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Abstract

TMED?2 belongs to the transmembrane emp24 domain (TMED) protein family,
which is the key protein in the early transport of transmembrane and secretory proteins
between the Endoplasmic Reticulum (ER) and the Golgi apparatus. Tmed?2 was expressed
in the allantois and the chorion, two pre-placental tissues, and homozygous mutation of
Tmed?2 (a 99J mouse line) resulted in abnormal chorioallantoic fusion and failure of
placental labyrinth formation. Expression of genes associated with spongiotrophoblast,
Tpbpa, and syncytiotrophoblast, Gem 1, differentiation was reduced in 7med?2 null
(Tmed2°*”**’) placenta, and all Tmed2°*”** embryos died by mid-gestation. In situ
hybridization using a Tmed?2 probe revealed a tissue and temporal specific pattern of
Tmed?2 expression in the embryo. Furthermore, 7med2 was highly expressed in the liver
bud at embryonic day (E)9.5. Thus, we hypothesized that Tmed?2 exhibits a tissue-
specific role in the chorion for normal chorioallantoic fusion and that disrupted TMED2
levels could result in perturbed function in the liver. We established a novel ex vivo
culture model of pre-placental tissues of chorion and allantois, which recapitulated events
associated with early placental labyrinth layer development. Then, we investigated the
tissue-specific requirement for 7med2 using this ex vivo model. Recombinants of
Tmed2*”** and wildtype pre-placental tissues suggested that Tmed? is required in the
chorion for mixing of allantoic and chorionic cells. 7med2 mutant allantoic cells could
mix with wild type chorionic cells, but Tmed2 was found to be required in the allantois
for proliferation. Although homozygous mutation in 7med2 led to embryonic lethality,

99J/+

Tmed?2 heterozygous mice (Tmed2””") were viable and fertile. Histological and

molecular analysis using livers from Tmed2**”* mice revealed a requirement for TMED2
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in liver health. We showed that Tmed2’*” mice had decreased levels of TMED2 and
TMEDI10, dilated endoplasmic reticulum membrane, and increased phosphorylation of an
ER stress marker, elF2a, and activation of the Unfolded Protein Response (UPR).
Increased expression of sterol regulatory element binding protein (Srebp) la and 2 at the
newborn stage and increased incidence of non-alcoholic fatty liver disease (NAFLD)
were also found in Tmed2?*”* mice. Our data established Tmed2°*”* mice as a novel

mouse model for NAFLD and suggests a novel role for TMED?2 in liver health.
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Résumé

TMED?2 fait partie de la famille de protéines TMED (transmembrane emp24
domain). Celles-ci jouent un role dans le transport membranaire ainsi que dans la
sécrétion des protéines entre le réticulum endoplasmique (RE) et I’appareil de Golgi. Le
gene Tmed?2 est exprimé dans les tissus pré-placentaires de la souris, soit 1’allantoide et le
chorion. De plus, une mutation homozygote de 7med? (la lignée murine 99.J), provoque
une fusion anormale de ces deux tissus, empéchant la formation de la région du
labyrinthe du placenta. L’expression des geénes associés a la différenciation des
spongiotrophoblastes, Tpbpa, et des syncytiotrophoblastes, Gem 1, est diminuée dans les
placenta Tmed2°*”**. De plus, les embryons mutants Tmed2’*”** meurent & la mi-
gestation. Des données provenant d’hybridation in sifu montrent un patron d’expression
de Tmed? tissu et temps spécifique chez I’embryon murin. De maniére intéressante, une

forte expression de 7med?2 a été observée dans le bourgeon hépatique.

Notre hypothése est que 1) Tmed?2 joue un rdle spécifique dans le chorion, crucial
a la fusion chorio-allantoide et que 2) son inhibition partielle perturbe la fonction

hépatique.

Pour tester notre premiére hypothése, nous avons mis au point un systéme de
culture ex vivo du chorion et de I’allantoide murin, qui récapitule la formation de la
couche placentaire du labyrinthe. En utilisant des tissus pré-placentaires de la souris
mutante Tmed2°*”?*/ ou de type sauvage dans ce systéme ex vivo, nous avons pu évaluer
le réle de Tmed?2 exprimé exclusivement dans le chorion ou I’allantoide dans la formation
de la région du labyrinthe. Ainsi, nous avons déterminé que 7med?2 est requis dans le

chorion pour qu’il y ait un mélange des deux types de tissus. D’un autre cote, les cellules



a2 99J/99J

allantoides Tme pouvaient se mélanger aux cellules du chorion de type sauvage

mais une diminution de leur prolifération a été observée.

Malgré la mort au stade embryonnaire des souris Tmed2?*”?*/, les souris
hétérozygotes quant a elles sont viables et fertiles. Des analyses histologiques et

d2°*”* ont révélées une augmentation de I’incidence

moléculaires des foies de souris Tme
de NAFLD (Non-Alcoholic Fatty Liver Disease). De plus, nous avons démontré une
diminution significative de I’expression génique et protéique de TMED2 et TMEDI10,
une dilatation de la membrane du réticulum endoplasmique (RE), une augmentation de la
phosphorylation d’un marqueur de stress du RE, elF2a, I’activation du UPR (unfolded
protein response) et finalement, une augmentation des facteurs de transcription Srebp la
et 2 (Sterol regulatory element binding protein). Pris dans leur ensemble, nos travaux

mettent de I’avant un nouveau modéle murin pour étudier NAFLD et suggérent un

nouveau role de TMED?2 dans le fonctionnement hépatique.
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Chapter I: Introduction

1.1 Early secretory pathway
1.1.1 Overview and function of early secretory pathway

In eukaryotic cells, transmembrane and secretory proteins function at the plasma
membrane and extracellular space. These proteins are made inside of a cell and
transported through the secretory pathway before reaching their destined sites for proper
function. The synthesis of those proteins is initiated in the endoplasmic reticulum (ER),
where proteins undergo post-translational modification such as protein glycosylation and
folding. Properly modified proteins are sorted at the ER exit sites (ERESs) where ER-
derived transport vesicles consisting of coat protein complex (COP) II are formed
(Bannykh et al., 1996; Orci et al., 1991) (Figure 1.1). Transmembrane proteins at the
ERESs can directly interact with COP proteins and be sorted into COPII vesicles,
whereas luminal proteins are packaged into COPII vesicles via interaction with receptor
proteins, which are ER-resident transmembrane proteins. The COPII vesicles which are
associated with transmembrane proteins and receptor protein-coupled luminal proteins as
“cargos” bud off from the ERES and traffic along microtubules towards the ER-Golgi
Intermediate Compartment (ERGIC) (Sato, 2004). ERGIC functions as a quality control
site where cargo proteins are scrutinized for proper folding and modification. Properly
folded proteins are carried forward to the Golgi complex for further modifications and
sorting to their destined sites such as the endosomal/lysosomal system (ELS) or the
plasma membrane. This flow of trafficking is termed anterograde transport (Lee et al.,
2004) (Figure 1.1). Improperly folded proteins can be either sent back to ER for re-

folding through COPI vesicles-mediated retrograde transport or degraded via activation



of the ER-associated degradation (ERAD) pathway (Grootjans et al., 2016; Smith et al.,
2011). The early secretory pathway involves three main compartments: ER, ERGIC, and

Golgi complex, which work together for proper protein modification and transport.

1.1.2 COPIlI vesicles

COPII vesicles are key components of anterograde transport in the early secretory
pathway; and they are conserved in all eukaryotes (Kaiser and Schekman, 1990; Orci et
al., 1986). In vitro experiments in yeast have identified three main cytosolic components
of the COPII coat, including the small GTPase SAR1, and two hetero-dimeric protein
complexes, SEC23/24 and SEC13/31(Barlowe et al., 1994; Schekman and Rothman,
2002) (Figurel.2). COPII coating protein complexes are highly expressed at the ERESs
(Horton and Ehlers, 2003). Formation of COPII vesicles occur in a stepwise fashion: 1.
the GTPase SARI1 is recruited by an ER-resident guanine nucleotide exchange factor
(GEF), SEC12 (Barlowe and Schekman, 1993). 2. The recruited SAR1 (GDP bound) is
activated by SEC12 and changes to GTP-bound form (SAR1-GTP), then, the active
SAR1-GTP recruits the SEC23/24 protein complex through direct binding to SEC23
(Barlowe et al., 1994; Bi et al., 2002) (Figurel.2). SEC24 interacts with SEC23 in a
hetero-dimeric protein complex and serves as the major cargo-binding adaptor in COPII
vesicles. SEC24 can interact with cargo proteins or cargo receptor proteins such as
transmembrane emp24 domain (TMED)/P24 proteins during COPII vesicle formation
and trafficking (Miller et al., 2002; Mossessova et al., 2003; Mark A Stamnes et al.,
1995). 3. SEC23/24 recruits SEC13/31 hetero-dimeric protein complex through direct
interaction between SEC23 and SEC31 (Bi et al., 2007). This association between SEC23

and SEC31 promotes GTP hydrolysis of SAR1 in the COPII coat and deformation of the



ER membrane, which result in the release of COPII vesicles from the ER (Bielli et al.,
2005; Lee et al., 2005). Released COPII vesicles then transport cargo proteins to the
ERGIC for quality check and further sorting in the secretion process. COPII vesicles
containing properly folded cargo proteins reach the cis Golgi and release cargo proteins
to the Golgi apparatus through tethering and fusion machineries. COPII vesicle-mediated

trafficking is a very active process between ER and Golgi.

1.1.2.1 SECI12

SEC12 was originally identified in S. cerevisiae and is essential for the survival of
yeast (Nakano et al., 1988). Later work has shown that SEC12 is conserved from yeast to
human and functions as the GEF for SARI activation in both yeast and mammalian cells
(Barlowe and Schekman, 1993; Rossanese et al., 1999; Weissman et al., 2001). These
results suggest an evolutionary conserved role of SEC12 in the early secretory pathway.
The localization of SEC12 inside of the cell, however, varies across different species: in
the yeast strain S. cerevisiae and in human, SEC12 is dispersed throughout the ER;
whereas in another yeast strain Pichia pastoris, SEC12 is only localized to the ERES
(Rossanese et al., 1999; Weissman et al., 2001). It remains unclear whether this

difference in localization has any implications for distinct functions of SEC12.

1.1.2.2 SARI

SARI1 is a key small GTPase regulating COPII vesicle formation. When GDP-
bound SARI1 is activated and switched to GTP-bound form via interaction with SEC12,
SART1 protein undergoes conformational changes and embeds an N-terminal a-helix into
the lipid bilayer via interactions of hydrophobic residues with phospholipid groups in the

membrane (Bi et al., 2002; Huang et al., 2001; Lee et al., 2005). This insertion is crucial



for both the initial phase and the end phase of the COPII vesicle formation. In the initial
phase, the GTP-bound SAR1 interacts with both ER membrane phospholipids and SEC23
for recruiting the SEC23/24 protein complex to the synthetic liposomes (Bi et al., 2002;
Huang et al., 2001). In addition, the electrostatic interactions between the basic residues
at SEC23/24 protein complex and acidic phospholipids in the ER may provide additional
affinity to the membrane (Bi et al., 2002; Matsuoka et al., 1998). The hydrolysis of
SAR1-GTP rapidly changes cargo concentration and promotes COPII vesicle budding
from the ER membrane (Sato and Nakano, 2005; Tabata et al., 2009). In the end phase,
the insertion of the SAR1 a-helix also causes curvature on the membrane, together with
hydrolysis of SAR1-GTP, are postulated to mediate the vesicle scission step of COPII
vesicle budding (Bacia et al., 2011; Bielli et al., 2005; Lee et al., 2005; Long et al., 2010).
The release of COPII vesicles can be interrupted when GTP hydrolysis on SAR1 is

prevented (Bacia et al., 2011; Bielli et al., 2005).

1.1.2.3 SEC23/24

The heterodimeric SEC23/24 complex forms the inner layer of COPII vesicles.
Following SAR1 activation, the SEC23/24 complex is recruited by SAR1 through
interaction between an arginine residue from SEC23 and the catalytic pocket of SAR1
(Bi et al., 2002). In addition to this physical interaction, the arginine residue is also
known to enhance the SAR1 GTPase activity via stabilization of its GTP phosphate
groups (Bi et al., 2002). SEC23 is also suggested to help orientate SEC24 for optimized
cargo binding through alternate conformational changes in binding sites on SEC31 in the
outer layer coat (Bhattacharya et al., 2012). The orientation of SEC23/24 complex and its

interaction with SEC13/31 complex also changes to allow binding of cargos of different



sizes as well as shapes, and even some significantly larger-sized vesicles to enable the

transport of large cargos (Bhattacharya et al., 2012).

While SEC23 does not directly interact with cargo proteins, SEC24 functions as
the major cargo-binding protein in COPII vesicles (Miller et al., 2002). SEC24 can
directly bind to cargos or through its interactions via cargo receptor proteins such as
TMED (Transmembrane emp24 domain)/P24 proteins (Mossessova et al., 2003; Mark A
Stamnes et al., 1995). In the direct binding process, SEC24 interacts with cargo proteins
at the cargo-borne export signals and cargo-binding sites at the surface of SEC24
(Mossessova et al., 2003). On the other hand, proteins such as soluble secretory proteins
can not directly bind to SEC24, they require receptor proteins, such as linkers to SEC24
in COPII vesicles in order to be transported (Appenzeller et al., 1999; Belden and
Barlowe, 2001). For example, most TMED proteins contain a dibasic motif that allows
interaction with SEC24 in COPII vesicles and a disulfide bridge of two cysteine residues
to mediate cargo recognition (Anantharaman and Aravind, 2002; Barlowe, 2003; Belden

and Barlowe, 2001; Dominguez et al., 1998).

1.1.2.4 SEC13/31

Following the formation of the pre-budding complex, the SEC13/31 complex is
recruited by SEC23 to form the cage-like outer layer of the COPII coat (Matsuoka et al.,
2001). The architecture of the SEC13/31 complex is composed of a heterotetramer of two
SEC31 and two SEC13 proteins. To form this cage-shaped outer layer, two SEC31
proteins dimerize tail-to-tail to form a rod structure (shown in green, Figure 1.3b) with
two SEC13 proteins underneath (shown in blue, Figure 1.3b). Four rods of heterotetramer

form the vertex of the COPII cage (Figure 1.3a, b). The angle of SEC31 hinge varies



from 135-165° and the angle of the B-vertex varies from 108-120° whereas the angle for
a-vertex is fixed at 60° (Stagg et al., 2008). The angle for both SEC31 hinge and the 3-
vertex changes according to interactions with SEC23/24 complex as well as to the size of
COPII vesicles (Bhattacharya et al., 2012; Stagg et al., 2008). This flexibility of the
COPII structure adds versatility to compensate for the different size and structure of
cargo proteins during transport. For example, COPII export machinery can adapt to
transport large secretory cargos up to ~300-400 nm in size, such as procollagen fibres
while the typical size of COPII vesicles being 60-90nm (Bannykh et al., 1996; Barlowe et
al., 1994; Bonfanti et al., 1998). Mutations in the SEC23A, one of four SEC23 members,
cause developmental defects due to lack of collagen secretion (Boyadjiev et al., 2006;
Fromme et al., 2008; Gupta et al., 2016; Lang et al., 2006). Several studies in yeast also
show that assembly of SEC31 proteins is the driving force for outer layer formation, with
SEC13 providing structural rigidity as SEC13 is not required for cage formation under

certain conditions (Copic et al., 2012).

1.1.2.5 SEC16

In addition to core components of COPII vesicles such as SEC12, SARI,
SEC23/24, and SEC13/31 protein complexes, a large multidomain protein, SEC16, is
found at ERES sites. Little is known about the mechanistic role of SEC16 during COPII
vesicle formation in vivo, however, in vitro studies suggest that SEC16 regulates COPII
vesicle formation via regulating SAR1 activity (Kung et al., 2012). SEC16 also interacts
with SEC23/24 complex, as well as SEC31 protein, suggesting SEC16 may play a role in
the assembly process of the core coating proteins (Espenshade et al., 1995; Gimeno et al.,

1996; Supek et al., 2002; Whittle and Schwartz, 2010). In addition, via interactions with



other SEC core proteins, SEC16 is suggested to organize the ERES in the ER (Miller and

Barlowe, 2010).

1.1.2.6 Cargo receptor proteins

Cargo receptor proteins serve as the linker to help transport soluble luminal proteins
to COPII vesicles, since those cargos cannot interact with SEC24 directly. The two main
types of cargo receptors that facilitate this process are transmembrane receptors and
multispanning membrane receptors (Dancourt and Barlowe, 2010). Examples of
transmembrane receptors include mammalian protein ERGICS3, a lectin-like receptor
that facilitates glycoprotein transport; as well as the TMED/p24 family of proteins, which
are implicated as receptors for glycosylphosphitdylinositol-anchored proteins (GPI-APs),
WNT proteins, G-protein-coupled receptors (GPCRs), and Toll-like receptor (TLR)
proteins (Buechling et al., 2011; Castillon et al., 2011; Liao et al., 2015; Liaunardy-
Jopeace et al., 2014; Luo et al., 2011, 2007; Port et al., 2011a; Takida et al., 2008).
ERGICS53 is a single transmembrane protein with a large N-terminus and a short
cytoplasmic C-terminus (Itin et al., 1995). The C-terminus contains a diphenylalanine
motif for COPII vesicle recognition, and a dilysine signal for COPI vesicle recognition
(Itin et al., 1995; Kappeler et al., 1997). As a major cargo receptor protein, ERGIC53 is
responsible for transporting fully folded glycoproteins (Itin et al., 1996) such as the
nascent cathepsin Z and C (Christian Appenzeller-Herzog and Hauri, 2005; Dancourt and
Barlowe, 2010), coagulation factor V and VIII (Nichols et al., 1998), and soluble
glycoprotein, al-antitrypsin (Nyfeler et al., 2008). Structurally similar to ERGIC53,
members of TMED protein family are also single-transmembrane proteins, which have a

large N-terminal luminal domain, a short cytoplasmic C-terminal domain containing



binding-motifs to both COPII and COPI vesicles (Strating and Martens, 2009a). The
structure, function, localization, and expression of TMED family proteins will be further
described in Section 1.2. Besides single-transmembrane receptor proteins, some non-
canonical multispanning membrane receptors such as Erv proteins also exist. Erv proteins
are conserved in yeast and human which function in cargo sorting and transport. In yeast,
mutations in Erv proteins Erv29p, Erv14p, and Erv26p are associated with sorting defects
in export of many integral membrane cargos (Belden, 2001; Bue et al., 2006; Bue and

Barlowe, 2009; Powers and Barlowe, 2002).

1.1.3 COPI vesicles

Following uncoating of COPII vesicles and releasing of cargos at the cis- Golgi
complex, cargo receptor proteins such as ERGIC53 and TMED proteins, as well as
machinery proteins such as SNARESs can be transported back to ER via COPI vesicles in
the retrograde transport. COPI sorts TMED proteins by recognizing their diphenylalanine
motifs (FFxx) (Fiedler et al., 1996), or proteins like ERGIC 53, and OST48 (Fiedler et
al., 1996; Letourneur et al., 1994) with their dilysine-based motifs (KKxx or KXKXX).
In addition, COPI vesicles can mediate the trafficking of properly folded cargos in the
intra-Golgi traffic (Beck et al., 2009) and possibly maintain the structure of normal
mammalian Golgi complex (Duden, 2003). Similar to COPII vesicles, formation of COPI
vesicles requires a small GTPase, ARF1, a B-subcomplex (a/f’/€) and a heterotetrametric
protein complex, F-subcomplex (f/6/y/C) (Jackson, 2014). In the presence of a potential
cargo, ARF1-GDP is activated by a GEF to become ARF1-GTP, and the active GTP
bound ARF1 recruits both B and F subcomplexes to initiate polymerization (Bremser et

al., 1999; Serafini et al., 1991). Upon recruiting of all seven members of F-subcomplex



and B-subcomplex, the coatomer subunits a-COP, ’-COP, y-COP, and 6-COP recognize
the binding motif located at the cytoplasmic domain of cargo proteins and mediate cargos
to be included into the COPI vesicles (Brandizzi and Barlowe, 2013). This results in
conformational changes of the coat complex and membrane deformation, which lead to
formation of the COPI vesicles (Langer et al., 2008; Reinhard et al., 1999). The
hydrolysis of active ARF1-GTP by ARF-directed GTPase-activating proteins
(ARFGAPS) is required for coat dissociation and release of cargos to the destination

membranes (Brandizzi and Barlowe, 2013; Tanigawa et al., 1993).

1.1.3.1 ARFI

The initiation of COPI vesicle formation is via activation of the small GTPase
protein ARF1. The inactive ARF1-GDP is a membrane bound protein, once activated by
SEC7 family of GEFs (D’Souza-Schorey and Chavrier, 2006), ARF1 can recruit F-
subcomplex proteins such as B-COP and y-COP subunits (Zhao et al., 1999, 1997), or -
COP and {-COP subunits (Eugster et al., 2000) to initiate COPI vesicle formation. In
addition, inactive ARF1-GFP interact with the cytoplasmic tail of dimeric TMED10/P23
(Contreras et al., 2004; Ishikawa et al., 2013). Upon activation via GEFs, ARF1-GTP
dissociates from TMED10, suggesting a role for TMED proteins in early recruitment of

ARF1 for COPI vesicle formation.

1.1.3.2 F-subcomplex

The F-subcomplex belongs to a family of heterotetrametric adaptor protein
complexes of five members: AP1-5, which localizes to a specific cellular compartment
for its function (Kelly and Owen, 2011; Traub, 2009). For instance, AP1, AP3, and AP4

function in the Golgi membrane whereas AP2 predominantly functions in the plasma



membrane (Boehm et al., 2001; Stamnes and Rothman, 1993; Yu et al., 2012). The F-
subcomplex proteins are recruited by ARF1-GFP to form the inner layer core of COPI
vesicles, and they have been shown to interact with B-subcomplex proteins, cargos with
arginine based retrieval signals (Michelsen 2007) and the cytoplasmic tail of TMED

proteins (Fiedler et al., 1996).

1.1.3.3 B-subcomplex

The B-subcomplex forms the outer layer of COPI vesicles (Hsia and Hoelz, 2010)
and is implicated in cargo binding (Béthune et al., 2006a; Fiedler et al., 1996; Lowe and
Kreis, 1995; Schroder-Kohne et al., 1998; Tritarelli et al., 2004). B-subcomplex proteins
recognize and bind cargo proteins through their binding motifs: proteins containing
dilysine-based motif (KKxx, or KxKxx) such as OST48, ERGIC53, and glycoproteins
(Goepfert et al., 1997; Hsia and Hoelz, 2010; Lontok et al., 2004); diphenylalanine motifs
(FFxx) such as TMED proteins (Fiedler et al., 1996); and KDEL/HDEL receptors (Lewis

and Pelham, 1990; Tanigawa et al., 1993).

