of the primary anti-Dctn2 antibody used to
detect endogenous Dctn2 protein, it remains an open question as to whether the localisation
of the Venus-derived fluorescent signal accurately describes the localisation endogenous
Dctn2 protein per se. This could be because the fusion of the Venus moiety to the Dcnt2
protein could affect other inter-protein interactions required for appropriate sub-cellular
localisation (although the Venus signal did also localise to the cytoplasmic speckles
identified using the primary anti-Dctn2 antibody in IF).

It was herein hypothesised that the translation of Dctn2, a candidate gene containing
a TOP motif in the 5"UTR region, might be regulated by the mTOR signalling pathway.
Thus, Dctn2 IF staining on 8- to 16-cell embryos that had formerly been treated with either
Torinl or DMSO vehicle control was performed. While in the embryos treated with DMSO
the staining resembled the same pattern as in embryos microinjected with full length Venus-
tagged Dctn2 mRNA and stained with Dcnt2 specific primary antibody, the IF staining
pattern in the Torinl inhibited embryos differed. Specifically, the randomly distributed
bright speckles disappeared and the cytoplasmic staining appeared to be lower and more
uniform after mTOR inhibition. It is important to note that the presented data in each of the

two experimental groups (+Torinl and +DMSQO) were obtained in parallel and processed

52



identically using the same confocal microscope settings, to guard against outside variation
contributing to the result. Hence, we are confident in the changes IF staining pattern
observed in the +Torinl groups reflects biological changes associated with mTOR
inhibition. To date there are no papers engaged with mTOR inhibition and it’s specific
effect on candidate TOP-motif containing gene mRNA translation, such as the Dctn2
derived transcript investigated here (visualised through IF staining). However, there are
some publications concerned with mTOR regulated gene mRNA translation per se and
general effects of mMTOR inhibition on mouse embryos during the preimplantation
embryonic developmental period. For instance, Murakami et al. have shown that the
disruption of mTOR results in reduced cell size or even leads to embryonic lethality
(Murakami et al., 2004). Moreover, similar results were obtained by Gangloff et al.
exemplifying that the disruption of the mTOR gene leads to a developmental arrest at E5.5
(Gangloff et al., 2004).

Interestingly, previous examination of mTOR inhibition using Torinl on mouse
oocytes has revealed that this inhibition does not affect significantly spindle formation and
function during the first meiosis, and furthermore, that the phosphorylation of the
translational inhibitor 4EBP1 is not affected in these oocytes (Severance and Latham,
2017). However, another group has reported the down-regulation of mTOR-regulated
translation is associated with spindle abnormalities and problems with chromosomal
segregation when the pathway was inhibited by rapamycin, instead of Torinl (Susor et al.,
2015; Jansova et al., 2017). Considering the fact that rapamycin is only capable of affecting
the inhibition of mMTORC1 alone and Torinl has the ability to inhibit both mTORC1 and
mTORC?2, it maybe possible that in the context of the maturing oocyte, inhibition of both
complexes masks overt phenotypes that are readily observed when mTORC1 (alone) is
inhibited (by rapamycin). However, such masking effect is unlikely to be a factor during the
mitotic divisions of the 8- to 16-cell transition in the preimplantation embryo, given that
Torinl based mTOR inhibition gives rise to fewer inner cells (A.W.Bruce — unpublished
observations). It would be interesting if the same effect on embryo development (i.e. inner
cell generation) elicited by Torinl, are also elicited by rapamycin.