1.1.4 ER stress, UPR, and ERAD

The ER is the central organelle for folding and sorting newly synthesized
transmembrane and secretory proteins. When proteins are misfolded, ER retains such
proteins and prevents their release for transport. However, when cells experience stimuli
of stress such as inhibition of glycosylation, increased ER protein synthesis, impaired
ERAD, or mutations in ER resident proteins, misfolded proteins could accumulate in the
ER. As aresult, ER stress is induced. To cope with ER stress, eukaryotic cells can
activate an adapted signalling pathway named unfolded protein response (UPR). The

UPR pathway consists of three arms of action: 1. activating transcription factors to
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increase expression of proteins involved in ER protein folding and degradation (Gething
and Sambrook, 1992), 2. attenuating protein translation to reduce trafficking load
(Harding et al., 1999), 3. activating lipogenesis and ER-associated degradation (ERAD)
to relocate misfolded proteins into the cytosol via ubiquitin-proteasome mechanism
(Mori, 2000). However, if the amount of misfolded proteins is overloaded or the UPR
failed to function properly in cells, apoptosis and inflammation pathways could be
activated to terminate such cells. As such, normal function of UPR is essential to
maintain the cell homeostasis and normal function, and dysfunction of the UPR process
may lead to severe diseases such as metabolic disease, inflammatory disease and cancer

(Kadowaki and Nishitoh, 2013).

1.1.4.1 ER stress

ER stress is caused by the accumulation of misfolded proteins in the ER. Several
stimuli are known to induce ER accumulation of unfolded/misfolded proteins: 1. glucose
deprivation as it is involved in N-linked protein glycosylation, 2. disruption in calcium
balance in the ER (Ma and Hendershot, 2004), 3. impaired function of ERAD, and 4.

certain viral infections can also cause ER stress, and ultimately lead to cell death.

1.1.4.2 Three arms of the signalling pathway during UPR

In cells under normal homeostasis, resident chaperones are bound to
transmembrane ER proteins. When ER stress occurs in the cell, accumulation of
misfolded proteins causes release of the ER chaperone glucose regulated protein (GRP)
78 (Bip) to initiate the UPR (Figure 1.4). The UPR signaling pathway is composed of

three sensors: double-stranded RNA-dependent protein kinase-like eukaryotic initiation
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factor 2a kinase (PERK), inositol-requiring transmembrane kinase/endoribonuclease 1

(IRE1), and acting transcription factor 6 (ATF6).

1.1.4.2.1 PERK pathway

PERK is a serine/threonine kinase which contains a catalytic domain similar to
the eukaryotic initiation factor 2a (elF2a). PERK is activated when GRP78 dissociates at
its luminal domain. This causes oligomerization and autophosphorylation of PERK
(Bertolotti et al., 2000). Activated PERK then phosphorylates eIF2a, which leads to
attenuation of global mRNA translation to ease the protein load. In addition,
phosphorylated elF2a leads to translation of the mRNA encoding transcription factor
ATF4, which promotes transcription of many genes involved in the UPR including amino
acid metabolism, ER stress induced apoptosis, and redox hemostasis (Ameri and Harris,
2008; Bertolotti et al., 2000; Harding et al., 2003). Under prolonged or unresolved ER
stress conditions, ATF4 activates the transcription of proapoptotic factor, C/EBP
Homologous Protein (CHOP). CHOP upregulates a number of downstream proapoptotic
factors such as p53 upregulated modulator of apoptosis (PUMA) (Cazanave et al., 2010),
and GADD34. GADD34 is a regulatory subunit of protein phosphate 1 (PP1), and
activation of both dephosphorylates elF2a, to resume the normal protein translation
(Malhotra et al., 2008; Marciniak et al., 2004) (Figure 1.4). Together, PERK regulates
amino acid metabolism, redox homeostasis, and ER stress-induced apoptosis to resolve

ER stress (Ameri and Harris, 2008; Harding et al., 2003; Lange et al., 2008).

1.1.4.2.2 IRE1
The inositiol-requiring enzyme (IRE1) is a type I transmembrane protein which

contains a serine/threonie kinase domain and an endoribonuclease (RNAse) domain (Hetz
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and Glimcher, 2009). Two isoforms of IRE1 exist in vertebrates: IRE1a is ubiquitously
expressed and IRE1p is only expressed in intestinal epithelial cells (Urano et al., 2000).
Similar to PERK activation, IRE1 is also activated via dissociation of GRP78 from its
luminal domain (Figure 1.4). This process leads to oligomerization and
autophosphorylation of the kinase domain, which activates the RNAse domain via a
conformational change (Gardner and Walter, 2011; Promlek et al., 2011). Activated IRE1
induces stress-sensitive splicing of X box protein 1 (XBP 1) mRNA, a transcriptional
factor. Spliced XBP 1 then upregulates the expression of UPR target genes such as
GRP78, GRP94, ERdj4, and ERP72 that are involved in protein folding, quality control,
and ERAD (Nishitoh et al., 2002; Sriburi et al., 2007; Urano et al., 2000). Under
prolonged ER stress, activated IREI interacts with tumor necrosis factor receptor
associated factor 2 (TRAF2) to form a complex, which can activate the apoptosis signal-
regulating kinase 1(ASK1), a member of the MAPKKK family (Nishitoh et al., 2002).
Recruited ASK1 activates the INK pathway to trigger apoptosis (Nishitoh et al., 2002).

These results suggested a key role of IRE1 in apoptosis to resolve severe ER stress.

1.1.4.2.3 ATF6

ATF6 is a basic leucine zipper protein (bZIP) containing transcriptional factor.
Two paralogs of ATF6 exist in mammals: ATF6a, and ATF6p, both are ubiquitously
expressed (Haze et al., 2001). Activation of ATF6 is achieved through dissociating
GRP78 from its N-terminus. However, instead of oligomerization or
autophosphorylation, released ATF6 translocate to the Golgi to be sequentially cleaved
by site-1 (S1P) and site-2 protease (S2P) in the luminal domain and transmembrane

domain. As a result, the cleaved N-terminal cytosolic domain containing the bZIP domain
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is translocated to the nucleus to activate UPR target genes including ER chaperones,
ERAD, and XBP1. In addition, ATF6 is found to interact with Sterol regulatory element-
binding protein (SREBP) -2 to regulate the expression of SREBP-2 and its target genes
involved in cholesterol synthesis (Zeng et al., 2004). Overall, the link between the UPR
marker ATF6 and SREBP-2 indicates a potential role of ER stress in the pathology of

diseases such as metabolic disease and obesity.

1.1.4.3 ERAD

ER-associated degradation (ERAD) is a conserved mechanism adapted by
eukaryotic cells to eliminate misfolded proteins from the ER. ER chaperones recognize
misfolded proteins and relocate them to the cytosol to be degraded via the ubiquitin-
proteasome complex (Haze et al., 2001). Three distinct ERAD pathways exist and can be
classified based on the location where structural defect are found in misfolded substrate
proteins: ERAD-C (proteins with misfolded cytosolic domains), ERAD-L (proteins with
misfolded luminal domains), and ERAD-M (proteins with misfolded transmembrane
domains) (Carvalho et al., 2006; Haze et al., 2001). In yeast, the ERAD-C pathway is
mediated by the DoalOp complex, the ERAD-L pathway is mediated by the Hrd1p
complex, and the ERAD-M pathway is mediated by both DoalOp and Hrd1p complexes
(Kadowaki and Nishitoh, 2013). Both DoalOp and Hrd1p are ER resident E3 ligases with
a cytosolic RING finger domain (Kadowaki and Nishitoh, 2013). In mammalian cells, a
number of E3 ligases including HRD1, gp78, TRC8, RMA1/RNF5, and TEB4 (homolog
of yeast DoalOp) are found to function in human ERAD pathway (Smith et al., 2011),
however, the exact molecular mechanisms on how these E3 ligases function in each

ERAD pathway are unclear in human.
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1.1.5 Early secretory pathway and disease

Genes in the early secretory pathway are highly conserved across species.
Mutations in secretory pathway proteins are associated with human diseases. These
mutations occur in genes coding for COPII and COPI coat complex proteins, cargo
receptors, and UPR pathway. In this section, I will describe mutations that affect the
normal function of early secretory pathway and cause phenotypes and diseases in

mammalian systems.

1.1.5.1 Mutations in COP Il coat complex proteins

Many mutations in genes coding for COPII coat complex proteins are found to be
associated with human diseases. In mammals two paralogues for SAR1, SARIA and
SARI1B, share 89% amino acid identity and similar secondary structures (Bi et al., 2002;
Huang et al., 2001). However, mutation in SAR1B, but not in SAR1A in human, causes
chylomicrons (a large lipid particles) retention disease because SAR1B is required for
efficient packaging of chylomicrons (Jones et al., 2003). Further study has shown that
SARI1B can facilitate the formation of larger COPII vesicles with large lipid capsules

(Loftus et al., 2012).

Mammals also express two paralogues for SEC23, SEC23A and SEC23B
(Paccaud et al., 1996). Human patients with heterozygous and homozygous mutations in
SEC23A have craniolenticulosutural dysplasia (CLSD) (OMIM #607812) syndrome
(Boyadjiev et al., 2006; Foley et al., 2012). A Sec23a knockout mouse model for human
CLSD syndrome exists but the heterozygous mice do not exhibit the phenotype found in

human patients. The Sec23a homozygous mutation causes embryonic lethality and neural
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tube defects (Boyadjiev et al., 2006). However, sec23a-knockdown in zebrafish presents

phenotypic features found in human patients with CLSD (Boyadjiev et al., 2006).

Patients with homozygous or compound heterozygous mutations in SEC23B
present congenital dyserythropoietic anemia type (CDA) IT (OMIM #224100) with
inefficient erythropoiesis, lysis of red blood cells, and hypoglycosylation of red blood cell
membrane proteins (Bianchi et al., 2009). A Sec23b knockout mouse model also exists
and heterozygotes are viable, fertile with no phenotypic characteristics found in human
patients. Sec23b homozygous mice die shortly after birth with severe developmental
defects in the pancreas and other exocrine glands (Tao et al., 2012). Although the Sec23b
knockout mice do not recapitulate the anemia phenotype in human patients with CDA 11,
and given the fact that those mice die at birth, it is possible that those mutant mice die
before they develop a CDA II phenotype (Tao et al., 2012). Furthermore, molecular
analysis of Sec23b knockout mice also shows dilated ER, activation of the UPR pathway,

and increased apoptosis in the secretory tissues (Tao et al., 2012).

Human SEC24 family has four members: SEC24A, SEC24B, SEC24C, and
SEC24D (Wendeler et al., 2007). Mutations in SEC24A are not associated with human
diseases. However, mice with homozygous mutation in Sec24a have reduced plasma
cholesterol and increased LDLR level due to deficiency in PCSK9 (Chen et al., 2013).
Missense heterozygous mutation in human SEC24B causes neural tube defects, and
sec24b knockdown in zebrafish results in convergent extension defects during neural tube
development (Yang et al., 2013). Sec24b null mice have severe neural tube phenotypes

such as craniorachischisis and deficiency in convergent extension (Merte et al., 2010;
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Wansleeben et al., 2010). These observations suggest a conserved role for SEC24B in

neural tube development.

Similar to SEC24A, human deficiency in SEC24C is not found to be associated
with human diseases, however, mouse Sec24c is required for normal embryonic

development. Mouse embryos with null mutation in Sec24c die between implantation and

E8.5 (Adams et al., 2014).

Compound heterozygous mutations in SEC24D cause a disease called
Osteogenesis Imperfecta with severely disturbed ossification of the skull (OMIM#
112240 and 616294) (Garbes et al., 2015). Deficiency in sec24d in zebrafish share similar
phenotypes to human patients with severe defects in craniofacial morphogenesis due to
failure of secreting type II collagen and matrilin, components of the extracellular matrix
(ECM) (Sarmah et al., 2010). However, Sec24d homozygous mutation in mouse results in
early embryonic lethality at 8-cell stage, and Sec24d heterozygous mice are viable with
no phenotypic abnormality (Baines et al., 2013). Those results suggest an evolutionarily

conserved role of Sec24d in embryogenesis.

1.1.5.2 Mutations in COPI coat complex proteins

Mutations in COPI coat complex proteins are also associated with human
diseases. Deleterious mutations in the coatomer subunit alpha (COPA) gene were
identified through whole exome sequencing (WES) in several families (Watkin, 2015).
Patients with COPA mutations present with hereditary autoimmune-associated lung,

joint, and kidney disease (OMIM# 616414) (Watkin, 2015).
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Loss-of-function heterozygous mutation in ARCN1, which encodes the ¢ subunit
of COPI, results in a craniofacial disorder characterized by facial dysmorphisms,
rhizomelic shortening, severe micrognathia, microcephilic dwarfism, and mild
developmental delay in patients (Izumi et al., 2016). A mouse model with a missense
mutation in ARCN1 presents with the neurodegeneration defect (ataxia), and diluted coat

color but not any facial dysmorphisms seen in human patients (Xu et al., 2010).

Other studies suggest 6-COP affects the biology of amyloid precursor proteins
(APP), a hallmark of Alzheimer’s disease (AD) such as trafficking, metabolism,
subcellular localization, and cell surface expression (Bettayeb et al., 2016a). Further
investigation of whole genome study (WGS) on a cohort of 954 patients (B. Zhang et al.,
2011) with Alzheimer’s disease identified 12 single nucleotide polymorphisms (SNPs)
and 24 mutations in COPI genes to be associated with increased AD risk (Bettayeb et al.,

2016b).

1.1.5.3 Mutations in cargo receptor proteins

Mutations in cargo receptor protein, ERGICS53, cause a combined deficiency of
coagulation factors V and factor VIII (FSF8D) disease in patients (~70% of FSF8D
patients) (Nichols et al., 1998; Zhang et al., 2009). Homozygous mutation of Ergic53 in
mouse exhibits phenotypes of human patients with FV and FVIII deficiencies (B. Zhang

etal., 2011).

In addition, mutations in a ERGIC-53-like protein, LMAN2L/VIPL which is
responsible for sorting glycoproteins at ER, are found to be associated with an autosomal
recessive mental retardation-52 (MRT52) disease (OMIM#616887) (Rafiullah et al.,

2015). Mutations in TMED proteins are also implicated in diseases and phenotypes
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associated with human patients and mouse models. In sections 1.2.5 and 1.2.6, knockout

mouse models and human pathology of TMED proteins will be further described.

1.1.5.4 Mutations in genes involved in UPR pathway.

Mutations in genes involved in the UPR pathway are associated with attenuated
UPR, which results in prolonged or unresolved ER stress in the cell. These mutations are
identified in a number of phenotypes and diseases in mammals. Homozygous mutation of
CHOP or GADD34 in cells fail to activate ER-stress induced apoptosis, indicating a
crucial role of PERK pathway in cell apoptosis (Malhotra et al., 2008; Marciniak et al.,
2004; Song et al., 2008). Homozygous mutation of Chop in mouse models of type 2
diabetes promotes f cell survival and function (Song et al., 2008). Mice with
homozygous deletion in /relo are embryonic lethal due to impaired labyrinth layer
development (Iwawaki et al., 2009), whereas mice with homozygous mutation in Irelf
are viable with no obvious phenotypes except for a higher susceptibility to induced
colitis, since [relf is only expressed in the intestinal epithelium (Bertolotti et al., 2001).
Deletion in Xbp 1, downstream effector of the IRE arm, results in embryonic lethality
between embryonic days 10.5 to 14.5 due to cellular necrosis of cardiac myocytes
(Masaki et al., 1999). Mice with single knockout mutation in either A¢f6a or Atf6f are
viable, however, mice with double homozygous mutations in both A#/6a and Atf6p are
embryonic lethal before birth, the reason for which is unknown (Yamamoto et al., 2007).
Another study using a medaka fish model of double A#/6a and A6 knockout, but not
Atf6a or Atf6f single knockout, has also shown embryonic lethality as in the mouse
model, due to impaired notochord development caused by profound ER stress and lack of

ATF60/p mediated chaperones (Ishikawa et al., 2013). These results suggest the
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possibility of some redundancy yet independent roles of A¢f6a and Atf6f during early
vertebrate development. Furthermore, introduction of ER stress via injection of
tunicamycin into 4A¢f6o knockout mouse leads to steatosis and liver dysfunction
(Yamamoto et al., 2010). Molecules involved in ER stress are associated with many
human diseases including neurodegenerative diseases, metabolic diseases, inflammatory
disease, diabetic diseases, cancer, and cardiovascular disease (Tablel.1) (Kadowaki and

Nishitoh, 2013).

1.2 TMED protein family

In this section, I will further describe one transmembrane protein family of cargo
receptor proteins, TMED proteins. My PhD project focuses on understanding the function
and developmental roles of one TMED proteins, TMED2. I will discuss the classification,
structure, function, localization, developmental requirement during mouse

embryogenesis, and pathology of 7med genes in this section.

1.2.1 Overview of TMED protein family

TMED proteins are endoplasmic reticulum (ER) resident proteins that help sort
cargo proteins between ER and Golgi through interaction with COP proteins in COP
vesicles. So far, ten Tmed genes have been identified in vertebrates and they can be
grouped into four subfamilies based on the similarity in amino acid sequence: o (Tmed4,
Tmed9, Tmedll), B (Tmed2),y (Tmedl, Tmed3, Tmed5, Tmed6, Tmed7) and & (Tmed10)
(Schuiki and Volchuk, 2012; Strating and Martens, 2009b). To function properly, a
member of each subfamily is recruited to form a heterotetramer (Marzioch et al., 1999).
All TMED family members are structurally related and share an N-terminus, a luminal

region containing the Golgi-Dynamic (GOLD) domain (Anantharaman and Aravind,
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2002), a coiled-coiled domain, a transmembrane region, and a short cytosolic C-terminus
(Figure 1.5). TMEDs function as cargo receptors involved in trafficking of
glycosylphosphatidylinositol-anchored proteins (GPI-Aps), such as folate receptor alpha
(Bonnon et al., 2010), Wnt proteins, such as Drosophila Wingless (Wg) (Port et al.,
2011b), G-protein-coupled receptors (GPCRs), such as protease-activated receptor-2
(PAR-2) (Zhao et al., 2014), and toll-like receptors (TLRs), such as TLR-4 (Zhao et al.,

2014).

1.2.2 Structure and functional domains of TMED proteins

The N-terminus of TMED proteins contains the signal peptide sequence for
translocation of TMED proteins to ER (Anantharaman and Aravind, 2002). The GOLD
domain contains a putative disulfide bridge of two cysteine residues and is proposed to
mediate cargo recognition and protein-protein interactions (Anantharaman and Aravind,
2002). The coiled-coil domain was originally shown to be crucial for oligomerization
with other TMED proteins (Ciufo and Boyd, 2000), however, some recent work has
shown that the coiled-coil domain can also recognize and transport GPI-APs (Ciufo and
Boyd, 2000). The transmembrane region helps anchor proteins into the ER membrane
and recently has been shown to also interact with SM18, a single sphingomyelin to
regulate COPI vesicle transport (Contreras et al., 2012). The C-terminus contains a short
cytosolic domain with conserved signals for interactions with COPI and COPII subunits
during vesicle formation (Aniento et al., 2006). Most TMED proteins contain a dibasic
OFXXBB(X)n motif (O refers a hydrophobic residue, B is a basic residue, and X refers
to any amino acids, N>2), which allows TMED proteins bind to COPII vesicles (Aniento

et al., 2006; Barlowe, 2003; Belden and Barlowe, 2001; Contreras et al., 2004;
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Dominguez et al., 1998). In addition TMED4, TMED9, and TMED11 have a KKXX
and , TMED10 has a KK(H) motif for binding to COPI subunits (Belden and Barlowe,
2001; Béthune et al., 2006b; Dominguez et al., 1998; Fiedler et al., 1996; Ma and
Goldberg, 2013; Popoff et al., 2011). TMED proteins can function either as
heterotetramer or as heterodimer through interaction with each other through the coiled-
coil domains (Ciufo and Boyd, 2000; Liaunardy-Jopeace et al., 2014; Ma and Goldberg,
2013). Oligomerization of TMED proteins is crucial for their function as well as stability,
for instance, co-immunoprecipitation experiments have demonstrated that TMED?2
interacts with TMED10 to form a complex in Chinese hamster ovary (CHO) cells
(Gommel et al., 1999). A more recent study has shown crystal structures of TMED2 and
TMED10 and they interact with each other at GOLD domains in HEK293 cells (Figure
1.6) (Nagae et al., 2016). Furthermore, overexpression of TMED10 enhances the
interaction with TMED?2 and this interaction is also important for each other’s stability
(Gommel et al., 1999). In the absence of one TMED protein, the expression of other

TMED members is also reduced (Denzel et al., 2000; Jenne et al., 2002).

1.2.3 Localization and expression of TMED proteins

TMED proteins were first identified as cargo receptor proteins localized in the
ER, ERGIC, and Golgi apparatus for both anterograde and retrograde transport (Belden
and Barlowe, 1996; Blum et al., 1996; Dominguez et al., 1998; Emery et al., 2000;
Fiillekrug et al., 1999; Gommel et al., 1999; Nickel et al., 1997; Rojo et al., 2000, 1997;
Schimmoller et al., 1995; Sohn et al., 1996; M A Stamnes et al., 1995). In addition,

TMED?2 protein also localizes to peroxisomes (Marelli et al., 2004), and TMED10
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protein is found in secretory granules (Hosaka et al., 2007), and at plasma membrane

(Blum and Lepier, 2008; Chen et al., 2006; Langhans et al., 2008).

Most Tmed genes are ubiquitously expressed in adult mouse tissues. Except for
Tmedl 1 and Tmed6, eight out of ten Tmed transcripts are widely expressed in various
mouse tissues by real time-PCR (RT-PCR) (Strating et al., 2009b). Expression of Tmed1 ]
is restricted to lung, liver, kidney, small intestine, colon, and spleen, whereas Tmed6 is
only expressed in pancreas tissue (Strating et al., 2009b). However, during development,
some Tmed genes showed spatial or temporal differences in their expression. The
Jerome-Majewska group has shown that expression of 7med?2 in the embryo is dynamic
during gastrulation and becomes spatially restricted at embryonic day E6.5 (Jerome-
Majewska 2010). In addition, 7med? is widely expressed in the extraembryonic derived
placental tissues throughout placental development (Jerome-Majewska et al., 2010).
TMED?2 is also found to be widely expressed in human placental tissues including
syncytiotrophoblast, cytotrophoblast, and stromal cells during human placental

development (Zakariyah et al., 2011)

1.2.4 TMED protein functions

1.2.4.1 Facilitating COPII and COPI vesicle formation

TMED proteins facilitate COPII and COPI vesicle formation in early secretory
pathway. During anterograde transport, TMED proteins directly interact with SEC24 to
promote COPII vesicle formation (Miller et al., 2002; Mossessova et al., 2003; Mark A
Stamnes et al., 1995). In addition, TMED proteins are asymmetrically expressed in the
ER membrane, and are able to alter the physical properties of the ER membrane to

promote COPII vesicle budding (Copi¢ and Miller, 2012).
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During retrograde transport, TMED proteins are required for the budding of COPI
vesicles in an in vitro Golgi vesicle budding assay (Aguilera-Romero et al., 2008). In
addition, both TMED2 and TMED10 are highly expressed in COPI vesicles and can
interact with ARF1 through their cytoplasmic tails (Gommel et al., 1999; Majoul et al.,
2001; Sohn et al., 1996). TMED10 can interact with GDP-bound form of ARF1 (inactive
form) (Gommel et al., 1999), whereas TMED?2 can interact with the ARF GTPase-
activating protein 1 (GAP1) to prevent hydrolysis of ARF1 and premature vesicle
uncoating to allow cargo selection within the COPI vesicles (Goldberg, 2000; Lanoix et
al., 2001; Majoul et al., 2001). Thus, TMED proteins interact with both ARF1 and ARF1

activating GEF to regulate the COPI vesicle formation process.

1.2.4.2 Cargo receptor function

1.2.4.2.1 GPI-APs

In yeast, EMP24p (ortholog of vertebrate TMED2), Erv25p (ortholog of
vertebrate TMED10), Erplp (ortholog of vertebrate TMEDI11), and Erp2p (ortholog of
vertebrate TMED1) have been shown to bind Gaslp, a GPI-AP, and are responsible for
proper transport of Gaslp (Schimmoller 1995, Belden and Barlowe 1996, Marzioch
1999, Muniz 2000). In mammalian CHO cells, silencing TMED10 leads to delayed
transport of two GPI-APs, vesicular stomatitis virus G protein (VSVG), and decay-
accelerating factor (DAF) (Takida et al., 2008). In Hela cells, silencing either TMED?2 or
TMEDI10 blocks the trafficking of another GPI-AP, folate receptor alpha, from ER to

Golgi (Bonnon et al., 2010).

24



1.2.4.2.2 WNT proteins

WNT proteins are crucial secretory glycoproteins during embryogenesis. In
Drosophila, Eclair (ortholog of vertebrate TMED11) and Emp24 (ortholog of vertebrate
TMED?2) are required for proper secretion of the Drosophila WNT protein, Wingless
(Wg), in a genome-wide RNAI screen (Port et al., 2011a). In a different RNA1 screen,
Drosophila Opm (ortholog of vertebrate TMEDY) is found to also interact with Wg
(Buechling et al., 2011). Knockdown of TMEDS in HEK293T cells significantly reduces
normal trafficking of WNT proteins (Buechling et al., 2011). A more recent study also
shows that Drosophila P246 (ortholog of vertebrate TMED10) colocalizes and interacts
with Wg (Liao et al., 2015). The interaction of multiple TMED proteins with WNT
proteins suggests a regulatory role of TMED proteins on normal WNT protein secretion.
Mutations and abnormal expression which interfere the TMED function may impact the

Wnt pathway during early embryogenesis process.

1.2.4.2.3 G-protein-coupled receptors (GPCRs)

Both TMED2 and TMED10 have been shown to regulate the transport of
protease-activated receptor 2 (PAR-2), a GPCR protein, from Golgi to the plasma
membrane (Luo et al., 2007). In HEK293T cells, TMED?2 binds PAR-2 via interaction
between the N-terminal region of TMED?2 and the second extracellular loop of PAR-2

(Luo et al., 2007).

1.2.4.2.4 Toll-like receptors (TLRs)
TMED?7 has been shown to regulate the expression of TLR-4, a key regulator in
innate immunity and inflammation (Bryant et al., 2010; Liaunardy-Jopeace et al., 2014).

Silencing of TMED7 inhibits cell surface expression of TLR-4, whereas overexpression

25



of TMED7 enhances its expression. However, the mechanism of interaction between

TMED7 and TLR-4 remains unclear (Liaunardy-Jopeace et al., 2014).

1.2.4.3 Quality control

TMED proteins have also been suggested to function in ER quality control to
prevent misfolded proteins from exiting the ERES, and retrieve escaped misfolded
proteins back to ER via COPI vesicles. Wen et al. showed that reduction in Se/-9
(ortholog of vertebrate TMED?2) in C. elegans leads to increased secretion of a mutated
and misfolded LIN-12/NOTCH receptor protein, GLP-1, suggesting a role of TMEDs in
quality control mechanism (Wen and Greenwald, 1999). In yeast, p24/TMED protein
complex acts in the quality control of GPI-anchored proteins through recycling
incompletely remodeled GPI-anchored proteins back to ER by COPI vesicles and retains

them in the ER until complete remodeling (Castillon et al., 2011).

1.2.5 TMED proteins in mouse development

Several mouse models have suggested that TMED proteins are required in early
mouse embryogenesis. Loss of TMEDI10 leads to early embryonic lethality at E3.5
(Denzel et al., 2000), and loss of TMED2 shows embryonic lethality at E11.5 (Jerome-

Majewska et al., 2010).

1.2.5.1 Tmed10 in mouse embryonic development

Denzel et al. showed that homozygous mutation in 7med!0 results in early embryonic
loss. No Tmed10™" blastocysts are found at E3.5, indicating Tmed10 is required for very
early embryonic survival. The Tmed10"" mice appear normal with no obvious
abnormalities. However, molecular analysis shows a reduction in both mRNA and

protein levels of Tmed10 in Tmed10"" mice compared to wildtype (WT) littermate
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control (Denzel et al., 2000). In addition, reduced levels of TMED10 also lead to reduced
TMED9 and TMED?3 protein levels. The structure of the Golgi apparatus in Tmed0""
mice also appears more dilated compared to controls in both kidney and liver tissues

(Denzel et al., 2000).

1.2.5.2 Tmed?2 in mouse embryonic development

The Jerome-Majewska group described a mouse model carrying a point mutation in
the signal peptide of TMED?2 (the 99J mouse line) made through an N-Ethyl-N-
nitrosourea (ENU) mutagenesis screen (Jerome-Majewska et al., 2010). Mouse embryos
with Tmed2 homozygous mutation (herein referred to Tmed2°*”?*’) do not express
TMED?2 proteins by western blot and exhibit a variety of embryonic defects. At E8.5,
Tmed2°”**) embryos are developmentally delayed having fewer somites, an open neural
tube, short and abnormal tail bud, ball-shaped allantois, and remain unturned when

compared to wildtype littermates (Figure 1.7). At E9.5, Tmed2?*/*%

embryos have
abnormal heart looping and a truncated posterior body when compared to a wildtype E9.5
control embryo (Figure 1.7). By E10.5, Tmed2?*”**/ embryos are much smaller with a
truncated posterior and smaller tail (Figure 1.7). No Tmed2°*”**’ embryos survive beyond

E11.5 due to defects in placental development. Tmed2?*”**’

embryos do not have a
functional placenta due to impaired placental labyrinth layer development (Jerome-

Majewska et al., 2010). The phenotypes associated with Tmed2?*”**/ placenta will be

further described in section 1.3.3.

1.2.6 TMED proteins in pathology.
In human, both TMED10 and TMED?9 are found to play a role in the pathogenesis of

Alzheimer’s disease (AD) via modulating beta-amyloid (AB) production, a hallmark for

27



AD (Chen et al., 2006; Hasegawa et al., 2010; Vetrivel and Thinakaran, 2008). TMED6
and TMEDI10 proteins are highly expressed in secretory cell types such as rat pancreatic
islets and insulinoma cells (Wang et al., 2012; Zhang and Volchuk, 2010). Knockdown of
TMEDG6 or TMED10 in insulinoma cell lines prohibits proinsulin biosynthesis and
decreased insulin level in the cell, suggesting that TMED proteins play a role in insulin

biosynthesis (Wang et al., 2012; Zhang and Volchuk, 2010).

In addition, altered expression of several Tmed genes has been associated with
tumorigenic process. TMED2 is hypomethylated in the metastatic breast adenocarcinoma
cell line (Rodenhiser et al., 2008). TMED10 is highly expressed in human hepatocellular
carcinoma (HCC) cells, and knockdown of TMED10 by shRNA significantly increases
HCC cell apoptosis (Saran et al., 2015). Nonetheless, in a different study, TMEDI10 is
suggested to be a negative regulator of TGF-B-induced prooncogenic signaling in the
breast cancer cells, and gain-of-function for TMED10 leads to decreased tumor size in
xenograft cancer model (Nakano et al., 2017). Similarly, TMED3 is identified as a colon
cancer metastatic suppressor through a genome-wide in vivo screen (Duquet et al.,
2014a), whereas in another study, TMED3 was shown to promote HCC metastasis
through IL-11/STAT3 signaling (Zheng et al., 2016). The opposite effects of TMED
proteins in various cancer models suggest that TMED proteins may be involved in

different pathways and have distinct roles specific to the disease.

1.3 Mouse placental development
In this section, I will describe the developmental steps and establishment of
crucial cell lineages in order to form a mouse placenta. Tmed2’***/ embryos die due to

impaired placental development and function, I will discuss the expression pattern of
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Tmed?2 during mouse placental development, and phenotypes associated with Tmed2°%/?%

placenta. Then I will introduce two existing models of ex vivo culture of placental
explants and their application in the study of tissue-specific requirement for genes in the

placental development.

1.3.1 Overview of placenta

The placenta is essential for normal embryonic growth and development in
mammalian animals. The placenta contains two vascular systems: fetal circulation and
maternal circulation which are in close proximity. The placenta functions as the interface
for normal nutrients and gas exchange, and fetal waste disposal between two vascular
systems. The placenta produces pregnancy-associated hormones and growth factors that
can impact maternal and fetal physiology, and form a protective barrier against maternal
immune system to maintain normal pregnancy (Cross et al., 2003; Watson and Cross,
2005). The process of placental development is tightly regulated: any chemical,
environmental insult, or genetic mutations that affect normal placental development may
impair placental function, which can lead to abnormalities such as intrauterine fetal
growth retardation and death, or maternal pregnancy related complications (Rai and

Cross, 2014).

Based on the gross morphology and physiology of the maternal-fetal interface,
mammalian placenta can be classified as four types: diffused (horse, pig),
multicotyledonary (ruminants), zonary (carnivores), and discoid/bidiscoid (primates,
rodents, rabbits) (Grigsby, 2016). Though the gross architecture between the human and
the mouse placenta is different, the molecular mechanisms of placental development and

overall structure are similar (Rossant and Cross, 2001). Both human and mouse placenta
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belong to the discoid/bidiscoid group and are composed of three layers (Grigsby, 2016).
In mouse, the mature placenta is composed of the outer maternal decidual layer, the
junctional layer, and the inner labyrinth layer. The outer maternal layer includes decidual
cells derived from uterine stromal cells as well as maternal vasculatures; the middle
junctional layer helps connect fetal placenta to the uterus and contains spongiotrophoblast
and trophoblast giant cells (GCs) that are essential for keeping normal placental function;
the inner labyrinth layer is a highly vascularized layer and the main functional layer of
placenta where nutrient exchange, gas exchange and waste disposal take place (Figure
1.8) (Rai and Cross, 2014; Watson and Cross, 2005). The human placenta also has three
similar layers: the outer decidual layer, the middle basal plate layer which is analogous to
murine junctional layer, and the placental villi, which is similar to murine labyrinth layer

(Figure 1.8) (Rai and Cross, 2014).

1.3.2 Development of the placenta

1.3.2.1 Early development of human placenta

The early development of human placenta includes 5 typical stages: prelacunar,
lacunar, primary villous, secondary villous, and tertiary villous (Benirschke et al., 2012).
In the prelacunar stage, day 4.5 postcoitus (p.c.), a layer of cytotrophoblast cells is
formed from the blastocyst (Selwood and Johnson, 2006). On day 6-7 p.c., a subgroup of
cytotrophoblast cells differentiates to syncytiotrophoblast, which then invade into the
uterine epithelium to initiate implantation (Figure 1.9a) (Benirschke et al., 2012).
Implantation triggers the decidualization of maternal stroma cells to form the decidual
layer. Soon after implantation, small vacuoles (Figure 1.9b, pink) appear within the

syncytiotrophoblastic mass and continue to enlarge to form lacunae (Figure 1.9c, pink)
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(Benirschke et al., 2012). The lacunae will eventually form the intervillous space, which
is crucial for maternal blood circulation. The primary villous stage takes place on about
day 13 p.c. where branches of cytotrophoblast cells are formed through increased
cytotrophoblast cell proliferation (Figure 1.9d) (Benirschke et al., 2012). These branches
form the primary villi, which, are composed of an outer layer of syncytiotrophoblast and
an inner core of cytotrophoblast (Figure 1.9d). Two days later, mesenchymal cells
originally derived from extraembryonic mesenchyme begin to invade the primary villi to
form the secondary villi (Figure 1.9¢) (Benirschke et al., 2012). In addition to secondary
villi formation, cytotrophoblast cells located at the tip of the primary villi differentiates
into column cytotrophoblast cells, which then differentiate into extravillous trophoblast
cells in the basal layer (Figure 1.9¢, f). On day 18 p.c., mesenchymal cells from the
secondary villi differentiate into fetal capillaries to form the tertiary villi (Figure 1.9f)

(Demi et al., 1989; Dempsey, 1972).

1.3.2.2 Early development of mouse placenta

The process of mouse placental development is well studied at both cellular and
molecular levels (Rossant and Cross, 2001; Simmons and Cross, 2005; Watson and
Cross, 2005). The development of mouse placenta initiates from the trophectoderm layer
of the blastocyst at embryonic (E) day 3.5, until the fully matured placenta at E12.5. The
development of three layers initiates at different time points: similar to the human
placenta, the maternal layer is triggered by the implantation of embryos at E4.5 via
invasion into the stroma of the endometrium. Following this process, hormones like
estrogen and progesterone promote a process named decidualization in which the stromal

cells surrounding the implanted embryo proliferate, and differentiate into decidual cells to
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later form the decidual layer (Bagchi and Ph, 2011). Both the junctional and labyrinth
layers are developed from two extraembryonic origins: 1. trophectoderm which gives rise
to trophoblast giant cells, the ectoplacental cone (EPC), and extraembryonic ectoderm;
and 2. extraembryonic mesoderm which forms the allantois (Cross et al., 2002) (Figure
1.8). At implantation stage (E4.5), the mural trophectoderm cells which are distal to the
ICM become trophoblast giant cells (Rossant and Cross, 2001). The giant cells are
critical for normal pregnancy and produce factors to regulate maternal blood flow to the
implantation site, as well as factors involved in angiogenic, anti-angiogenic and
vasoactive processes (Cross et al., 2002). They separate the EPC from the maternal
decidua and express specific markers such as Prolactin-3D1 (Pr3d1) and Proliferin
(Plf).Both the EPC and the extraembryonic ectoderm are derived from the polar
trophectoderm cells which are adjacent to the ICM at E5.5 (Cross et al., 2002; Rossant
and Cross, 2001). By E7.5, the extraembryonic ectoderm gives rise to the chorionic
ectoderm that will later form the chorion, a crucial tissue required for labyrinth layer
formation. On the other hand, the EPC develops into spongiotrophoblast cell layer which
is sandwiched between the giant cell layer and the chorion (Watson and Cross, 2005).
The spongiotrophoblast cells also express a specific marker named Trophoblast-specific
protein alpha (Tpbpa). They are pluripotent cells that can differentiate into several giant
cell subtypes for structural support of the placenta (Cross et al., 2002; Simmons et al.,
2007; Watson and Cross, 2005).

The allantois is derived from a subset of extraembryonic mesoderm cells which were
originally derived from ICM. At E8.0, the allantois extends from the posterior end of the

embryo towards the chorion. At E8.5, the allantois and the chorion join together through

32



a process named chorioallantoic attachment. It is well known that the attachment of
chorion and allantois depends on expression of the cell adhesion molecule VCAMI in the
allantois and its receptor, a4-integrin in the mesothelium of the chorion (Gurtner et al.,
1995; Kwee et al., 1995; Yang et al., 1995). Following chorioallantoic attachment, the
chorion folds to form villi-like structure, and the chorionic mesothelial is displaced.
Similar to the secondary villi invasion in human placenta, murine fetal blood vessels
differentiated from the allantois migrate into the chorionic space to form the chorionic
villi (Rossant and Cross, 2001; Watson and Cross, 2005) (Figure 1.10). Branch points on
the chorion are determined by the expression of a specific transcription factor, glial cells
missing-1 (Geml), in a subset of chorionic cells (Anson-Cartwright et al., 2000). During
the branching process, Gem I expression is maintained in the tips of the chorionic villi,
which triggers chorionic trophoblast cell differentiation: Gem1 activates expression of the
cell fusion factor Syncytin B (Syn B) in a subset of chorionic trophoblast cells to induce
differentiation of Syncytiotrophoblast (SynT) layer II cells. Chorionic trophoblast cells
which are close to SynT layer II cells express a different cell fusion factor Syncytin A
(SynA) and differentiate into SynT layer I cells (Simmons et al., 2008). Both SynT layer I
and II cells work in close proximity to form the “barrier” trophoblast cells between the
maternal and fetal circulations in a way that the gas and nutrients exchange takes place
between the endothelial and SynT cells without having mixing between two vasculatures.
1.3.2.3 Chorioallantoic attachment in labyrinth layer development

The process of chorioallantoic attachment is the first step in labyrinth layer
development, and is a crucial step for normal placental function. Defects in

chorioallantoic attachment are commonly associated with midgestation embryonic
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lethality (Rossant and Cross, 2001). Many molecules are shown to be required in this
process including the bone morphogenetic proteins (BMPs), fibroblast growth factor
receptor 2 (FGFR2), adhesion molecule VCAMI, and its receptor a4-integrin (Fujiwara
et al., 2002; Gurtner et al., 1995; Kwee et al., 1995; Lechleider et al., 2001; Mahlapuu et
al., 2001; Solloway and Robertson, 1999; Xu et al., 1998; Yang et al., 1995; Ying and
Zhao, 2001). BMPs are particularly important in allantoic development: knockout of
Bmp2, 4, 5, 7 and Smadl, downstream effector of Bmp4, as well as deficiency in the
forkhead transcription factor 1 (FOXF1), an upstream regulator of Bmp4, show abnormal
allantoic development (Fujiwara et al., 2002; Lechleider et al., 2001; Mahlapuu et al.,
2001; Steingrimsson et al., 1998; Ying and Zhao, 2001). In addition, T-box transcription
factor, BRACHYURY (T), and Lim domain transcription factor, LIM1, are also required
in normal allantoic development (Galceran et al., 2001; Shawlot and Behringer, 1995).
Both FGFR2 and ERR2/ERRp, a nuclear hormone receptor, are crucial in the
extraembryonic ectoderm-derived chorion development (Luo et al., 1997; Xu et al.,
1998).

In addition to genes that are required for normal growth of the allantois and the
chorion, many genes are important for the process of chorioallantoic attachment even
when both tissues grow normally. For instance, knockout in either Vcam! or a4-integrin
results in failure of chorioallantoic attachment and impaired labyrinth layer formation
(Gurtner et al., 1995; Kwee et al., 1995). However, neither knockout shows complete
blocking of chorioallantoic attachment, suggesting that other possible molecules exist to
facilitate this process. For instance, homozygous mutation in a co-chaperone protein,

MRYJ, results in the failure of chorioallantoic attachment, although normal expression of
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VCAMI and a4-integrin is observed in Mrj null placenta (Hunter et al., 1999). Similarly,
knockout in the cargo receptor protein, 7med?2, also shows failure of chorioallantoic
attachment, albeit both VCAMI and a4-integrin are expressed in 7med?2 null placenta
(Jerome-Majewska et al., 2010). In addition, Wnt signaling pathway has been shown to
be required in the placental development. Knockout of Wnt7b (Parr et al., 2001), and 7Tcf1
(Galceran et al., 1999), a transcription factor downstream of Wnt, show failed
chorioallantoic attachment, knockout in Wnt2, and Fzd5 (a Wnt receptor) show defects in
subsequent branching morphogenesis in the chorionic villi (Lu et al., 2013; Monkley et
al., 1996). Knockout of Gem1 completely blocks branching initiation in the chorion and
the placenta fails to form the labyrinth layer (Anson-Cartwright et al., 2000); and
knockout in both SynA and SynB leads to unfused SynT I and SynT II cells, which
results in abnormal labyrinth layer formation (Anson-Cartwright et al., 2000; Dupressoir

etal., 2011, 2009).

1.3.3 Role of Tmed? in labyrinth layer development

In section 1.2.5, I described phenotypes associated with the Tmed2?*"%%/

embryos. All
Tmed2*”**’ embryos die due to impaired placental development. The allantois from
Tmed2*”**’ embryos is malformed with a bullous shape (Figure 1.7D), and only 50% of
Tmed2*”**’ embryos undergo chorioallantoic attachment. Those Tmed2 null embryos
with abnormal chorioallantoic attachment show abnormal and limited contact between
allantois and chorion when compared to the wildtype controls (Figure 1.11), and all

Tmed2?*”**) embryos fail to form a labyrinth layer subsequently (Figure 1.11). These

results indicate that 7med? is required for proper labyrinth layer development.
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In situ hybridization analysis on transcripts of the parietal GC marker, Pr3d1, the
spongiotrophoblast cell marker, 7pbpa, and the SynT layer Il marker, Gem 1, shows

expression of all three markers in both wildtype and Tmed2?*”*%

placenta (Jerome-
Majewska et al., 2010). However, the expression of both Gem 1 and Tpbpa is abnormal

and mis-localized in the Tmed2**”**/ placenta, albeit the parietal GC marker, Pr3d1,

appears normal (Figure 1.12) (Jerome-Majewska et al., 2010).

1.3.3.1 Expression of Tmed?2 in mouse labyrinth layer

Jerome-Majewska group has shown the mRNA expression of 7Tmed?2 during labyrinth
layer development. At E8.5, Tmed? is expressed in both the chorion and the allantois
(Figure 1.13). Following chorioallantoic attachment, 7med?2 is predominantly expressed
in the labyrinth layer, spongiotrophoblast, and giant cells. By E10.5, Tmed? is highly
expressed in the labyrinth layer and spongiotrophoblast cells, but its expression in giant

cells is further reduced (Figure 1.13) (Jerome-Majewska et al., 2010).
1.3.3.2 Ex vivo culturing models to study chorioallantoic attachment

1.3.3.2.1 Whole-embryo culture

There are a number of ex vivo culturing models existing to study the process of
chorioallantoic attachment. One particular example is the whole-embryo culturing
technique, which has been greatly improved and widely used in the last two decades. This
technology enables the study of the early organogenesis in vitro, and allows direct
manipulation on the embryos (Tam, 1998). Combining with the micro-manipulation of
certain tissues, whole-embryo culture have provided new information on lineage
differentiation, tissue interaction and morphogenetic mechanisms during development

(Tam, 1998). The whole-embryo culturing technique is also commonly used in the
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placental studies (Downs, 2006; Downs and Gardner, 1995). Downs et al. have
demonstrated that a donor allantois can be transplanted into mouse conceptuses in which
their allantoides have been removed, and chorioallantoic attachment can take place when
the allantois is stage-matched with the recipient chorion under whole-embryo culturing
(Downs and Gardner, 1995). Furthermore, Downs et al. have shown that engrafting the
wildtype allantoic core domain that is required for normal elongation of the allantois into
the host with homozygous mutation in Brachyury (T%/T°), a transgenic mouse line with
defects of shortened allantois, can rescue the defect and restore allantoic elongation

(Downs and Enders, 2009).