The effect of the mTOR signalling pathway on Dctn2 translation was further
analysed by western blotting. Although we detected a decrease in the amount of presumed
Dctn2 protein after mTOR inhibition, the bands in both embryo groups (mTOR inhibition)
were of a different size to those theoretically expected - approximately 65kDa instead of 45

kDa. PMJ macrophages were used as the experimental control and in these cells two bands
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were detected, one matching the band in embryonic samples and one of the expected size 45
kDa. The multiple bands in one lane may be due to distortion effects created by other large
bands migrating just above (such as tubulin) or below (such as actin) the Dctn2 specific
bands as previously reported in western blotting of Dctn2 performed in studies examining
the role of Dctn2 in the appropriate alignment of chromosomes and spindle organisation
during mitosis and it’s importance in the modulation of cytoplasmic dynein binding to
organelles (Echeverri et al., 1996); albeit to a much lesser extent than we reported here.
There are no previous publications referring to western blotting of Dctn2, in any context,
after Torinl inhibition. Potential shortcomings of the methods used here may arise from the
denaturation step, where protein dimers/multimers might persist in cases where the sample
was not entirely denatured and thus a band containing Dctn2 epitopes of bigger size than
expected would theoretically be detected. Alternatively the secondary antibody may be
saturated by a different protein (other than Dctn2) binding with a high yet non-specific
affinity, however this seems unlike because, the secondary antibody was tested by
performing IF staining on the PVFD membrane without former exposure to the Dctn2
specific primary antibody and no signal was detectable (data not shown). Another possible
explanation could be the non-specificity of the primary antibody (i.e. recognising another,
non-Dctn2 protein) or it could be the presence of extensive posttranslational modifications
of the Dctn2 protein in the blastomeres of the mouse preimplantation embryo (contributing
to its increased migratory retardation in the SDS PAGE gel). Therefore, one option to
further account for the anti-Dctn2 primary antibody’s specificity would be elicit global
RNAI-based knock-down of Dctn2 expression in the 2-cell stage mouse embryo (by
microinjecting the specific dSRNA into both blastomeres) and to repeat western blot, and/or
IF-based analyses of the amount of detectable Dctn2 protein expression, that one would
predict would be severely diminished (with specific regard to the intensity of 65kDa
western blot derived band).

With regard to future aims of my master’s thesis, a Dctn2 TOP motif reporter
MRNA construct has been generated, containing an unstable GFP sequence containing the
Dctn2 derived TOP motif in 5° UTR. If mTOR regulates translation of TOP-motif
containing mMRNAs (and specifically Dctn2), mTOR inhibition by Torinl should lead to a
decrease in translation of the construct and therefore decreased GFP fluorescence derived
from the microinjected recombinant mRNA. Due to the short stability of GFP, we should be
able to precisely map the time window between 8-cell and 16-cell stage when the translation

is sensitive to mTOR regulation. Furthermore, an ILK1 (enzyme interacting with many
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transmembrane receptors to regulate different signalling cascades) specific primary
antibody has also been purchased which might be used for IF co-staining with Dctn2
specific primary antibody. These experiments could eventually reveal more about the
localisation of Dctn2 in the mouse embryo at the 8-cell stage (and further in the
preimplantation mouse embryonic development) since a paper published by Morris et al.
implies an important connection between ILK and Dctn2 as playing an important role in
mitotic spindle orientation (Siller and Doe, 2008; Morris et al., 2015). In the context of
further expanding our knowledge about the observed phenotype after Dctn2 knock-down it
is scheduled to perform a global knock-down, by microinjections of Dctn2 specific dSRNA
into both blastomeres of 2-cell stage embryos, and subsequently quantify the number of
inner cells derived at the 16-cell stage; it would be interesting to see if any inner cells would
be generated. Additionally, Dctn2 IF staining will also be performed on 16-cell stage
embryos globally knocked down by 2-cell stage to analyse if the decrease in the Dctn2
expression would be detected by confocal microscopy (eventually upon further pixel based
analysis). Experiments assaying the effect of Dctn2 clonal and global knock-down on inner
cell generation at the 16- to 32-cell transition should also be performed.

In conclusion it is important to note that the clarification of the role of the mTOR
signalling pathway in inner cell generation and the enlightenment of the exact mechanism,
including Dctn2 and the effect of this candidate gene on inner cell generation could be
potentially useful for future implications and improvements of in vitro fertilisation
techniques. Moreover, the furthered understanding of the pattern followed by
cells/blastomeres within the crucially important division time-window is on fundamental
importance, since it is considered to be an essential requirement for the normal development

of the embryo that is still not fully understood.
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