1.3.3.2.2 Ex vivo culture of pre-placental tissues

Stecca et al. (2002) showed another ex vivo model and successfully demonstrated
the physical attachment of explants of chorion and allantois using pre-chorioallantoic
attachment tissues under common tissue culture conditions (10% fetal bovine serum
supplemented RPMI1640 culture medium). These explants of chorion with allantois
faithfully recapitulate the expression pattern of Gem1 in vivo. Expression of Gem! is
quickly attenuated when pre-attachment chorions, dissected out of decidual tissues, are
cultured without allantoides; similar to what has been found in vivo in embryos with
abnormal chorioallantoic attachment (Hunter et al., 1999). This data suggests that the
physical attachment of allantois is required to maintain the expression of Gem! in the
chorion.

In a third ex vivo model by Proctor et al. (2009) post-chorioallantoic attachment
placenta are cultured using whole embryo culture conditions (50% rat serum

supplemented DMEM). Upon culture, these explants demonstrate a decrease in
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expression of genes associated with labyrinth layer formation, such as Gem I and SynA,
and an increase in expression of the junctional zone marker 7Tpbpa (Proctor et al., 2009).
In addition, columnar epithelial cells of the chorion undergo apoptosis, and the distinct
arc-like shape of the chorion is compromised in these post-attachment explants. Thus,
culturing post-attachment placenta explants under whole-embryo culturing conditions is
not sufficient to recapitulate events associated with labyrinth layer development.

1.4 Non-alcoholic liver disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is a common liver condition that affects
25-30% of the general population (Bellentani, 2017). In this section, I will briefly
introduce the phenotypic changes associated with NAFLD, causes and current treatment
of NAFLD, ER stress and its role in NAFLD, and progression of NAFLD to more severe
diseases such as non-alcoholic steatohepatitis (NASH), cirrhosis, and cancer. The
Tmed2**”* adult mice develop phenotypes associated with NAFLD and may serve as a

mouse model of human NAFLD, which will be further elaborated in chapter I'V.

1.4.1 Overview of NAFLD
The human liver is located to the upper right of the abdominal cavity and consists of

two main lobes. It is the largest vital organ in the body, and has a wide range of functions
including bile synthesis, protein metabolism, glucose storage and metabolism, blood
filtration and detoxification, as well as production of cholesterol and proteins involved in
fat metabolism. Several liver diseases that impair normal liver function and mortality are
commonly found in human: hepatitis, cirrhosis, ascites, gallstones, hemochromatosis and
hepatocellular carcinoma (HCC). Liver cancer is the third leading cause of cancer deaths

worldwide, with over 500,000 patients affected (Cicalese, L. 2017). HCC is the most
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common primary liver cancer and approximately 70%-90% of HCC patients have chronic
liver disease and cirrhosis, which can be developed from chronic infection by hepatitis B
and C viruses, alcoholic fatty liver disease (AFLD), NAFLD, or NASH (EI-Serag and
Rudolph, 2007; Wong et al., 2009).

NAFLD is a spectrum of liver pathology characterized by excessive accumulation of
fatty acids and triglycerides within the cytoplasm of the hepatocytes (Cuadrado et al.,
2005). In addition to increased fat deposition in the liver, histological diagnosis of early
NAFLD shows evidence of hepatocyte injury, manifested as ballooned hepatocytes, and
infiltration of inflammatory cells, such as neutrophils (Day and Saksena, 2002). NAFLD
is the most common cause of chronic liver disease (40-70%) as a consequence of
increasing cases of obesity, diabetes, hyperdyslipemia, and insulin resistance, the main
aspects of the metabolic syndrome (Cusi, 2012; de Lédinghen et al., 2004; Madan et al.,
2004; Skelly et al., 2001; Torezan-Filho et al., 2004). NAFLD does not usually have any
serious implications in patients, however, it can progress to non-alcoholic steatohepatitis
(NASH), which is a more severe liver injury and is a caused by a combination of
steatosis, inflammation, and ‘ballooning’ characterized by degeneration of cytoplasm
within hepatocytes (Day and Saksena, 2002). To date, no non-invasive tests exist that can
distinguish NAFLD from NASH have been developed. Therefore, it is difficult to know
the exact incidence and prevalence of this disorder. A subset of patients with NASH
eventually develops fibrosis/cirrhosis and are at a higher risk for developing HCC (Figure

1.14).
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1.4.2 Causes and treatment of NAFLD in patients

The presence of NAFLD is highly related to risk factors for insulin resistance and
metabolic syndromes such as central or visceral obesity, Type 2 diabetes,
hypertriglyceridaemia, low high-density lipoprotein-cholesterol (Bellentani, 2017,

Hiibscher, 2006). The etiology of NAFLD is not fully clear but a ‘two-hit’ model has

been suggested (Adams et al., 2005; ANDREA E. REID, 2001; Cortez-Pinto et al., 2006;

Day and James, 1998; Diehl, 2004; Ramesh and Sanyal, 2005). Increased deposition of
fat in hepatocytes is thought as the first “hit”. Factors affecting increased free fatty acid
absorption, and impaired fatty acid metabolism in the hepatocytes are the main
components for accumulation of fat in liver. Cellular stresses such as oxidative stress,
activated inflammatory cascades, and gut-derived endotoxins are suggested to act as the
second “hit” to induce inflammation and fibrosis (Hiibscher, 2006; Leamy et al., 2013;
Takaki et al., 2013; Tolman and Dalpiaz, 2007) (Figure 1.15). Experiments of
immunohistochemistry (IHC) have shown increased staining of lipid oxidation products
in the liver to be associated with fat increase and a further increase of the oxidation
products is associated with more severe phenotype of NASH (Le et al., 2004; Sanyal et
al., 2001). In addition, immune responses to lipid peroxidation products can also
contribute to disease progression (Albano et al., 2005). For instance, an increase in
proinflammatory cytokine, tumour necrosis factor (TNF)-a, and decrease in anti-
inflammatory cytokine, adiponectin, are associated with biopsy of NAFLD and NASH
patients (Bugianesi, 2005; Diehl et al., 2005; Eckel et al., 2005; Kaser et al., 2005).
Endotoxins generated by gut microbiota can also reach the liver via the portal vein and

induce inflammation (Amar et al., 2008; Cani et al., 2007).
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More evidence suggests the “two-hit” model cannot explain the complexity of the
NAFLD and a “multiple hit” hypothesis has been proposed (Figure 1.16). Patients with
polymorphisms in Patatin-like phospholipase 3 (PNPLA3), a triacylglycerol lipase which
facilitate triacylglycerol hydrolysis in adipocytes, are found to have higher risks of
developing NASH (Jenkins et al., 2004; Tian et al., 2010). In addition, ER stress has been
shown to be involved in many aspects of NAFLD including lipid accumulation,
adipogenesis, inflammation, and insulin resistance (Ozcan et al., 2009; Sha and Qi,
2009). This data suggests that ER stress may be the link between steatosis, insulin
resistance and inflammation (Tilg and Moschen, 2010). The detailed role of ER stress in

NAFLD will be further discussed in the following section 1.4.3.

The treatment of NAFLD involves weight loss and pharmacologic therapy towards
insulin resistance, dyslipidemia (Tolman and Dalpiaz, 2007). Lifestyle interventions
including dietary modification and physical activities show improvement in obese
patients with insulin resistance and fatty liver (Goopaster et al., 2010). Pharmacological
therapies against insulin resistance have also been shown to be effective in treating
NAFLD and NASH patients. Two peroxisome proliferator-activated receptor alpha
(PPAR ) agonist drugs, metformin and pioglitazone, have clinically improved NASH
(Takaki et al., 2013). Other studies have shown that antioxidants such as vitamin E, with
thiazolidinediones and 1-aminobenzotriazole, two insulin sensitizers, can improve
patients with NAFLD or NASH (Bugianesi et al., 2005; Musso et al., 2010; Nan et al.,
2009; Arun J. Sanyal et al., 2010). In addition, a methylaxanthine derivative drug,
pentoxyphylline, also has anti-oxidative effects and is shown to improve NASH in

clinical (Daniell, 2012; Trial et al., 2012).
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1.4.3 ER stress and NAFLD

Hepatocytes are ER-rich cells that synthesize a number of proteins including
lipoprotein, very-low-density lipoprotein (VLDL), and cholesterol. As a result, factors
such as ER stress and UPR have been shown to be involved in pathological changes in
NAFLD. UPR has been shown to directly upregulate the transcription of genes encoding
enzymes and lipogenic factors to enhance de novo lipogenesis and lipid formation (Lee et
al., 2012). First, the PERK-elF2a-ATF4 pathway regulates lipogenesis and hepatic
steatosis. Deletion in PERK inhibits expression of lipogenic enzymes, such as fatty acid
synthase (FAS) in mouse embryonic fibroblast cells (Ashraf and Sheikh, 2015). A recent
study shows that activation of PERK-pathway signalling in hepatocytes enhances the
expression of sterol regulatory element-binding protein (SREBP)1c and 2, which are key
transcription factors in regulating de novo lipogenesis including fatty acid, triglyceride,
and cholesterol metabolism (Amemiya-Kudo et al., 2002; Brown and Goldstein, 1997;
Lauressergues et al., 2012). In addition, attenuation of elf2a phosphorylation leads to a
decrease in adipogenic nuclear receptor peroxisome proliferator-activated receptor
gamma (PPAR v) as well as its upstream transcription factors CCAAT/enhancer-binding
protein a and B (C/EBPa, C/EBPp) (Oyadomari et al., 2009). Mice with null mutation in
Atf4, the downstream effector of PERK pathway, are protective of diet-induced obesity,
hypertriglyceridemia as well as steatosis, and expression of PPAR y, SREBPIc, FAS, and
acetyl CoA is decreased in adipose tissues and liver (Li et al., 2011; Seo et al., 2009;
Wang et al., 2010; Xiao et al., 2013). In addition, the proapoptotic protein C/EBP
homologous protein (CHOP), JNK and other ER stress response genes have been found

to be activated in mouse models of steatohepatitis (Ji and Kaplowitz, 2004; Rahman et
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al., 2007; Schattenberg et al., 2006; Yang et al., 2007) and alcohol fed CHOP”~ mice have
complete absence of hepatocellular apoptosis in response of alcohol stress. These results
suggest that activation of PERK-elF2a-ATF4 pathway is involved in steatosis via

enhancing de novo lipogenesis.

The IRE1a-Xbpl pathway has been shown to be required for regulating hepatic
lipid metabolism. Deletion of /RE /o in mouse hepatocytes leads to severe steatosis
phenotype under ER stress conditions (K. Zhang et al., 2011). In addition, IREla is
required in the synthesis of apolipoprotein B (ApoB), which are key proteins involved in
VLDL synthesis and secretion. A liver-specific knockout of Xbp/ in mouse results in
hypocholesterolemia, hypotriglyceridemia, and reduced production of lipids in the liver

(Lee et al., 2008).

The ATF6 arm of the UPR pathway also plays a role in ER stress-induced lipid
accumulation. The nuclear ATF6 interacts with nNSREBP2 and thereby antagonize the
transcription of downstream lipogenic genes and lipid accumulation by SREBP2 (Zeng et
al., 2004). In Atf60 knockout mice with tunicamycin induced ER stress, an increase of
accumulation in neutral lipids (triacylglycerol and cholesterol) in the liver as a result of
reduced fatty acid B-oxidation and attenuated VLDL is observed. These mice exhibit
steatosis with increased lipid droplets in the hepatocytes and die three days after injection
due to unresolved ER stress (Yamamoto et al., 2010). When fed with high fat diet, A#f6a
knockout mice exhibit tendency for a higher degree of insulin intolerance, steatosis with
increased SREBPIc in the liver, indicating a preventive role of ATF6 in steatosis (Usui et

al., 2012).
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Puri et al. have demonstrated that activation of several UPR genes including the
PERK pathway marker, elF2a, is found in patients with NAFLD and NASH (Puri et al.,
2008). Patients with NASH are associated with failure of making spliced XBP 1 protein
and activation of JNK, effectors of IRE1 pathway (Puri et al., 2008). Taken together, all
three UPR sensors, PERK, IRE1a, and ATF6a, are involved in lipid regulation in the

liver. Disruption in any arms may result in ER stress induced steatosis.

1.4.4 From NAFLD to NASH and clinical scoring systems

An estimated 50% of NAFLD patients will progress to NASH, and small amount of
NASH patients can develop cirrhosis and in some cases, HCC (Figure 1.14). The
effective approach to establish a diagnosis of NASH and distinguishing it from NAFLD
is the liver biopsy. A number of histologic scoring systems have been developed for
diagnosing NAFLD and NASH including two studies by Kleiner et al. 2005, and Mendler
et al. 2005. The scoring system suggested by the pathology committee of the NASH
clinical research network from Kleiner’s study uses the unweighted sum of Steatosis (0-
3), lobular inflammation (0-3), and hepatocellular ballooning (0-2) scores. A score of > 5
is defined as NASH (Kleiner et al., 2005). The Mendler’s scoring system uses the sum of
lobular inflammation and necrosis (0-3), Mallory bodies (0-3), hepatocyte ballooning (0-
3), presinusoidal fibrosis (0-3), together with independent score of portal fibrosis (PF) (0-
6) for diagnosis. The severity of NAFLD is characterized as: Grade 1 (PF <2 and Sum
<4), Grade 2 (PF =3 or Sum =5-7), and Grade 3 (PF =4-6 or Sum =8-12) (Mendler et al.,
2005). However, neither of these studies can distinguish alcoholic from non-alcoholic

fatty liver diseases on histologic basis (Tolman and Dalpiaz, 2007).
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1.4.4 Progression to cirrhosis, and HCC

Development of cirrhosis requires long periods of chronic liver disease. The main
causes of cirrhosis are alcohol (60-70%), chronic hepatitis B or C virus (10%), biliary
obstruction (5%-10%), and NAFLD (10%) (Heidelbaugh and Bruderly, 2006). Cirrhosis
can be characterized by a decrease in hepatocyte proliferation which is associated with an
increase in fibrotic tissue and a destruction of liver cells (Caillot et al., 2009; Delhaye et
al., 1996; Sanyal et al., 2010). To date, a number of possible mechanisms underlining the
development of HCC in patients with cirrhosis have been shown, such as telomere
shortening, and cellular proliferation (El-Serag and Rudolph, 2007). In cirrhotic liver,
telomere lengths are significantly shorter than the non-cirrhotic liver, and this shortening
also links to a decrease in hepatocyte proliferation and fibrotic process (Ande et al.,
2002). In addition, cirrhosis also activates stellate cells, which lead to increased
production of cytokines, growth factors, products of oxidative stress (Bataller and
Brenner, 2005), and later affect the hepatocyte proliferation (El-Serag and Rudolph,
2007). The decrease in hepatocyte proliferation can enhance cancer formation in cirrhotic

liver, which was demonstrated in a rat study (Van Gijssel et al., 1997).

The current treatment for HCC includes liver transplantation, surgical resection, local
ablative therapies, radiation therapy, and targeted systemic chemotherapy, such as
Sorafenib, which can inhibit multiple kinases involved in tumor progression (Raza and
Sood, 2014). Liver transplantation is the best treatment option for patients who had
cirrhosis, with a 5-year overall survival rate of 75% with a low risk of recurrence
(patients with one lesion <5cm, or 3 lesions<3 cm) (Mazzaferro, 2011, 2007; Mazzaferro

et al., 1996). Surgical resection is another option for patients with single nodules, and no
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cirrhosis (Raza and Sood, 2014). Patients who had surgical resection have an overall 70%
five-year survival but with a high risk of recurrence. Local ablative therapies with
Percutaneous Radiofrequency Ablation (RFA) are considered to be more effective than

surgical resections for patients with early stage tumours.

1.5 Objectives of study

TMED?2 mainly functions as a cargo receptor protein in early secretory pathway
(Bonnon et al., 2010; Luo et al., 2007; Port et al., 2011b). Several studies have shown
that disruption in TMED?2 can lead to abnormal trafficking of proteins and ER stress
(Bonnon et al., 2010; Luo et al., 2007; Port et al., 2011b). Tmed2 homozygous mutation
in mice leads to early embryonic death at mid-gestation and abnormal placental
development (Jerome-Majewska et al., 2010). In addition, ER stress plays a key role in
pathology of NAFLD and liver health in human (Amemiya-Kudo et al., 2002; Ashraf and
Sheikh, 2015; Brown and Goldstein, 1997; Lauressergues et al., 2012; Puri et al., 2008;
Usui et al., 2012; Yamamoto et al., 2010). Therefore, I hypothesize that TMED?2 is
required in the chorion for normal chorioallantoic attachment and subsequent placental
labyrinth layer development and change in TMED?2 levels in the liver leads to disrupted

ER homeostasis and NAFLD in mouse liver.

To address this hypothesis, I have three objectives presented in chapter II, I1I, and
IV. The first objective was to develop a novel ex vivo model of pre-placental explants that
allows me to study placental labyrinth formation. The work associated with this objective
is presented in chapter II. The second objective was to use this ex vivo model to study the
tissue-specific requirement of 7med?2 during the labyrinth layer development. Chapter I11

covers this part of my work. The third objective was to characterize and analyze
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phenotypes of ER stress and NAFLD in livers of TMED?2 heterozygous mice presented in

chapter IV.
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1.6 Figures

Figure 1.1 Schematic of protein secretory pathway in Eukaryotic cells.

Newly synthesized transmembrane and secretory proteins receive post-translational
modification at the ER. Properly folded and modified proteins gather at ER exit sites
(ERES) and are packaged into COPII-coated transport vesicles. After budding, those
COPII vesicles can fuse to form the ER-Golgi intermediate compartment (ERGIC), and
move to the Golgi along microtubules in the anterograde transport. ER-resident proteins
including chaperones and cargo-receptor proteins and some misfolded proteins can be
packaged into COPI vesicles to transport back to ER via retrograde transport.
Transmembrane and secretory proteins transported to the Golgi are further sorted to their
destinations including endosomal/lysosomal system (ELS) or the plasma membrane. This

figure was modified from Strating and Martens, 2009.
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Figure 1.2 The COPII coat complex formation.

The COPII coat complex is composed of five components: the GTPase, SAR1, inner coat
complex of SEC23/24, and outer coat complex of SEC13/SEC31. The initial step of
COPII vesicle formation starts with the activation of SAR1 via an ER resident GEF,
SECI12. The activated SAR1 (GTP-bound) recruits the heterodimeric protein complexes,
SEC23/24 and SEC13/31. The SEC13/31 protein complex imposes curvature of the
membrane to allow vesicle budding. This figure was modified from Brandizzi and

Barlowe, 2013.
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Figure 1.3 The structure of the COPII cage.
The COPII coating complex is composed of the SEC23/24 and SEC13/31 subcomplexes

with flexible architecture. A. Structural model of the SEC13/31 outer cage, o and 3
represent vertex angles in between different SEC13/31 subcomplexes. B. Schematic
represents the various vertex points of the SEC13/31 subcomplex. Variations in the a, 3
vertex and SEC31 hinge angles are associated with different COPII vesicle architecture.

This figure was modified from Brandizzi and Barlowe, 2013.
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Figure 1.4 Schematic of activation of Unfolded Protein Response (UPR) pathway.

Accumulation of misfolded proteins can activate three ER stress sensors including PERK,
IRE1, and ATF6 through interaction with released BIP. PERK phosphorylate elF2a to
activate downstream ATF4, which is a transcription factor to block general protein
synthesis and activation of transcriptions of genes involved in the ER quality control.
Activation of IRE1 induces splicing of Xbp 1, the spliced form of XBP1 is a transcription
factor to induce transcription of ER-resident chaperones, ERAD, and lipogenesis
proteins. Activation of ATF6 requires cleavage with S1P and S2P in the Golgi. The
cleaved, active ATF6 is a transcription factor to induce ER chaperones, and XBP1

proteins. This figure was modified from Kadowaki and Nishitoh, 2013.
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Figure 1.5 Function domains of TMED/P24 proteins.

All TMED proteins contain a large luminal region including a signal sequence at the N-
terminus to translocate the protein into the ER, a GOLD domain functioning in
interactions with cargo proteins and other TMED protein members (in yellow), a coiled-
coil domain which is responsible for interactions between different TMED proteins as
well as GPI-APs (in dark green), and a linker region (in white); a single transmembrane
domain for anchoring protein in the ER membrane (in red); and a short cytoplasmic

domain at C terminus for interaction with COP coating complex proteins (in light green).
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Figure 1.6 Crystal structure of TMED2 and TMED10 GOLD domains.
Overall structure of GOLD domains of TMED?2 (left) and TMED10 (right). Protein and

disulfide bond are shown in ribbon and stick for both proteins. The four B-sheets are

labeled with letter and number code. Figure was modified from Nagae et al., 2016.
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Figure 1.7 Phenotypes associated with Tmed2 homozygous mutant embryos.

A. Representative image of a wildtype normally-developed E8.5 embryo with normal
sonic hedgehog (Shh) mRNA expression in the node and midline. B. An E8.5 Tmed?2
homozygous mutant embryo resembles an egg cylinder with no somites, and expression
of Shh in the head process. C. Representative images of the E9.5 wildtype embryo (on the
left) that is turned and has over 20 somites, and the E9.5 Tmed2 homozygous mutant
littermate (on the right) who is unturned with an unlooped heart tube (arrow), smaller tail
bud, and less somites. D. Representative images of the E10.5 Tmed2 homozygous mutant
embryo (on the right) who is now turned but remains developmentally delayed with a
smaller sized torso and unattached allantois when compared to the wildtype littermate on
the left. E. The posterior region of an E10.5 wildtype embryo (up) compared to a
shortened posterior region of a E10.5 Tmed2 homozygous mutant embryo at the bottom.
H=heart, s=somite, al=allantois, tb=tail bud, fb=forebrain, ot= otic vesicle, fl=forelimb
bud, hl=hindlimb bud, Scale bar=50 um. This figure was modified from Jerome-

Majewska et al., 2010.
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Figure 1.8 Developmental origins of structures and cell types in mouse placenta.

The presence of different cell lineages at various developmental stages. The right-side of
the image shows the location of these cell types in different placental layers. This figure

was modified from Cross et al., 2002.
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Figure 1.9 Diagram of 5 stages of early human placental development
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Figure 1.10 Scheme of the labyrinth layer development.

The allantois projects from the posterior end of the embryo towards the chorion at ES.0.
At E8.5, the chorion and the allantois attach via a process called chorioallantoic
attachment. This process is mediated by interaction between an adhesion molecule named
VCAMI and its receptor o4-integrin. Chorioallantoic attachment initiates the
invagination of fetal blood vessels from the allantois into the chorion. In addition, the thin
elongated cells of the mesothelium become morphologically dismissed and
indistinguishable from the allantoic cells at E9.0 (Figure is adapted from D.P. Sarikaya,

2009, MSc thesis).
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Figure 1.11 Abnormal labyrinth layer development in 7med2 homozygous mutant
(Tmed2°%%’) placenta.

A. A normal E9.5 placenta with a fan shaped allantois (al) fusing with the chorion (ch).
B. A representative image of a Tmed2?*”**/ (99]) placenta with limited interaction
between chorion and allantois. C. E. A normal E10.5 placenta showing distinguishable
giant cells (gc), spongiotrophoblast (sp), and labyrinth (la) with maternal blood sinusoids
(ms) in close proximity with fetal blood vessels (fv). D.F. A Tmed2?*”**’ E10.5 placenta
with no distinct spongiotrophoblast or labyrinth layer, but visible giant cells (arrow).
Maternal blood sinusoids (ms) remained to be associated with chorion, and fetal blood
vessels remained within the allantois. Scale bars =100um (A, B),50um (C, D), and 20pm

(E, F). This figure was modified from Jerome-Majewska et al., 2010.
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Figure 1.12 Abnormal expression of placental markers Tpbpa, and Gem1 in
Tmed2%*%% placenta.

Representative images showing the expression of the syncytiotrophoblast cell marker,
Geml, in the E8.5 A. wildtype; B. Tmed2°*”?*/ chorionic trophoblast cells.
Representative images showing C. expanded expression of Gem ! in the wildtype
placenta; D. reduced expression of Geml1 in the Tmed2?*”**/ placenta at E9.5. Parietal

giant cell marker pl-1 is expressed in E9.5 E. wildtype, and F. Tmed2?*"*%’

placenta.
Expression of the spongiotrophoblast cell marker, Tpbpa, is located in the G. wildtype
E9.5 placenta below the labyrinth layer; H. however, is resided immediately above the
chorionic plate in the Tmed2°*”**’ placenta at E9.5 (Arrows indicate the presence of the
allantois). Dec=decidua, N=normal, 99J= Tmed2°*/** 1a=labyrinth, fv=fetal vessels,

ch=chorion, al=allantois. Scale bars =100um. This figure was modified from Jerome-

Majewska et al., 2010.
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Figure 1.13 Tmed2 mRNA expression in the developing labyrinth layer from a
wildtype embryo.

A. Tmed? is expressed in the chorion (ch) and giant cells (gc) after wholemount in situ
hybridization (ISH) at E8.5. B. Expression of Tmed? is localized to the giant cells (gc),
spongiotrophoblast (sp), and the labyrinth layer (lab), but not in the allantois (al) at E9.5
after section ISH. C.D. Tmed? is highly expressed in the spongiotrophoblast (sp), the
labyrinth layer (lab), and weakly expressed in the giant cells (gc) or decidua (dc) at E10.5
after section ISH. Fv=fetal vessels, ms=maternal sinusoids, scale bar=20um. This figure

was modified from Jerome-Majewska et al., 2010.
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Figure 1.14 Progression of hepatocellular carcinoma (HCC) from a normal liver.

The majority of people who develop non-alcoholic fatty liver phenotype exhibit fat
change. This is a reversible process to a normal liver. A subset of people can progress to
a more severe liver condition named steatohepatitis/ fibrosis. This process is less
reversible. A even smaller proportion of the patients may develop to Cirrhosis and
eventually HCC, this process is irreversible. This figure was modified from Hiibscher,

2006.
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Figure 1.15 Two-hit model for pathological development of HCC.

The first hit, which is the development of steatosis due to alcoholic or non-alcoholic
stimuli. Oxidative stress is believed to be the second hit in patients with steatosis, which
will result in steatohepatitis, and some patients can eventually develop into more severe
liver diseases including cirrhosis, carcinoma or portal hypertension, and eventually death.

This figure was modified from Tolman and Dalpiaz, 2007.
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Figure 1.16 Multiple hits model for pathological development of HCC.

The first hit refers to the development of steatosis due to increased deposition of fat in
hepatocytes. Patients with steatosis can have multiple hits including cellular stresses such
as oxidative stress, apoptosis, gut-derived lipopolysaccharide, and inflammation,
PNPLA3 polymorphism, as well as increased ER stress to progress to steatohepatitis.
Some patients eventually develop into more severe liver diseases including cirrhosis,
carcinoma or portal hypertension, and eventually death. This figure was modified from

Tolman and Dalpiaz, 2007.
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Table 1.1 ER stress related molecules in human diseases.

This table was modified from Kadowaki and Nishitoh, 2013.

Diseases Key factors

Neurodegenerative disease

Amyloid B (Ap),
. B IRE1,
Alzheimer’s disease XBP1, PERK, elF2a.
CHOP
PolyQ discases Polyglutamine

(polyQ), p97, IRE1,

TRAF2, ASK1, INK

Amyotrophic lateral SOD1, Derlin-1,

sclerosis ASK1
XBP1

Metabolic disease

Hypertriglyceridemia CREBH

Inflammatory disease
Inflammatory bowel

: IRE1B, XBP1
dls.ease X

Diabetes mellitus

Type 1 diabetes CHOP, NO

Type 2 diabetes PERK, elF2a,ATF6

CHOP
XBP1
IREla
Wolcott-Rallison PERK
syndrome
Wolfram syndrome WES1
ATF6
Cancer
Cancer BiP, PERK, elF2a

IREL, XBP1

Cardiovascular disease
CHOP

Atherosclerosis .
atherosclerosis

The UPR signaling related physiological
function &pathogenesis

-Ab-induced activation of IRE1-XBP1 and PERK-elF2cCHOP
pathway

- ERAD dysfunction by interaction of polyQ with p97

- Proteasomal inhibition and activation of IRE1-TRAF2-ASK1-
INK

pathway by polyQ

- ERAD dysfunction and ASK1 activation by interaction of
mutant SOD1 with Derlin-1

- Digestion of mutant SOD1 by XBP1-mediated autophagy
- CREBH-induced expression of lipid metabolism genes

- Protective effects against intestinal inflammation by IRE1p and

XBP1

- NO-induced P cell apoptosis through ER stress induced CIIOP
activation
-Maintenance of ER function in 3 cell through PERK-eIF2a and
ATF6

-Proapoptotic effects of CHOP in J cell
-Role of XBP1 in proinsulin processing and insulin secretion
- IRElainduced proinsulin mRNA degradation under the
condition of
chronic high glucose exposure

- Mutations of PERK related to 3 cell dysfunction in patients

- Mutations of WFSI in patients, Control of ER Ca2+
homeostasis by WFS1

- Negative regulation of ATF6 and control in production and
secretion of

insulin by WEFS1

- Protective effects of BiP, the PERK-¢lF2a pathway and the

IRE1-XBPI pathway in proliferation and progression of tumors
pathway in proliferation and progression of tumors

- CHOP-induced Megapoptosis and plaque necrosis in
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Connecting text between Chapter I and II

In Tmed2 null (Tmed2°*”?*’) embryos, the chorion and the allantois failed to
undergo chorioallantoic attachment and the labyrinth layer also failed to form. The
purpose of the study presented in chapter II is to create a novel ex vivo model of pre-
placental tissues, which can investigate the tissue-specific requirement of TMED2 during
chorioallantoic attachment. In the following chapter, I will describe the establishment of a
novel condition to co-culture explants of wildtype pre-attachment placental tissues with
wildtype pre-attachment allantois. The established ex vivo culturing conditions and

analysis are also presented in this chapter.

68



Chapter II : Ex vivo culture of pre-placental tissues reveals that the allantois is
required for maintained expression of Gem 1 and Tpbpa

Wenyang Hou, Didem P. Sarikaya, Loydie A. Jerome-Majewska

Placenta 47, 12-23 (2016). DOI: http://dx.doi.org/10.1016/j.placenta.2016.08.091
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2.1 Abstract

Introduction:

Chorioallantoic fusion is essential for development of the labyrinth layer of the mouse
placenta. However, events that occur after chorioallantoic attachment remain poorly
described, partly due to difficulties of conducting ex vivo analysis of the placenta. Herein,
we report conditions for ex vivo culture of the developing murine placenta.

Methods:

Mesometrial halves of decidua containing pre-attachment chorions were cultured alone or
with explants of allantoides from stage-matched controls and analyzed by confocal and
immunofluorescence (IF) microscopy. Expression and levels of marker genes associated
with specific placental cell types were measured by in situ hybridization and qRT-PCR,
respectively.

Results:

After 24 hours(hr) of co-culture, a mosaic pattern of eGFP" (enhanced Green Fluorescent
Protein®) and eGFP cells were found when explants of pre-attachment chorions from
eGFP" embryos were co-cultured with stage-matched allantoides from eGFP~ embryos or
vice versa. In addition, proliferation increased in the allantoic region and folds formed on
the chorionic plate. Platelet endothelial cell adhesion moleculel (PECAM1)-positive cells
derived from the allantois were found in the chorionic region. Levels of the SynT-II
marker, Gem 1, significantly increased at 24hr, although expression of Gem 1, was only
found in explants co-cultured with an allantois at 12hr and 24hr. In addition, though
levels of Tpbpo were not altered by co-culture with an allantois, Tpbpo was only detected

in explants co-cultured with an allantois for 24hr.
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Discussion:
Our data show that chorioallantoic fusion and events associated with initiation of
labyrinth layer formation can be modeled ex vivo, and reveal a previously unsuspected

requirement of chorioallantoic fusion for 7pbpo. expression.

2.2 Introduction

The placenta is the interface for normal metabolic and gas exchange between the
fetal and the maternal circulation, and is essential for rapid growth of mammalian
embryos (Cross, 2000). In mouse, the mature placenta consists of multiple cell types that
are organized into three histologically distinct zones: the maternal deciduum, the
junctional zone, and the inner labyrinth layer. The labyrinth layer is a highly branched
structure consisting of trophoblast-derived syncytiotrophoblast and giant cells which
forms a trilaminar layer to separate fetal blood vessels and maternal sinuses. The
junctional zone consists predominantly of spongiotrophoblast and glycogen cells that
originate from the ectoplacental zone. Exchanges of nutrients, gas, and waste occur in the
labyrinth layer, while the junctional zone provides support for placental growth and
hormone production (Hu and Cross, 2010).

Formation of the labyrinth layer depends on chorioallantoic attachment and
subsequent fusion of the chorion and allantois. Prior to chorioallantoic attachment, the
allantois emerges as a bud of mesoderm cells from the posterior end of the embryos and
grows towards the chorion. Trophoblast cells of the chorion undergo rapid proliferation
which results in folding at the center of the chorionic plate and obliteration of the
ectoplacental cavity (EC) (Hernandez-Verdun and Legrand, 1975). Chorioallantoic

attachment is mediated by interactions between extraembryonic mesoderm cells in the
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allantois and on the basal surface of the chorion; and occurs between embryonic day (E)
8.0 and E9.0 in embryos with 6 or more somite pairs (s) (Downs and Gardner, 1995).
Recombination of allantois and chorion from embryos of asynchronous developmental
stages showed that the chorion is competent to fuse with an allantois starting at the 1s
stage, whereas the allantois exhibits maximal fusion in embryos with 3 - 5s (Downs et al.,
2001; Downs and Gardner, 1995).

During chorioallantoic fusion, the mesothelial layer of the chorion which
mediates the initial contact between the chorion and allantois is thought to degenerate
(Downs et al., 2001), and a subset of chorionic trophoblast cells downregulate expression
of tight-junction proteins, such as zona occluden 1 (ZO1) (Lu et al., 2013). On the other
hand, the allantois spreads on the surface of the chorion to initiate the process of labyrinth
layer formation (Watson and Cross, 2005). The primary vascular plexus of the allantois,
consisting of endothelial cells expressing Pecam1, Vcaml, and Flkl invades the chorion
by sprouting angiogenesis (Arora and Papaioannou, 2015; Drake and Fleming, 2000). In
addition, chorionic trophoblasts that express the transcription factor Gem ! exit the cell
cycle and initiate branching morphogenesis (Cross et al., 2006; Rossant and Cross, 2001).
Gceml expressing cells differentiate into one of the two syncytiotrophoblast cell-types,
SynT-II, which separates allantois-derived embryonic blood vessels and maternal sinuses.
In mutant embryos where chorioallantoic fusion fails to occur or in mice with loss of
function mutations in Gem I, branching morphogenesis is not initiated. In these mutants,
both SynT-II and SynT-I cell types fail to differentiate and consequently the labyrinth
layer of the placenta does not form (Anson-Cartwright et al., 2000; Gurtner et al., 1995;

Jerome-Majewska et al., 2010; Yang et al., 1995).

72



In addition to chorioallantoic fusion, signals from the ectoplacental cone/
spongiotrophoblast are also required for labyrinth layer development. Mutations in genes
required for maintenance of spongiotrophoblast lead to abnormal labyrinth layer
development, and subsequently results in embryonic death (Adelman et al., 2000;
Guillemot et al., 1994; Hitz et al., 2005). The specific contribution of the
spongiotrophoblast to labyrinth layer formation is not clear, although it is postulated that
these cells may provide signals or structural support important for labyrinth layer
formation (Tanaka et al., 1997).

Ex vivo organ cultures are widely used and provide insights into developmental
processes such as kidney and lung morphogenesis (Gupta et al., 2003; Moral and
Warburton, 2010; Piscione et al., 1997). A number of ex vivo placental models have been
described, but are not well characterized. Ex vivo culture of embryos and their associated
pre-placental tissues (ectoplacental cone, chorion and allantois) after chorioallantoic
fusion supports syncytiotrophoblast differentiation and branching morphogenesis in static
cultures (Hernandez-Verdun and Legrand, 1975). However, the ectoplacental cleft
remains open and levels of Syncytin A, a marker of SynT-I decreases within 12hr (Proctor
et al., 2009). In ex vivo cultures of pre-placental tissues after chorioallantoic fusion and
without an embryo, the allantoic mesoderm degenerates and trophoblast differentiation is
perturbed, as indicated by decreased expression of Gem I and Syncytin A. Although
expression of 7pbpa, a spongiotrophoblast marker, significantly increased in these ex
vivo cultures, explants of pre-placental tissues post chorioallantoic fusion do not mimic
the molecular differentiation events normally found in vivo (Proctor et al., 2009).

Furthermore, explants of ectoplacental cone and chorion before chorioallantoic fusion
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showed that Gem 1 expression was only found if these explants are co-cultured with an
allantois such that there is physical contact between the chorion and allantois (Stecca et
al., 2002). Although, additional molecular and histological analysis of these explants
were not performed, this finding suggests that explants of pre-placental tissues before
chorioallantoic fusion may be a better model for studying the early events associated with
placental development (Stecca et al., 2002).

We set out to determine if pre-attachment ectoplacental cones (EPCs) and
chorions left in their associated decidua can be cultured with pre-attachment allantoides
to mimic some of the events associated with early morphogenesis of the labyrinth layer.
Herein, we report conditions for an ex vivo recombination system that recapitulate many
of the changes associated with chorioallantoic fusion including: molecular changes, such
as increased Gem 1 expression and maintained expression of 7pbpa, morphogenic
changes and trophoblast differentiation, including mixing of chorionic and allantoic cells
and initiation of branching morphogenesis. We propose that this ex vivo model can be
used to study chorionic and allantoic-specific contribution of genes required for early
placental development.

2.3 Material and methods

2.3.1 Animals

All procedures and experiments were performed according to the guidelines of the
Canadian Council on Animal Care and approved by the Animal Care Committee of the
Montreal Children’s Hospital. CD1 (Charles River) mice were used to collect wild type
tissues, and Tg(HISTIH2BB/EGFP)1Pa (Hadjantonakis and Papaioannou, 2004) - a

transgenic line on a mixed genetic background that ubiquitously expresses an H2B-eGFP
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fusion protein in the nucleus - was used for collecting eGFP+ tissues.
Tg(HIST1IH2BB/EGFP)1Pa was a kind gift from Dr. K. Hadjantonakis. Retired stud male

rats were purchased from The Jackson Laboratory for serum collection.

2.3.2 Rat serum collection

Blood was collected from the dorsal aorta of anesthetized rats. Rat serum was
obtained after immediate centrifugation of the blood and stored at -80°C until preparation
of the culture medium.
2.3.3 Isolation of allantoides and chorions for explant cultures

Female and male mice were mated overnight, and the presence of a plug the
following morning was noted as E0.5. Pregnant females were euthanized at E8.0. On the
day of dissection, decidua was removed from the uterus (Figure 2.1A). To remove
embryos, an incision was made on the anti-mesometrial side of each decidua to remove
the overlying tissue (Figure 2.1B). After the anti-mesometrial portion of the decidua was
removed, EGFP " embryos were distinguished from eGFP~ embryos under a stereo
microscope with a GFP filter. Fine forceps were used to separate embryos from their
associated yolk sacs (Figure 2.1B’). Embryos of 3-5s did not have chorioallantoic
attachment and were easily separated from their extraembryonic tissues. The full allantois
was cut from the tail-bud with a pair of fine forceps (Figure 2.1C’). All dissections were
performed in 1xPBS. Tissues were either processed for explant cultures as described
below (section 2.3.4) or collected for day 0. Decidua/EPC/chorion samples collected at
day 0 were individually fixed in 4% Paraformaldehyde (PFA) overnight for

immunohistochemistry or in situ hybridization. 3 pools of two chorion-only explants or
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two chorions and allantois explants were stored in Trizol (Invitrogen) and used for qRT-
PCR.
2.3.4 Explant of decidua/EPC/chorion or decidua/EPC/chorion with allantoides

For decidua/EPC/chorion only explants, samples were placed with the distal side
containing the chorionic plate up, in 500ul of medium in 24-well tissue culture plates
(Falcon) (Figure 2.1D). For decidua/EPC/chorion and allantois explants, eGFP" or
negative decidua/EPC/chorion were placed as described above and a single eGFP~ or
positive allantoides were placed on top of the chorion, at an approximately 45-degree
angle (Figure 2.1D’). Due to the convex morphology of the chorionic plate, the allantois
remains associated with the chorion and can then be moved to 24-well tissue culture
plates (Falcon) with 500ul of medium for culture (Figure 2.1D’). Presence of the allantois
associated with the chorion was confirmed under a Leica dissecting scope (model MZ6),
before culturing. Wholemount pictures were taken with an Infinity 1 Leica camera.
2.3.5 Culture conditions

Culture medium consisted of RPMI 1640, 50% rat serum, 4 uM L-Glutamine, and
50 pg/mL penicillin/streptomycin. Explants were cultured for 12 or 24 hours at 37°C in
humidified tissue culture incubator (Fisher) with 5% CO..
2.3.6 Tissue processing and staining

Explants were fixed in 4% PFA/1x PBS overnight and were embedded with
Shandon Cryomatrix (Thermo Scientific) and stored at -80°C freezer for frozen section
analysis (Simmons et al., 2007), or dehydrated and embedded in paraffin. Paraffin

embedded samples were sectioned at 5 um thickness, and cryo-embedded samples were
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sectioned at 10 um thickness. Hematoxylin and Eosin (H&E) staining (Cardiff et al.,
2014) was used for morphological analysis.
2.3.7 In Situ Hybridization

Plasmids containing Pr/3d1, PIF, Geml, and Tpbpa riboprobes were kindly
provided by Dr. Jay Cross (University of Calgary). In situ hybridization were performed
as previously described (Simmons et al., 2008, 2007).
2.3.8 RNA extraction and quantitative RT-PCR

Cultured samples were washed once in 1xPBS and stored in Trizol. Pools of two
explants were minced for RNA extraction according to manufacturer’s protocol. Total
RNA was treated with DNAse (NEB, according to manufacturer’s protocol) and used for
reverse transcription with the iScript™ cDNA synthesis kit (Bio-rad Cat. #170-8890,
according to manufacturer’s protocol). qRT-PCR was performed using the QuantiFast
SYBR Green PCR kit (Qiagen, Cat. #204054) on a Roche LightCycle 480 PCR machine.
qPCR experiments were performed in triplicates to ensure technical replicability.
Relative gene expression was determined using the 22T method (Roche). RT-PCR
program included a hot start at 95 °C for 5 min, followed by 40 cycles of a denaturation
step at 95 °C for 10 s and an annealing/extension step at 60 °C for 30 s. The house
keeping gene Gapdh was used for normalization. The data was normalized using the ratio
of Tpbpa, Gem1 or Syncytin A to that of the Gapdh RNA. The following primers were
used:
Gapdh (CTCATGACCACAGTCCATGC, CACATTGGGGGTAGGAACACQ),
Geml (AGAGGAAGGCCGCAAGATTTA, GGGGTCCATTGCAGTTGGQ),

Tpbpa (CACAGTAGCGAAAATGACCAGG, TCCTCCTCTTCAAACATTGGGT), and
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Syncytin A (CTGGGAATATGAACCCACTGTTA,
GAGTTGAGGCAGAAGGAGTATG).
2.3.9 Immunofluorescence

Immunofluorescence experiments were performed according to standard
protocols (Zakariyah et al., 2011). The following primary antibodies were used:
phosphohistone H3 (Ser10) (1:200 dilution, Millipore, 06-570), ZO1 (1:50 dilution,
Invitrogen, 339100), PECAMI1 (CD31) (1:100 dilution, Abcam, ab28364), and cleaved
caspase-3 (1:200 dilution, Asp175, Cell signaling, 9661). Alexa Fluor 568 and 594
conjugated secondary antibodies (ThermoFisher, 1:500 dilutions) were used. Slides were
mounted with VECTASHIELD hard-set mounting medium with DAPI (Vector Labs, H-
1500) to visualize the nuclei. Images were captured on a Leica microsystem (model
DM6000B) and Leica camera (model DFC 450 C). Confocal images were obtained via a
Zeiss LSM780 laser scanning confocal microscope.
2.3.10 Mitotic Index, Apoptotic Index and Statistical analysis

For each sample, 2 - 3 sections stained for phosphohistone H3 and DAPI or
cleaved caspase-3 and DAPI were used for cell counts. Cell number was calculated with
ImageJ software (Fiji, http://fiji.sc/). The mitotic index (MI) was determined by
calculating the percentage of phosphohistone H3 positive cells over total number of
chorionic and allantoic cells counted per section (Table 2.1). Apoptotic index (Ap. I) is a
percentage of cleaved caspase-3 positive cells and was determined by calculating the
number of cleaved caspase-3 positive cells over total number of chorionic and allantoic

cells counted per section (table 2.2).
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2.3.11 Statistical analysis
One-way ANOVA followed by the Tukey-Kramer multiple comparison from the

Prism Software (http://www.graphpad.com/scientific-software/prism/) was used to

calculate statistical differences. Significant p-values are represented as * for <0.05, **
for <0.01, *** for <0.001.

2.4 Results

2.4.1 Chorionic and allantoic cells are mixed in explants of pre-attachment
decidua/EPC/chorion and allantois

Since EPC cells immediately differentiate into giant cells when explanted (Carney
et al., 1993; Rossant and Tamura-lis, 1981), we postulated that excess differentiation of
EPC cells contributed to loss of expression of syncytiotrophoblast markers in previously
described placental culture systems (Hernandez-Verdun and Legrand, 1975; Proctor et
al., 2009). Furthermore, since decidua derived cells block excess giant cell
differentiation (Babiarz et al., 1992), we chose to leave the EPC and chorions associated
with the decidua. We used transgenic embryos with widespread expression of CAG:H2B-
EGFP (eGFP") in the precursors of the developing placenta (Figure 2.2) (Hadjantonakis
and Papaioannou, 2004) to track cells from the chorion or the allantois after culture.

To determine if the allantois and chorion attach ex vivo, we cultured mesometrial
halves of decidua containing EPCs and pre-attachment chorions of eGFP~ embryos with
3-5s alone or with explants of eGFP" allantoides from stage-matched embryos, or vice
versa, as illustrated in Figure 2.1A-D and depicted in Figure 2.1A’-D’ for 12 hours (hr)
(n=6, Figure 2.1E) or 24hr (n=10, Figure 2.1F). To confirm that the allantois remained

attached to the chorion and to determine if any morphological changes occurred as a
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consequence of chorioallantoic attachment, we performed histological analysis of these
explants with hematoxylin and eosin staining. In chorion only samples, the epithelial
layer of the chorionic plate was discernable but the mesothelial layer was no longer
associated with the ectoderm after 12hr of culture (Figure 2.1G, n=5). A day later, the
ectoderm was folded and appeared as a thin layer of epithelium with condensed nuclei
(Figure 2.1H, n=5) in 24hr cultures. In contrast, after 12hr of culture, a distinct
mesothelial layer was found between the chorionic plate and allantoic cells of
decidua/EPC/chorion explants cultured with an allantois (Figure 2.1E’, arrowheads, n=6).
However, a mesothelial layer was no longer distinguishable at the junction in explants
analyzed after 24hr of culture with an allantois (n=10) (Figure 2.1F”).

To determine the extent of mixing between allantoic and trophoblast cells, we
used confocal microscopy to examine distribution of cells labeled with the eGFP marker
in cryosection of explants cultured for 12hr and 24hr (n=16, Figures 2.3 and 2.4).
Analysis of explants consisting of decidua/EPC/chorions from eGFP~ embryos and
allantoides from eGFP" embryos after 12hr, revealed eGFP" allantoides in cylindrical
shape, similar to pre-attachment allantoides of E8.0 embryos (Figure 2.3 A1-A6). In
addition, allantoides remained mostly separated from chorions with little mixing of
eGFP" and eGFP" cells (Figure 2.3 A7-A9). In contrast, in explants cultured for 24hr,
allantoides spread to cover the surface of chorions (Figure 2.3 B1-B6), and significantly
more mixing of eGFP" allantoic and eGFP" chorionic cells was found, when compared to
12hr cultures (Figure 2.3 B7-B12).

In the complementary experiment, explants of decidua/EPC/chorions from eGFP*

embryos with 3-5s were co-cultured with eGFP™ allantoides from stage-matched embryos
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(Figure 2.4). In all cases, eGFP" giant cells were found migrating on the surface of the
decidua (Figure 2.4 A1 and B1). In addition, after 12hr of culture the mesothelial cells -
morphologically distinguishable with brighter eGFP signal and oblong shaped nuclei
(Figure 2.4A7, A9) - formed a border between most of the allantois and chorion (Figure
3A9, arrowhead). Mixing of eGFP" chorionic cells and eGFP" allantoic cells was limited
to regions where the mesothelium was no longer continuous (Figure 2.4A9 inset, white
star). After 24hr of culture, the mesothelium could not be distinguished, and significantly
increased mixing of eGFP~and eGFP" cells was observed (Figure 2.4 B7-B12). Thus,
chorioallantoic fusion occurred ex vivo, and after 24hr of culture the mesothelium was no
longer discernable with significant mixing between chorionic and allantoic cells.

To quantify the extent of mixing between allantoic and trophoblast cells, we
analyzed 4 -5 cryosections at the midline of explants and calculated the percentage of
eGFP" or eGFP" allantoic cells in the chorionic region of decidua/EPC/chorions from
eGFP" or eGFP" embryos, respectively, cultured for 12hr or 24hr. On average 5.4% of
cells in the chorionic region were of allantoic origin explants cultured for 12hr (n=5).
This increased significantly, to approximately 14.3% after 24hr of culture (n=4). This
data confirms the significant increase in mixing of allantoic and chorionic cells observed
between explants cultured for 24hr compared to 12hr.

2.4.2 Expression of ZO1 was maintained in decidua/EPC/chorion explants co-cultured
with an allantois

The tight junction protein, ZO1, uniformly expressed on the apical surface of
trophoblast cells before chorioallantoic, is downregulated in regions of branching

morphogenesis after chorioallantoic attachment (Lu et al., 2013). We performed
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immunofluorescence microscopy using an antibody specific to ZO1 to determine if
expression of this protein was modified in explants cultured with an allantois for 24hr,
when we find significant mixing. In non-cultured pre-placental tissues, ZO1 was
expressed on the epithelial surface of the chorionic plate (Figure 2.5A1-A3), similar to
that previously reported (Lu et al., 2013). Immediately after chorioallantoic attachment,
robust expression of ZO1 demarcated regions of branching on the chorionic plate (Figure
2.5A4-A9). In chorions cultured without an allantois, reduced expression of ZO1 was
found in the chorionic region of explants (n = 2 out of 3, Figure 2.5 B1-B6). In explants
cultured with an allantois, expression of ZO1 was also variable, with expression in 3 of 4
samples examined. In addition, ZO1 expression demarcated regions of branching on the
chorionic plate (Figure 2.5B7 — B12). Thus, expression of this tight junction protein was
not modified in our explant model system and differs from what was previously reported
(Lu et al., 2013; Thiery and Sleeman, 2006).
2.4.3 PECAM!I positive cells are found in the chorionic region of decidua/EPC/chorion
explants co-cultured with an allantois

The endothelial-specific protein, PECAM1 marks blood vessel formation in the
labyrinth placenta (Drake and Fleming, 2000). Expression of PECAMI1 was examined to
determine if this protein was expressed in GFP~ derived allantoic cells found mixing with
GFP" chorionic trophoblast. A core group of GFP~ allantoic cells expressed PECAM1
(Figure 2.6). In addition, expression of PECAMI1 was also found in a subset of GFP~ cells
in the chorionic region (white star, Figure 2.6B3, B4) as well as in a subset of GFP*
trophoblast cells (purple star, Figure 2.6B3, B4). Our data shows that angiogenesis is

initiated in this explant model.
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2.4.4 The allantois is required for maintained expression of Tpbpo. and Gem 1

In situ hybridization and qRT-PCR were performed to compare expression of
genes that mark trophoblast giant cells, spongiotrophoblast, SynT-1 and SynT-II in
explants cultured with or without an allantois for 12hr and 24hr. Pri3dland Plf mark
trophoblast giant cells, and were expressed in parietal trophoblast giant cells of all
explants analyzed after 12hr (n=6) and 24hr of culture (n=7) (Figure 2.7). In addition, the
domain of Pri3dl and PIf expression was comparable in explants cultured without
(Figure 2.7 A, C, E, G) or with an allantois (Figure 2.7 B, D, F, H), suggesting that
trophoblast giant cells were maintained in these ex vivo conditions.

In contrast to Pri3d1 and Plf, expression of Tpbpa, a marker of
spongiotrophoblast, was modulated by chorioallantoic fusion (Figure 2.71-L). In explants
of decidua/epc/chorions cultured without (n=5) or with an allantois (n=6) for 12hr, Tpbpa
expression was distally restricted to the region of the EPC (Figure 2.71 and 2.7J). In
explants analyzed after 24hr of culture with an allantois, Tpbpa expression was reduced,
although the pattern was similar to what was found at 12hr (Figure 2.7L, n=6/7).
However, explants cultured without an allantois showed no expression of this gene
(n=0/5) (Figure 4K). To quantify the observed changes in Tpbpa level, qRT-PCR was
performed on cDNA of explants with or without an allantois after 12hr and 24hr of
culture (n= 3). However, no significant change was found in 7pbpa level in explants
cultured with an allantois for 12hr or 24hr (Figure 2.7M). Our data indicate that
chorioallantoic fusion does not modulate Tpbpa level, but is required for maintained

expression ex vivo.
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To assess syncytiotrophoblast differentiation, we examined expression of Gem
as a marker for SynT-II, and Syncytin A as a marker for SynT-I. Consistent with the
findings of Stecca et al. (Stecca et al., 2002), Gem 1 was not expressed in explants
cultured without an allantois for 12hr (n=0/5, Figure 2.8 A) or 24hr (n=0/5, Figure 2.8C).
In explants cultured with an allantois, Geml was expressed in clusters of trophoblast cells
at the base of the chorionic plate (n=6, Figure 2.8B and 2.8B’) at 12hr. After 24hr of
culture, Gem1 was expressed in clusters of cells that were similar to those found at 12hr,
and also in a subset of cells that line vessels in the explants (n=6, Figure 2.8D and 2.8D”).

To determine if absence of Gem 1 expression in explants cultured without an
allantois reflects a decrease in Gem1 level, we performed QRT-PCR and compared levels
of this gene in explants cultured with or with an allantois for 12hr and 24hr. No
significant difference was found in Gem 1 level in explants cultured with or without an
allantois for 12hr. However, Gem 1 level increased 2.2-fold in explants cultured with an
allantois for 24hr, when compared to explants cultured without an allantois for 24hr
(p<0.001, One-Way ANOVA, Figure 2.8E). Thus, the lack of Gem I expression in
explants cultured without an allantois for 12hr did not correlate with a significant
difference in Gem ! transcript level in explants cultured with or without an allantois.
Nonetheless, in this ex vivo system, co-culture with an allantois for 24hr resulted in a
significant increase in Gem 1 level, similar to what has been observed in vivo.

In contrast to Gem 1, Syncytin A expression was not detected by in situ
hybridization in any explants analyzed at 12hr or 24hr (n=3, at each time point). Nor, did

we find any significant difference in level of Syncytin A, in explants cultured without or

84



with an allantois for 12hr and 24hr (Figure 2.9). Thus, expression of the Type-I
syncytiotrophoblast marker was not induced under this ex vivo culture condition.
2.4.5 The mitotic index (MI) of cells in the allantoic region is significantly increased after
24 hours of culture

Since, trophoblast cells at the branch point exit the cell cycle as a precursor to
syncytiotrophoblast differentiation, immunofluorescence microscopy with antibody to
Phosphohistone H3 (PH3) was performed to examine the pattern of proliferation in
explants cultured with or without an allantois. The majority of PH3 positive cells were
found in the chorionic plate, in the distal portion of explants cultured for 24hr without an
allantois (Figure 2.10A, B). Few mitotic cells were found in the more proximal EPC. In
explants cultured with an allantois, the pattern of PH3 positive cells was similarly
restricted to the allantoic and chorionic region after 12hr and 24hr (Figure 2.10C and D).
In addition, the mitotic index in explants cultured for 24hr with an allantois, was
significantly increased, when compared to explants cultured without an allantois for 24
hours (Table 2.1A: MI=1.14, Stand error of mean (SEM)=0.13; P<0.001) or 12hr (Table
2.1A: MI=1.73, SEM=0.28, P<0.01) (Figure 2.10A-D; Table 2.1A). To quantify the
relative distribution of mitotic cells after co-culture with an allantois, the mitotic index in
the chorionic and allantoic regions of explants were calculated after 12hr and 24hr of
culture. No significant difference was found between mitotic index of the allantoic and
chorionic region at 12hr. A significant increase in mitotic index was found in the
allantoic region after 24hr of culture (Table 2.1B: MI=6.90, SEM=0.33) when compared
to the chorionic region of the same explants (MI=3.62, SEM=0.74) and the allantoic

region of explants cultured for 12hr (Table 2.1B MI=1.41, SEM=0.46; P<0.01, Figure
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2.10C and 2.10D; Table 2.1B). Thus, cells in the chorionic region have reduced mitosis
when compared to the allantoic regions at 24hr.
2.4.6 Apoptotic index (Ap. 1) significantly increased in explants cultured with an allantois
for 24 hours

To examine apoptosis in these cultures, we performed immunofluorescence
microscopy with antibody specific to cleaved caspase3. Apoptosis was increased in
explants after 24hr of culture when compared to explants analyzed after 12hr of culture
with or without an allantois (Figure 2.11). The apoptotic index was significantly higher in
explants cultured with an allantois for 24 hours (Table 2.2A, Ap.I=9.66, SEM=1.56)
when compared to explants cultured with an allantois for 12hr (Table 2.2A; Ap.I=1.51,
SEM=1.14, P<0.01) and explants cultured without an allantois for 12hr (Table2.2A;
Ap.I=1.04, SEM=0.33, P<0.001) and 24hr (Table 2.2A, Ap.I=2.74, SEM=0.44, P<0.05 ).
To quantify the relative distribution of caspase3 positive cells in explants co-cultured
with an allantois, we calculated the apoptotic index in the chorionic or allantoic regions
of these samples. A significant increase was found in the allantoic region of explants co-
cultured with an allantois for 24hr when compared to the chorionic region of explants co-
cultured with an allantois for 12hr (Table 2.2B, p<0.01). In addition, no significant
difference was found in the apoptotic index of the allantoic region of explants co-cultured
with an allantois after 24hr when compared the chorionic region of the same explants
(Table 2.2B). Thus, apoptosis increased over culture time but was distributed between the
chorionic and allantoic region of explants co-cultured with an allantois for 24hr.

2.5 Discussion
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In this study, we described culture conditions for explants of pre-placental tissues
before chorioallantoic fusion, and showed that some of the early morphogenic and
molecular events associated with labyrinth layer formation are observed in these explants.
Using a fluorescent marker, eGFP, we showed that chorioallantoic fusion occurs and that
allantoic cells mix with chorionic trophoblasts after 24hr of culture. Branching
morphogenesis was initiated and marked by down-regulation of ZO1 in basal chorionic
cells and presence of PECAMI1 positive cells in the chorionic plate. gPCR showed no
change in the expression of the SynT-I marker, Syncytin A and a significant increase in
expression of the SynT-1I marker Gem 1 after 24hr of culture with an allantois. In situ
hybridization showed that an allantois was required for sustained expression of the
spongiotrophoblast marker 7pbpa at 24hr and for expression of Gem 1 at both 12hr and
24hr. Cell proliferation and apoptosis increased in both the chorionic and allantoic
regions during the 24hr culture period.

Stecca et al. previously reported that Gem 1 expression depended on physical
contact between the chorion and allantois using a transgenic line with a LacZ reporter in
the Geml gene (Stecca et al., 2002). They further showed that maintenance of Gem/
expression was downstream of interaction between a4-integrin positive chorionic
trophoblast and VCAMI positive allantoic cells. Our qRT-PCR data revealed that
expression of Gem 1 was not significantly different between explants cultured with or
without an allantois for 12hr, but significantly increased after 24hr in explants cultured
with an allantois. Nonetheless, Gem [ was detectable by in situ hybridization only when
the explants were co-cultured with an allantois at 12hr and 24hr. Similar to our

observations in regard to Gem 1 expression at 12hr, expression of 7pbp o was comparable
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in explants cultured with or without an allantois for 24hr, by qRT-PCR. However,
expression of this gene was only detected by in situ hybridization in the presence of an
allantois. There are several potential explanations for these seemingly contradictory
results: The first trivial explanation that primers for 7pbp @ were not specific, were ruled
out by sequencing the resulting product and confirming that the expected gene was
amplified. The second trivial explanation that the samples used were contaminated with
RNAse - therefore destroying the integrity of mRNA in these tissues - was also ruled out
since all explants, including explants without expression of these two genes, showed
expression of the parietal giant cell marker, P//. A third non-trivial explanation is a
difference in the stability of Gem 1 and Tpbpa mRNA in the chorion. We postulate that
signals downstream of chorioallantoic attachment may result in stabilization of a subset
of transcripts in the chorion. Although the mechanism underlying this stabilization signal
from the allantois remains to be identified, several genes important in mRNA stability
and decay are required for labyrinth layer development(Katsanou et al., 2009; Stumpo et
al., 2004).

Our findings and those of Stecca ef al. are opposite those of Proctor ef al. who
showed decreased expression of both Gem 1 and Syncytin A when pre-placental tissues
were cultured without an embryo(Hernandez-Verdun and Legrand, 1975; Proctor et al.,
2009; Stecca et al., 2002). We propose three different reasons for these differences: (1)
the time at which the explants were analyzed; (2) the amount of allantoic tissue explanted
with pre-placental tissues after chorioallantoic fusion was not sufficient to generate or
maintain the signal(s) required for Gem I expression; or (3) one or more signals present in

a pre-attachment allantois cannot be maintained when the allantois is explanted after
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chorioallantoic fusion. Our data does not support the first two scenarios, since Geml
expression was detectable by in situ hybridization when we explanted pre-placental
tissues post-chorioallantoic fusion (data not shown). We favor the third hypothesis,
although the identification of these signals remained to be determined.

Our study further suggests that though signals in the pre-attachment allantois were
sufficient to maintain and increase expression of Geml, expression of Syncytin A was not
affected by these culture conditions. We did not detect Syncytin A expression by in situ
hybridization and qRT-PCR indicated no differences between samples cultured with or
without an allantois at 12hr or 24hr. Furthermore, although Gem1 and Syncytin A were
used as markers of the two distinct syncytiotrophoblast cell types in these studies, both
genes are also required for differentiation of SynT-II and SynT-I, respectively (Simmons
et al., 2008). Therefore, we predict that SynT-II differentiation and to a lesser extent
SynT-I differentiation can occur under the conditions described in this paper, this remains
to be determined by electron microscopy in future studies.

Surprisingly, we found that the allantois was required for 7pbpa expression after
24hr of culture, uncovering a previously unsuspected role for the allantois in
spongiotrophoblast maintenance. It is known that labyrinth layer formation requires
normal expansion of Tpbpa positive spongiotrophoblasts, and that mutants with abnormal
labyrinth layer development often have decreased numbers of 7Tpbpa positive cells
(Adelman et al., 2000; Du et al., 2014; Mould et al., 2012). Our findings suggest that
abnormal expansion of Tpbpa positive spongiotrophoblasts could also be due to abnormal

signaling from the allantois.
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Herein, we reported an ex vivo murine placental model that captures early stages
of placental development, including chorioallantoic fusion and trophoblast
differentiation. This model is easily adapted for most laboratories and does not require
any additional or specialized machines. In our hands, the most difficult aspect of this
model was due to loss of eGFP signal in samples embedded in paraffin or when
antibodies that required antigen retrieval were used. The explant model described
successfully captures some of the key interactions between the chorion and allantois, and
will be useful for future studies of early placental development. The simplicity of ex vivo
models has accelerated research in studies of kidney and lung development (Gupta et al.,
2003; Moral and Warburton, 2010; Piscione et al., 1997), therefore a successful protocol
for ex vivo culture will advance our knowledge of placental development. We expect that
the conditions described in this study, combined with future live imaging of explants, will
shed much needed insights into the cellular events occurring during branching
morphogenesis of the developing placenta.
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2.7 Figures

Figure 2.1 Chorioallantoic fusion occurs when explants of decidua/epc/chorion are
co-cultured with an allantois.

Ilustration (A — D) and representative images (A’-D’) of experimental steps for
explanting pre-placental tissues before chorioallantoic fusion, as described in the
Materials and Methods. (E-H) Representative images of H&E stained sections of
decidua/epc/chorion explants after 12 hours (E, E’) and 24 hours (F, F’) of culture with
an allantois. E’ and F’ are higher magnification pictures of boxed regions in panels E and
F. Representative images of H&E stained sections of decidua/epc/chorion explants after
12 hours (G, G’) and 24 hours (H, H’) of culture without an allantois. G’ and H’ are
higher magnification pictures of boxed regions in panels G and H. Chorion (ch), allantois

(al); black arrows indicate mesothelium in panel E’, G’. Scale bar for A’-D’= 200um,

scale bar for E-H =50um
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Figure 2.2 Representative images of E8.5 H2B-eGFP+ embryos and placentas.
Tg(HIST1H2B/EGFP)1Pa is a transgenic line that constitutively expresses the H2B-

eGFP fusion protein in all nucleated cells. A1-A3: eGFP" (left) and eGFP" (right)
embryos after removal of the anti-mesotmetrial side of the decidua (A1l: eGFP; A2:bright
field, A3: merge). B1-B3: Representative images of developing placentas from ES8.5
eGFP" embryos after chorioallantoic attachment (B1: eGFP, B2: DAPI, B3: merged, all
nucleated cells were positive in green for eGFP and in megenta for Dapi staining). C1-
C3: Higher magnification images of boxed region in B3 showing expression of eGFP in

all DAPI positive nuclei. Scale bar =200um for A1-A3, scale bar=50um for B1-C3.

E8.5 H2B-EGFP+ embryo
BF
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Figure 2.3 Representative images of eGFP- decidua/epc/chorion explants co-
cultured with an eGFP+ allantois after 12 (A1-A9) and 24 (B1-B12) hours.

eGFP" allantois attached to a decidua/epc/chorion explants after 12 (top view: A1-A3,
side view: A4-A6) and 24 (top view: B1-B3, side view: B4-B6) hours of culture.
Representative image of cryosection from a different explant showing limited mixing of
eGFP" allantoic cells after 12 hours of culture (A7-A9). Representative cryosection of the
explant shown in panels B1-B6 showing dispersal of eGFP" allantoic cells and mixing
with eGFP- trophoblasts (B7-B9). Higher magnification of regions in white box is shown
below each panel. White stars indicate examples of eGFP* allantoic cells that are adjacent
to eGFP" trophoblast at 12 hours and 24hours; Chorion (ch), allantois (al), bright field
(BF), eGFP =green; DAPI =magenta; scale bar =200pum for A1-A6, B1-B6 and 20um for

A7-A9, B7-B12.
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Figure 2.4 Representative images of eGFP+ decidua/epc/chorion explants co-
cultured with an eGFP- allantois after 12 (A1-A9) and 24 (B1-B12) hours.

After 12 and 24 hours of culture eGFP" trophoblast giant cells are found spreading on
the surface of eGFP~ deciduas (A1 and B1). Images of eGFP" allantois attached to eGFP*
chorion after 12 (top view: A1-A3, side view: A4-A6) and 24 (top view: B1-B3, side
view: B4-B6) hours of culture. Representative images of cryosections from the explant
shown in panels A1 —A6 showing the distinct mesothelial cells (white arrow in panel A9)
and limited mixing between eGFP" allantoic cells (white stars) and eGFP* trophoblasts.
Representative images of cryosections from the explant shown in panels B1 —B6 showing
increased dispersal of eGFP" trophoblast cells and increased mixing with eGFP" allantoic
cells. Higher magnification of regions in white box is shown below each panel. White
stars indicate examples of eGFP- allantoic cells that are adjacent to eGFP" trophoblast
cells. Chorion (ch), allantois (al), bright field (BF), eGFP =green; DAPI =magenta; scale

bar =200um for A1-A6, B1-B6, and 20pum for A7-A9, B7-B12.
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Figure 2.5 Representative images showing ZO1 expression.

701 expression of non-cultured decidua/epc/chorion prior chorioallantoic fusion (Al-
A3), non-cultured decidua/epc/chorion/allantois post chorioallantoic fusion(A4-A9),
cultured explants of decidua/epc/chorion without an allantois (B1-B6), and cultured
explants of decidua/epc/chorion with an allantois (B7 — B12) for 24hours. Expression of
701 was found on the epithelial surface of chorionic plate in non-cultured pre-placental
tissues (A1-A3). In non-cultured post chorioallantoic fusion placental tissues, robust ZO1
expression demarcates the regions of branching on the chorionic plate (A4-A9). In
cultured explants of chorion without an allantois, reduced expression of ZO1 was found
in the chorionic plate (B1-B6). In explants cultured with an allantois, expression of ZO1
demarcates regions of branching on the chorionic plate (B7-B12), comparable to in vivo
placental tissues post chorioallantoic fusion (A4-A9). Chorion (ch), allantois (al), dot line

marks the expression of ZO1 staining. Scale bar =50um.
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Figure 2.6 Representative images showing expression of the endothelial marker
PECAMI1.

A1-A4: PECAMI1" endothelial cells (red) are found in the allantoic and chorionic region
of decidua/epc/chorion explants cultured with an allantois after 24 hours. B1-B4: Higher
magnification images of boxed region in A4 show PECAMI1 expression in eGFP"
allantoic cells (B3) surrounded by eGFP" trophoblast cells (white stars) as well as in a
subset of GFP" trophoblast cells (purple star)in the chorionic region (A4 and B4).

Chorion (ch), allantois (al). Scale bar =50um.
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Figure 2.7 Expression of the parietal giant cell markers PIf, Pri3d1 and
spongiotrophoblast marker 7pbpa in pre-placental explants.

(A-H): representative images of pre-placental explants after section in situ hybridization
with probe to detect expression of the parietal giant cell marker Plf and Plr3d1. Plf was
expressed in cells in the proximal regions of decidua/epc/chorion explants cultured
without (A, C) or with an allantois (B, D) for 12 (A, B) and 24 hours (C, D). (E-H):
Pri3d1 was expressed in cells in the proximal and distal regions of decidua/epc/chorion
explants cultured without (E, G) or with an allantois (F, H) for 12 (E, G) and 24 hours (F,
H). (I-L): Representative images of placental explants after in situ hybridization showing
Tpbpo. expression in the distal region of decidua/epc/chorion explants cultured for 12
hours without (I) or with an allantois (J). After 24 hours of culture, 7pbpa expression
was not expressed in explants cultured without an allantois (K) but was expressed in
explants cultured with an allantois (L). Purple color indicates regions with expression,
Nuclei were counterstained red with nuclear fast red. Quantification of 7pbpa level in
pre-placental explants indicated as fold change relative to explants of
decidua/epc/chorion cultured without an allantois (M) (n=3). Tpbpa level was similar in
decidua/epc/chorion explants cultured with or without an allantois for 12 and 24 hours.
Error bars represent standard error of the mean. Chorion (ch), allantois (al), and

ectoplacental cavity (EC). Scale bar =50um.
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Figure 2.8 Expression of the syncytiotrophoblast marker Gem1 in pre-placental
explants.

Gceml expression was not found in decidua/epc/chorion explants cultured for 12 (A) or 24
(C) hours without an allantois. However, Gem I expression was found in chorion of
decidua/epc/chorion explants cultured with an allantois for 12hr (B and B’)and 24h (D
and D’) hours. The higher magnification picture of the boxed region in B shows cluster
of cells with expression of Geml (B’) and a subset of cells that line vessels expressing
Gceml in (D). Quantification of Geml level in pre-placental explants indicated as fold
change relative to explants of decidua/epc/chorion cultured without an allantois for 12
and 24 hours (E) (n=3). A significant increase of Gemllevel was observed in
decidua/epc/chorion explants cultured with an allantois for 24 hours. Significant P-values
are represented as *** for <0.001, and error bars represent standard error of the mean.

Chorion (ch), allantois (al), and ectoplacental cavity (ec). Scale bar =50um.
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Figure 2.9 Quantification of the levels of the syncytiotrophoblast Type-I marker
Syncytin A in pre-placental explants.

Quantitative RT-PCR was performed to examine Syncytin A levels in pre-placental
explants cultured after 12 and 24 hours. Levels are indicated as fold change relative to
explants of decidua/epc/chorion cultured without an allantois. A non-significant increase
in SynA level was found in both 12 and 24hr cultured explants of deicuda/epc/chorion

with an allantois. Error bar represents standard error of the mean.
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Figure 2.10 Expression of a mitotic marker, Phosphohistone H3 in pre-placental
explants.

Representative images of phosphohistone H3 expression in explants of
decidua/epc/chorion cultured for 12 (A-A’’) and 24 (B-B’’) hours wihtout an allantois
(Chorion only); as well as in decidua/epc/chorion explants cultured with an allantois for

12 (C-C*’) and 24 (D-D’’) hours (Chorion+Allantois). Scale bar =50um.
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Figure 2.11 Representative images of explants stained with an apoptotic marker
cleaved caspase-3.

cleaved caspase-3 was detected in explants of decidua/epc/chorion cultured without
(Chorion only; A, B) or with an allantois (chorion+allantois; C, D) for 12 (A, C) or 24
hours (B, D). Apoptotic nuclei were found in the proximal region of pre-placental

explants and the allantois. Chorion (Ch), allantois (al). Scale bar = 50 pm
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Table 2.1 Mitotic index of 12 and 24hr decidua/epc/chorion explants cultured with
or without an allantois.

Table 2.1A: Counts for the total number of cells in explants, the number of PH3 positive
cells, and the calculated mitotic index for explants of decidua/epc/chorion without
(chorion) and with an allantois (chorion+allantois). Significant increase of proliferation
was found in 24 hour cultured chorion + allantois shown in the bar graph in the lower left
panel. Table 2.1B: Counts for the total number of cells in the chorionic and allantoic
region of explants, the number of PH3 positive cells, and the calculated Mitotic index for
the chorionic and allantoic region of decidua/epc/chorion explants cultured with an
allantois (chorion+allantois) for 12 and 24 hours. Significant increase of proliferation was
found in allantoic region after 24 hours of culture, shown in the bar graph in the lower
right panel. Chorion (chr), allantois (all), P-values represented as **for <0.01, *** for

<0.001 (1-way Anova).
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Table 2.1A. Mitotic Index of cultured chorion explants and chorion + allantois explants for 12 and 24 hours

Sample type Number of samples Mean Standard Deviation Standard Error of Mean

(N) (M) (SD) (SEM)
Chorion {12hr) 3 732 120.82 34.88
Chorion (24hr) 2 714 14 66.49 2518
Total cell count . i
Chorion+Allantois (12hr) 3 656.45 138.65 41.81
Charion+Allantois (24hr} 4 539.45 148.83 44.88
Chorion (12hr) 3 11.83 6.63 1.91
Chorion (24hr) 2 16.86 515 194
PH3+ cell count
Chorion+Allantois (12hr) 3 7.64 347 1.05
Chorion+Allantois (24hr) 4 21.45 12.34 3.72
Chorion (12hr) 3 1.73 0.98 0.28
Chorion (24hr) 2 241 087 033
PH3+/total cell count
(%) Chorion+Allantois (12hr) 3 1.14 042 0.13
Chorion+Allantois (24hr) 4 4.15 2.81 0.85

Table 2.1B. Mitotic Index of chorionic or allantoic region of co-cultured chorion +allatnois explants for 12 and 24 hours

Sample type Number of samples Mean Standard Deviation Standard Error of Mean
(N) (M) (SD) (SEM)
Allantoic(12hr) 3 81.55 61.52 18.55
Allantoic(24hr) 4 114.27 107.28 32.35
Total cell count L
Chorionic (12hr) 3 574.91 102.59 30.93
Chorionic (24hr) 4 42518 141.20 4257
Allantoic(12hr) 3 1.0 1.10 0.33
Allantoic(24hr) 4 6.82 5.42 163
PH3+ cell count i
Chorionic (12hr) 3 6.64 3.72 1.12
Chorionic (24hr) 4 14.64 9.98 3.01
Allantoic(12hr) 3 1.41 1.54 0.46
Allantoic(24hr) 4 6.90 6.30 0.33
PH3+/total cell count
(%) Chorionic (12hr) 3 1.12 0.53 0.16
Chorionic (24hr) 4 3.62 2.44 0.74
61 104
= — E& chr only 12hr —_— = E& Allantois (12hr)
s EZ3 chr only 24hr 3 B E= Allantois (24hr)
;— 44 E=3 12hr cultured chr + Al E= Chorion (12hr)
§ [ 24hr cultured chr +All -E 6 [ Chorion (24hr)
2 £
= = 24




Table 2.2 Apoptotic index of 12 and 24hr decidua/epc/chorion explants cultured
with or without an allantois.

Table 2.2A: Counts for the total number of cells in explants, the number of cleaved
Caspase-3 positive cells, and the calculated apoptotic index for explants of
decidua/epc/chorion without (chorion) and with an allantois (chorion+allantois).
Significant increase of apoptosis was found in 24 hour cultured chorion + allantois shown
in the bar graph in the lower left panel. Table 2.2B: Counts for the total number of cells
in the chorionic and allantoic region of explants, the number of cleaved Caspase-3
positive cells, and the calculated apoptotic index for the chorionic and allantoic region of
decidua/epc/chorion explants cultured with an allantois for 12 and 24 hours. Significant
increase of apoptosis was found in allantoic region after 24 hours of culture, shown in the
bar graph in the lower right panel Chorion (chr), allantois (All). P-values represented as

*for <0.05, ** for <0.01, *** for <0.001 (1-way Anova).
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Table 2.2A. Apoptotic Index of cultured chorion explants and chorion + allantois explants for 12 and 24 hours

Sample type Number of samples Mean Standard Deviation Standard Error of Mean

(N) (M) (SD) (SEM)
Chorion (12hr) 2 656.4 111.82 55.91
Chorion (24hr) 2 7245 41.72 29.5
Total cell count . X
Chorion+Allantois (12hr) 2 393.25 148.61 85.8
Charion+Allantois (24hr) 3 645.2 160.58 80.29
Chorion (12hr) 2 6.4 3.43 1.72
Chorion (24hr) 2 20 5.65 4
Casp3+ cell count . .
Chorion+Allantois (12hr) 2 5.25 5.56 3.21
Chorion+Allantois (24hr) 3 59.4 1217 6.09
Chorion (12hr) 2 1.04 0.66 0.33
Chorion (24hr) 2 2.74 0.62 0.44
casp3+/total cell count i X
(%) Chorion+Allantois (12hr) 2 1.51 1.97 1.14
Chorion+Allantois (24hr) 3 9.66 an 1.56

Table 2.2B. Apoptotic Index of chorionic or allantoic region of co-cultured chorion +allanois explants for 12 and 24 hours

Sample type Number of samples Mean Standard Deviation Standard Error of Mean
(N) (M) (SD) (SEM)
Allantoic(12hr) 2 60 27 72 16
Allantoic(24hr) 3 106 26.15 13.08
Total cell count o
Cherionic (12hr) 2 333.25 125.55 72.49
Chorionic (24hr) 3 539.2 141 44 70.72
Allanteic(12hr) 2 5.25 5.56 3.21
Allantoic(24hr) 3 18.6 483 2.41
Caps3+ cell count L.
Chorionic (12hr) 2 0 0 0
Chorionic (24hr) 3 40.8 10.55 5.27
Allantoic(12hr) 2 7.84 9.28 5.36
Allantoic(24hr) 3 18.25 6 3
Casp3+/total cell count .
(%) Chorionic (12hr) 2 0 0 0
Chorionic (24hr) 3 7.93 2.85 14
159 25+ .
— E@ chronly 12hr T E@ Alantois (12hr)
§ m E= chr only 24hr ® EZE3 Alantois (24hr)
% 104 EX chr +Al 12hr -:!" E3 Chorion (12hr)
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Connecting text between Chapter II and 111

The successful establishment of the ex vivo cultured pre-placental explants allows
us to examine gene specific requirement in the chorion and allantois during and after
chorioallantoic attachment. In this chapter, through combining the allantois or the chorion
of Tmed?2 null mutants with wildtype recipient placental tissues, I investigated the
specific requirement of 7med? in the allantois and the chorion during chorioallantoic
attachment. I examined the events associated with the chorioallantoic attachment,
including the physical association between the chorion and the allantois, mixing between
the chorionic and the allantoic cells. I examined the expression of endothelial cell marker,
Pecam1/CD31, in the allantois, as well as the spongiotrophoblast marker, 7pbpa, and the
syncytiotrophoblast marker, Gem 1, in the chorion of the Tmed2 null/ wildtype
recombined pre-placental explants. In addition, I examined the state of proliferation and
apoptosis in these explants, and the expression of one potential TMED2 cargo protein, an

extracellular matrix (ECM) protein, fibronectin.
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Chapter I1I : Trafficking protein TMED?2 is required in both the chorion and the
allantois for normal chorioallantoic fusion and labyrinth layer development

Wenyang Hou, Loydie A. Jerome-Majewska

Manuscript in preparation
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3.1 Abstract

TMED?2 belongs to the transmembrane emp24 domain (TMED) protein family, which
is required for normal transport of secretory cargoes between the ER and Golgi. Tmed? is
expressed in the allantois and the chorion, and null mutation in 7med? results in
abnormal chorioallantoic fusion and failure of placental labyrinth formation. We aimed to
investigate the tissue-specific requirement for TMED2 using a previously established ex
vivo explant model of chorion and allantois. Ex vivo explants of wildtype chorions and
wildtype allantoides recapitulated the early events associated with chorioallantoic fusion,
as previously published. Ex vivo explants of Tmed?2 null chorions and Tmed?2 null
allantoides showed abnormal chorioallantoic fusion, and reduced expression of
spongiotrophoblast marker, 7pbpa, and syncytiotrophoblast marker, Gem 1, as previously
found in 7med?2 null placenta. Explants of 7med?2 null chorions and wildtype allantoides
showed abnormal chorioallantoic fusion with no chorionic and allantoic cell mixing,
reduced expression of Tpbpa and Gem 1, and reduced proliferation in the allantois
compared to wildtype explants. Explants of wild type chorions and 7med?2 null
allantoides showed chorionic and allantoic cell mixing, reduced expression of 7pbpa and
Gceml, increased apoptosis in the allantois, and abnormal expression of an extracellular
matrix protein, fibronectin, in the allantois. Our data indicates that Tmed? is required in
both the chorion and the allantois during placental labyrinth development. In the chorion
Tmed? is required for mixing of allantoic and chorionic cells. In the allantois Tmed? is
required for cell survival, and proper secretion of fibronectin. Intriguingly, TMED?2 is

required in both the chorion and the allantois for normal expression of Gem ! and Tpbpa.
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Our ex vivo explant model recapitulates phenotypes found in the 7med2 null placenta;

and reveals a tissue-specific role of 7med?2 in early labyrinth layer development.

3.2 Introduction

Members of the transmembrane emp24 domain (TMED)/p24 protein family of
trafficking proteins are key components of coated vesicles. They
are transported with cargo molecules via coat protein (COP) II vesicles from the
endoplasmic reticulum (ER) to the Golgi complex and then returned to the ER via COPI
vesicles (Strating and Martens, 2009a). Ten Tmed/ p24 genes have been identified in
vertebrates and can be classified into four subfamilies: a, 3, y and 6 (Dominguez et al.,
1998). To function properly, a member of each subfamily is recruited to form a hetero-
oligomeric complex, which is believed to function as receptors for specific secretory
cargos (Anantharaman and Aravind, 2002). All Tmed/ p24 family members are
structurally related and share four distinct functional domains; an N-terminal domain that
contains the signal sequences for translocation to ER, a Golgi dynamics (GOLD) domain
responsible for cargo recognition (Anantharaman and Aravind, 2002), a coiled-coil
domain involved in interactions with other subfamily members (Blum et al., 1996; Emery
et al., 2000; Greco et al., 2012; Liaunardy-Jopeace et al., 2014) as well as recognition of
GPI-anchored proteins (Theiler et al., 2014), and a C-terminal domain that contains
conserved binding motif to coat complexes in COPI and COPII vesicles (Dominguez et
al., 1998; Editor and Robinson, 2007). Tmed? is the sole member of the  subfamily of
the p24 family, and is conserved in human and mouse (Strating and Martens, 2009b).
Jerome-Majewska et al. previously reported that a mouse line carrying a point mutation

in the signal sequence of Tmed2 (99] mouse line) generated via an ENU mutagenesis
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presents with embryos arresting at mid-gestation and abnormal placenta (Jerome-
Majewska et al., 2010). They showed that 50% of Tmed2 homozygous mutant (herein
referred as Tmed2°*”?*’) embryos did not have chorioallantoic fusion, and all Tmed2?*"*%’
embryos failed to form the labyrinth layer of the placenta (Jerome-Majewska et al.,
2010). In situ hybridization (ISH) experiments showed reduced mRNA expression of the
spongiotrophoblast cell marker 7pbpa and syncytiotrophoblast cell marker Gem ! in

Tmed. 299]/99]

placenta (Jerome-Majewska et al., 2010). ISH experiments using a Tmed?2
probe showed Tmed?2 expression in the chorion throughout placental development and in
the allantois transiently before chorioallantoic attachment in wildtype embryos. While

Tmed 299]/99]

embryos arrest at mid-gestation, 7med?2 heterozygous (herein referred as
Tmed2°*”*) embryos exhibited no obvious embryonic or placental phenotypes, and are
viable and fertile.

We previously reported conditions for ex vivo culture of pre-attachment
decidua/ectoplacental cone/chorion (herein referred as chorion) and allantois. Under the
reported conditions, explants of pre-attachment chorion and allantois fused after 12 hours
of culture, and an eGFP positive marker allowed us to visualize increased chorionic and
allantoic cell mixing after 24 hours of culture (Hou et al., 2016). ISH experiments using
probes specific to the spongiotrophoblast cell marker 7pbpa and the syncytiotrophoblast
marker GemI showed expanded mRNA expression in co-cultured explants of chorion
and allantois (Hou et al., 2016).

In the current study, we utilized our validated ex vivo culture conditions to investigate

the tissue-specific requirement for 7med?2 during chorioallantoic fusion. In addition to the

nuclear eGFP marker, a cytoplasmic RFP marker was introduced into the 99J line in
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order to trace the behavior of chorionic and allantoic cells. We recombined pre-placental
tissues from Tmed2**”**’ embryos with those from somite-matched wild type or
Tmed2*®”" embryos. To determine if Tmed?2 is required in the chorion or the allantois,

d 299]/99]

Tme chorions were co-cultured with wildtype allantoides and in complementary

d2°%”%%/ allantoides were co-cultured with wild type chorions. These

experiments, Tme
recombinant explants revealed a tissue-specific requirement for 7med?2 in the chorion for:
mixing of allantoic and chorionic cells, and proliferation of the allantois. In contrast,
Tmed?2 was required in the allantois for cell survival, and proper localization of
fibronectin, an ECM protein. Intriguingly, we also found that Tmed2 was required in both
the chorion and the allantois for normal mRNA expression of Gem 1 and Tpbpa in the
chorion and for expression of Pecam1/CD31, a maker of the endothelial lineage, in the
allantois. In this study, we validated the utility of our previously published ex vivo

explant model of pre-placental tissues and identified novel tissue-specific requirement for

TMED?2 in the chorion and allantois during early labyrinth layer development.

3.3 Material and methods
3.3.1 Animals

All procedures and experiments were performed according to the guidelines of the
Canadian Council on Animal Care and approved by the Animal Care Committee of the
RI-MUHC. C3Heb/Fel (The Jackson Laboratory) mice were used to collect wild type
tissues, Tg(HIST1H2BB/EGFP)1Pa (Hadjantonakis and Papaioannou, 2004) - a
transgenic line on a mixed genetic background that ubiquitously expresses an H2B-eGFP
fusion protein in the nucleus - was used for collecting eGFP+ tissues, and ROSA-

tdTomato- a transgenic line on a mixed genetic background that ubiquitously express
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mCherry in the cytoplasm of all cells- was used for collecting RFP+ tissues.
Tg(HIST1IH2BB/EGFP)1Pa was a kind gift from Dr. K. Hadjantonakis, and ROSA-
tdTomato was a kind gift from Dr. Yojiro Yamanaka. Retired stud male rats were
purchased from The Jackson Laboratory for serum collection.
3.3.2 Rat serum collection

Blood was collected from the dorsal aorta of anesthetized rats. Rat serum was
obtained after immediate centrifugation of the blood and stored at -80°C until preparation
of the culture medium.

3.3.3 Culturing Explant of decidua/ectoplacental cone/chorions with allantoides
Dissecting procedures and culturing conditions for decidua/ectoplacental
cone/chorion and allantois were previously described (Hou et al. 2016). The presence of

the allantois associated with the chorion was confirmed under a Leica dissecting scope
(model MZ6), before culturing. All explants were assessed after culture for the success of
chorioallantoic attachment under a Leica stereo microscope (LEICA M205 FA).
3.3.4 Tissue processing and staining

Explants were fixed in 4% PFA/1x PBS overnight and were embedded with
Shandon Cryomatrix (Thermo Scientific) and stored at -80°C freezer for frozen section
analysis (Simmons et al., 2007), or dehydrated and embedded in paraffin. Paraffin
embedded samples were sectioned at 5 pm thickness, and frozen samples were sectioned
at 10 um thickness. Hematoxylin and Eosin (H&E) staining (R.D. Cardiff, 2014) was
used for morphological analysis.

3.3.5 In Situ Hybridization
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Plasmids containing Pr/3d1, Plf, Geml, and Tpbpa riboprobes were kindly
provided by Dr. Jay Cross (University of Calgary). In situ hybridization was performed
as previously described (Simmons et al., 2008, 2007).

3.3.6 Immunofluorescence

Immunofluorescence experiments were performed according to standard
protocols (Zakariyah et al., 2011). The following primary antibodies were used:
Phosphohistone H3 (Ser10) (1:200 dilution, Millipore, 06-570), PECAM1 (CD31) (1:100
dilution, Abcam, ab28364), fibronectin (1:100 dilution, Abcam, ab2413), VCAMI1 (1:100
dilution, BD bioscience 553330) and cleaved caspase-3 (1:200 dilution, Asp175, Cell
signaling, 9661). Alexa Fluor 488, 568, and 647 conjugated secondary antibodies
(ThermoFisher, 1:500 dilutions; Jackson ImmunoResearch, 1:250 dilution) were used to
detect signals. Slides were mounted with VECTASHIELD hard-set mounting medium
with DAPI (Vector Labs, H-1500) to visualize the nuclei. Images were captured on a
Leica microsystem (model DM6000B) and Leica camera (model DFC 450 C). Confocal
images were obtained using a Zeiss LSM780 laser scanning confocal microscope.

3.3.7 Mitotic Index, and Apoptotic Index

For each sample, 2 - 3 sections stained with either phosphohistone H3 and DAPI
or cleaved Caspase-3 and DAPI were used for the analysis. Cell number was calculated
with ImagelJ software (Fiji, http:/fiji.sc/). The mitotic index was determined by
calculating the percentage of phosphohistone H3 positive cells over total number of
chorionic and allantoic cells counted per section (Table 3.1). Apoptotic index was
calculated as the percentage of cleaved caspase-3 positive cells over total number of

chorionic and allantoic cells counted in each section.
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3.3.8 Statistical analysis

Student t-test from the Prism Software (http://www.graphpad.com/scientific-

software/prism/) was used to calculate statistical differences. Significant p-values are

represented as * for <0.05, ** for <0.01, *** for <0.001.
3.4. Results
3.4.1 TMED? localization differs in allantoic and chorionic cells.

To examine localization of TMED?2 protein in the chorion and the allantois,
immunofluorescence experiments with a TMED2 antibody was performed. TMED?2 was
found in both the chorion and the allantois of wildtype placentas, after chorioallantoic
attachment (Figure 3.1). However, the localization of TMED?2 differed between allantoic
and chorionic cells. In allantoic cells, TMED2 was found close to the nucleus; and in
chorionic cells, TMED2 appeared in scattered dots (Figure 3.1 B1-B3, C1-C3). This
observation suggests that TMED2 may localize to different organelles in the chorion and

allantois.

3.4.2 Ex vivo explants of Tmed2 null chorion with Tmed?2 null allantois recapitulate
abnormal chorioallantoic fusion found in Tmed2*”**’ embryos.

To track allantoic and chorionic cells after recombination, a transgenic mouse
lines with tdTomato red reporter in the cytoplasm (herein referred as RFP) and an eGFP
reporter in the nucleus (herein referred as eGFP, Hadjantonakis and Papaioannou, 2004)
were crossed into the 7med2 mutant mouse line, 99J. Explants of eGFP + wild type or
Tmed2?*”* allantoides were cultured with RFP+ wild type or Tmed2?*”* chorions for
24hours as controls. In control explants chorioallantoic fusion with mixing of eGFP+

allantoic and RFP+ chorionic cells (n=8, Figure 3.2 A-C) was found. RFP+ mesothelial
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cells were also found to migrate into the allantoic region from the chorionic plate (Figure
3.2B3, B4), and the chorionic plate underwent morphological change at the contact points

with allantoic cells, as previously reported (Figure 3.2 B1-B4, C1-C4).

d 299]/99J d 299]/99]

In explants of Tme allantoides and Tme chorions, attachment

between the mutant chorion and mutant allantois was observed, however, no mixing of
RFP + chorionic and eGFP+ allantoic cells were observed (n=5, Figure 3.2 D-F). Thus,
ex vivo explant culture of Tmed2?*”°*’ allantoides and Tmed2?*”**’ chorions recapitulated
the abnormal chorioallantoic fusion phenotype previously reported in Tmed2****’
placenta (Jerome-Majewska et al., 2010). Furthermore, DAPI staining and nuclear eGFP

99J/99J

revealed increased cellular debris and fragmented nuclei in 7med?2 explants (Figure

3.2F1, F4), indicating a possible increase of cell death in 7med2 mutant explants. This
was confirmed by staining with an apoptotic marker, cleaved Caspase-3 (Figure 3.7D —
D”). In addition, expression of Tpbpa and Gem 1, and not Plf and Pri3d1, (Figure 3.5D-

99J/99J

D’”) were reduced in mutant explants, as previously found in 7med2 placentas

(Jerome-Majewska et al., 2010). Thus, ex vivo culture of pre-attachment Tmed2%*"*%

99J/99 d 299.//99]

chorion and Tmed2 allantois recapitulates the in vivo Tme placental
phenotypes including abnormal chorioallantoic fusion, failure of chorionic and allantoic

cell mixing, and reduced expression of Tpbpa and Gem 1.
3.4.3 Tmed?2 is required in the chorion for mixing of chorionic and allantoic cells.

To examine the requirement of 7med? in the allantois during chorioallantoic
fusion, we used Tmed2°*”**/ RFP+ allantoides to co-culture with wild type eGFP+
chorions, and in complimentary experiments Tmed2**”**/ eGFP+ allantoides to co-culture

with wild type RFP+ chorions for 24 hours (n=6). Chorioallantoic fusion occurred in
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those explants (Figure 3.3 B4) with mixing of mutant allantoic cells and wild type
chorionic cells (Figure 3.3 C4, Inset). However, regions of cell mixing appeared reduced
when compared to wildtype explants (Figure 3.2 B4, C4).

To determine if 7med2 was required in the chorion for normal chorioallantoic
fusion, we performed the complementary recombination experiments using explants of
eGFP+ wild type allantoides with RFP+ Tmed2°***/ chorions, and vice versa explants of
RFP+ wild type allantoides with eGFP+ Tmed2°*”**/ chorions cultured for 24 hours (n =
5). Those explants showed no mixing between RFP+ Tmed2°*”**/ mutant chorionic cells
and eGFP+ wild type allantoic cells (Figure 3.3 E4, F4). Thus, we concluded that Tmed?2
was required in the chorion for normal chorioallantoic fusion and mixing of allantoic and
chorionic cells.

3.4.4 Endothelial cell marker Pecam1/CD31 was not maintained in explants of
Tmed2”** pre-placental tissues.

Normal placental labyrinth layer development requires proper vasculogenesis and
angiogenesis (Arora and Papaioannou, 2015; Rossant and Cross, 2001). De novo
endothelial cell differentiation is initiated in the distal allantois and is characterized by
expression of the Flk1, Pecam1, and VE-Cadherin (Drake and Fleming, 2000). The
endothelial cell maker Pecam1/CD31 is expressed in a subpopulation of allantoic
angioblasts before chorioallantoic fusion (Inman and Downs, 2006; Naiche and
Papaioannou, 2003) and we previously showed the expanded expression of
Pecam1/CD31 in allantoic cells of explants of wildtype chorion and allantois (Figure
3.4A4) (Hou et al., 2016). In order to understand if endothelial cells were present in

Tmed2?*”**/ mutant placentas and maintained in explants with Tmed2°***’ tissues,
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immunofluorescence against a Pecam1/CD31 antibody was performed. CD3/ expression
was detected in wildtype explants (Figure 3.4 Al- A6) and in allantois of Tmed2%*"*%
placentas, before culture (data not shown). However, Pecam1/CD31 was not found in any
explant with Tmed2*”**/ pre-placental tissues (Figure 3.4 B-4D). These results suggest

that TMED?2 is required in both the chorion and the allantois for maintaining endothelial

cells in the allantois.

3.4.5 Tmed?2 is required in the chorion and the allantois for expanded expression of
TIpbpa and Geml.

ISH revealed comparable expression of Pri3dl and Plfin all explants (Figure 3.5
A-E, A’-E’). However, though Tpbpa and Gem 1 were also expressed in explants with
Tmed2°*"** pre-placental tissues (Figure 3.5 B”-E” for Tpbpa, and Figure 3.5 B’”-E*”
for Gem1), expression of these genes was reduced when compared to the control (Figure
3.5 A’ and A’”). These results suggest that Tmed? is required in both the chorion and the
allantois for maintaining the spongiotrophoblast and syncytiotrophoblast lineage.
3.4.6 Allantoic cell proliferation was abolished in explants with Tmed2**”** tissues.

The growth of allantois before chorioallantoic fusion requires both cell
proliferation and addition of cells from the primitive streak , and is critical for the
allantois to reach the chorion during chorioallantoic attachment (Kimberly and Downs,
2007). The mitotic index of the allantois stays at about 10% in embryos with 2 somites
and gradually declines to ~6% at 5-6 somites stage, when chorioallantoic attachment
takes place (Downs and Bertler, 2000). To examine the state of proliferation in explants
with Tmed2°*”*% tissues, we performed immunofluorescence with an antibody to

Phosphohistone H3 (PH3). We calculated the mitotic index (MI) and found reduced
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proliferation in all explants with Tmed2?*”**’ tissues when compared to control explants

d2%%%%/ chorions with

with wildtype tissues (Table 3.1A), particularly in explants of 7Tme
wildtype allantoides (Table 3.1A, P-value=0.004). The majority of PH3+ cells were
found in the allantoic rather than the chorionic region of both wildtype and Tmed2?*"*%
mutant tissues (Figure 3.6). We calculated the mitotic index in the chorionic and the
allantoic regions, respectively. In the chorionic region, the mitotic index was comparable
between control explants with wildtype tissues and explants with Tmed2°”?* tissues
(Table 3.1B). However, in the allantoic region, the mitotic index was significantly
decreased in explants of Tmed2?*”**/ chorions with wildtype allantoides (Table 3.1C,
MI=3.59, SEM=1.21, P-value=0.008), and explants of Tmed2°*”**’ chorions with
Tmed2°*?* allantoides (Table 3.1C, MI=3.53, SEM=1.66, P-value=0.01) when

compared to wildtype explants (Table 3.1C, MI=10.25, SEM=0.99). These results

suggest TMED? is required in the chorion for allantoic proliferation.

99J/99J

3.4.7 Increased apoptosis was found in explants of Tmed2 chorions with

Tmed2°*"*% allantoides

To quantify apoptosis in cultured explants, we performed immunofluorescence
against an apoptotic marker, cleaved caspase-3. We calculated the apoptotic index (Al)
and found an increase of cell death in all explants with Tmed2°*”**’ tissues, particularly in
explants of Tmed2?*”**’ chorions with Tmed2?*”** allantoides (Table 3.2A, AI=13.55,
SEM=2.26) when compared to the wildtype explants (Table 3.2A, AI=8.77, SEM=0.69,
P-value= 0.03) (Figure 3.7 A-A”’ versus D-D’’). To quantify the distribution of apoptotic
cells in these explants, we calculated the apoptotic index associated with either chorionic

or allantoic regions. In the chorionic region, the apoptotic index was increased in explants
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of Tmed2°*”**’ chorions cultured with Tmed2?*”**’ allantoides (Table 3.2B, AI=9.88,
SEM=1.51) when compared to wildtype controls (Table 3.2B, Al=4.59, SEM=0.34, P-
value=0.03). In the allantoic region, the apoptotic index was increased in explants of
wildtype chorions cultured with Tmed2?*”* allantoides (Table 3.2C, AI=31.82,
SEM=0.88) when compared to wildtype controls (Table 3.2C, AI=21.41, SEM=1.93, P-
value=0.003). Thus, TMED?2 is required in both the chorion and the allantois for cell

survival.

3.4.8 Abnormal expression of ECM protein fibronectin and adhesion molecule VCAM1

d2%7% allantois.

were found in Tme
Fibronectin is a highly expressed extracellular matrix protein in the murine
allantois. Null mutation in fibronectin is embryonic lethal and homozygous mutant
embryos have impaired embryonic and extraembryonic vasculature formation and
reduced placenta (George et al., 1993). We postulate that fibronectin is a potential cargo

991997 allantoides.

protein of TMED?2 and that its expression may be disrupted in 7med?2
Thus, immunofluorescence against a fibronectin antibody was performed in both
wildtype and Tmed2°*”** placenta (Figure 3.8 A1-A4, B1-B4). We found that fibronectin

was abnormally accumulated in allantoides of Tmed2?*"*%

placentas when compared to
wildtype controls (Figure 3.8 A4 versus B4, arrows indicate protein accumulation). We
further characterized expression of fibronectin in cultured explants and found abnormal
accumulation of fibronectin in all explants with Tmed2?*”**/ allantois (Figure 3.8 E4, F4,
arrows). This observation indicates that fibronectin localization is disrupted in

Tmed2?*”%%/ allantoides and that this may contribute to abnormal chorioallantoic fusion

and impaired labyrinth layer formation in Tmed2?*”** placenta.
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The adhesion molecule VCAMI1 and its receptor a4-integrin were previously
shown to be required for normal chorioallantoic attachment (Gurtner et al., 1995; Kwee
etal., 1995; Yang et al., 1995). Immunohistochemistry revealed that VCAMI1 and a4-
integrin were found in 7med2°*”*/ mutant placentas (Jerome-Majewska et al., 2010).
Therefore, we performed immunofluorescence to examine localization of VCAMI in

d2°%”°% placentas and pre-placental explants (Figure 3.9). In wildtype placenta,

Tme
polarized expression of VCAMI1 was found in a single layer of cells surrounding the
allantois Figure 3.9 A1-A4). In Tmed2**”**’ placentas, VCAM1 expression was no longer
polarized as in the wildtype placenta (Figure 3.9 B1-B4). In addition, abnormal

accumulation of VCAMI was observed in some allantoic cells of Tmed2°*"**

placentas
(Figure 3.9 B4, arrows). Localization of VCAM was also examined in cultured explants
with wildtype or Tmed2?*”**/ pre-placental tissues, however, VCAMI was not found in
any cultured explants (data not shown). Our data indicates that VCAM1 localization was

99J/99J

disrupted in Tmed?2 placentas and that the current ex vivo explant model is unable to

sustain expression of VCAMI.

3.5. Discussion

3.5.1 TMED? is required in both the chorion and the allantois during labyrinth layer
development.

In this study, we discovered a tissue-specific requirement of TMED2 in the
chorion for chorioallantoic fusion using a previously established ex vivo explant model
(Hou et al., 2016). Molecular analysis showed increased apoptotic index, decreased
mitotic index and deceased expression of placental markers Tpbpa as well as Gem 1 in

explants with Tmed2%*”°* pre-placenta tissues when compared to explants with wildtype
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tissues. Immunofluorescence experiments on two potential cargo proteins of TMED2,
fibronectin and VCAM 1, showed abnormal expression in the allantois of Tmed2%*"%’
placenta. These data suggest a tissue-specific requirement of TMED?2 in both the chorion

and the allantois for normal labyrinth layer development.

3.5.2 Potential roles of TMED?2 during labyrinth layer development.

Increased apoptosis was observed in the allantoic region of explants with
Tmed2”*”?* tissues when compared to explants of wildtype control: a range of 25% to
32% of apoptotic index was observed in explants with Tmed2°*”**’ tissues and ~20% of
apoptotic index was observed in explants of wildtype control. One possible explanation is
that TMED2 could play a role in UPR-induced cell apoptosis. Future investigations on
proteins involved in the UPR-induced cell apoptosis, such as ATF4, CHOP, IRE1, and
TRAF?2 could address this question. On the other hand, decreased proliferation was
observed in the allantoic region of explants with Tmed2?*”**/ tissues when compared to
explants of wildtype control. This data suggests that TMED2 may regulate proteins
involved in the cell cycle and in proliferation. In addition, the increase in apoptosis and
the decreased in proliferation in explants with Tmed2’*"** tissues could be due to mis-
communication between the chorion and the allantois. For instance, absence of TMED2
protein in either the allantois or the chorion could result in the abnormal transport of one
or more signaling molecules required for proliferation and survival in the chorion and/or

the allantois.

We have previously shown that maintained expression of the spongiotrophoblast
cell marker 7pbpa and the syncytiotrophoblast cell marker Gem 1 requires physical

contact between chorion and allantois under ex vivo culturing conditions (Hou et al.,
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2016). Although chorioallantoic attachment occurred with Tmed2*”** mutant explants,
ISH experiments revealed reduced expression of Tpbpa and Gem 1 in explants with
Tmed2°*”?% tissues when compared to controls, indicating that TMED2 is required in
both the chorion and the allantois for sustained and expanded expression of 7pbpa and
Gceml. The mechanism via which TMED?2 regulates expansion of the spongiotrophoblast

and syncytiotrophoblast lineages remains to be determined.

The transmembrane adhesion protein VCAMI1 and the extracellular matrix protein
fibronectin, were abnormally expressed in allantoides of Tmed2?*”**/ placenta. VCAM1
has been shown to interact with its receptor adintegrin in the chorionic mesothelium and
is required for chorioallantoic attachment (Gurtner et al., 1995; Kwee et al., 1995;
Watson and Cross, 2005; Yang et al., 1995). However, neither VecamI nor a4integrin null
embryos showed complete failure of chorioallantoic attachment (Gurtner et al., 1995;
Yang et al., 1995). This suggests that other mechanisms co-exist to facilitate
chorioallantoic attachment. Although abnormal localization of VCAM1 was observed in
Tmed2°*”** placenta, we could not determine if this disrupted pattern was due to a
requirement for TMED?2 in the chorion or the allantois. On the other hand, abnormal
fibronectin localization was also observed in Tmed2°*”** placenta and our data indicates
that this is a cell-autonomous requirement in the allantois. Fibronectin was known to be
required for mesodermal differentiation and extraembryonic vasculature development
(George et al., 1993). In addition, formation of extracellular fibrils requires interaction
between fibronectin and its receptors such as a5B1 and a5B3 integrins (Moursi et al.,
1997). Since both VCAMI1 and fibronectin relies on their interactions with integrins for

their normal localization, it is possible that abnormal localization of their co-receptor,
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integrins, explain the abnormal expression of both proteins in Tmed2’*”**/ placenta. In
addition, further experiments to refine localization of VCAMI1 and fibronectin in the

d 299]/99J

allantoic cells of the Tme. allantois may shed insight of whether those proteins are

abnormally trafficked and thus retained inside of the cell due to the absence of TMED2.

In this study, we used a previously established ex vivo model of pre-placental

d2%%"%%/ placenta. Co-

explants to recapitulate placental abnormalities observed in Tme
culturing explants of Tmed2?*”**’ chorions with wildtype allantoides, revealed that

Tmed? is required cell-autonomously in the chorion for chorioallantoic fusion and cell-
autonomously in the allantois for normal expression of fibronectin. These data suggest

that our ex vivo model is able to reveal tissue specific requirement of genes involved in

early labyrinth layer development.
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3.7 Figures

Figure 3.1 Representative images of TMED2 expression in wildtype placenta post
chorioallantoic attachment.

A1-A3:TMED2 was expressed in both the chorion and the allantois after chorioallantoic
attachment. TMED2 expression showed different patterns between allantoic (B1-B3) and
chorionic cells (C1-C3). Chorion (ch), allantois (al), TMED2=green, DAPI=magenta;

scale bar = 50um.

DAPI TMED?2 DAPI/TMED?2
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Figure 3.2 Representative images of explants of wildtype RFP+ chorion with an
eGFP+ allantois and Tmed2?*”*RFP+ chorion with a Tmed2%*”?*/¢ GFP+ allantois.

Wt eGFP+ allantois is attached to the wildtype chorion explant (Wholemount view, A1l-
A4). Representative midline section of the same explant showed mixing between the
eGFP+ allantoic and RFP+ chorionic cells along the chorionic plate (B1-B4, inset: C1-
C4). Explant sample shows that Tmed2°*”**/ eGFP+ allantois is attached to the
Tmed2?*”*%’ chorion (Wholemount view, D1-D4). Representative midline section of the
same explant showed no mixing between eGFP+ allantoic and RFP+ chorionic cells at
the chorionic plate (E1-E4, inset: F1-F4). Chorion (ch), allantois (al), bright field (BF),
eGFP=green, RFP= red, DAPI=magenta; * represents site of mixing; scale bar = 200pum

for A1-A4, and D1-D4, and 50pum for B1-C4, and E1-F4.
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Figure 3.3 Representative images of explants of a Tmed2**”? RFP+ allantois with
wildtype eGFP+ chorion and a wildtype eGFP+ allantois with Tmed2?*”%*/ RFP+
chorion.

Tmed2°*”?* RFP+ allantois is attached to the wildtype chorion explant (Wholemount
view, A1-A4). Representative midline section of the same explant showed mixing
between the Tmed2°*”?*/ RFP+ allantoic and eGFP+ chorionic cells at the chorionic plate
(B1-B4, inset: C1-C4). Wildtype eGFP+ allantois is attached to the Tmed2?*”**’ chorion
explant (Wholemount view, D1-D4). Representative midline section of the same explant
showed no mixing between the eGFP+ allantoic and RFP+ Tmed2°*”**/ chorionic cells at
the chorionic plate (E1-E4, inset: F1-F4). Chorion (ch), allantois (al), bright field (BF),
eGFP=green, RFP= red, DAPI=magenta; scale bar = 200um for A1-A4, and D1-D4, and

50um for B1-C4, and E1-F4.
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Figure 3.4 Representative images showing expression of the endothelial marker
PECAM1/CD31.

A1-A6: CD31" endothelial cells (yellow) are found in a subset of allantoic cells of the
wildtype explant control after 24 hours. A6: Higher magnification images of boxed
region in A5 show CD31 expression in eGFP+ allantoic cells. CD31 expression was not
found in all explants with Tmed2?*”°* tissues (B4, C4, D4). Chorion (ch), allantois (al).

Scale bar =50um; green= eGFP, red= RFP, magenta= DAPI, yellow=CD31.
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Figure 3.5 mRNA expression of parietal giant cell markers Pri3d1, PIf,
spongiotrophoblast marker Tpbpa, and syncytiotrophoblast maker Gem! in
cultured explants.

Expression of both parietal giant cell markers Pri3dI and Plf was detected by in situ
hybridization in all explants of wildtype control and explants with Tmed2**”** tissues (A-
E, A’-E’). Spongiotrophoblast marker Tpbpo was detected in all explants of wildtype
control and explants with Tmed2°*/?*’ tissues (A”-D”), however, Tpbpa was not
expressed in explants of Tmed2°*”**/ chorion only without an allantois (E”).
Syncytiotrophoblast maker Gem 1 was also detected all explants of wildtype control and
explants with Tmed2**”** tissues (A’”-D’”"), but not in explants of Tmed2*”** chorion
only without an allantois (E’””). Expression of 7pbpa and Geml was reduced in all
explants with Tmed2%*”** tissues when compared to the explant of wildtype control (B”,

C”, D” versus A”; B, C’”, D’” versus A’”). Chorion (ch), allantois (al). Scale bar

=50um.
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Figure 3.6 Expression of a mitotic marker, phosphohistone H3 in cultured explants.
Representative images of phosphohistone H3 (Ph3) expression in (A-A”) a control
explant of wildtype chorion with a wildtype allantois; (B-B”’) an explant of wildtype
chorion with a Tmed2°*”** allantois; (C-C”) an explant of Tmed2°*”**’ chorion with a
wildytpe allantois; (D-D”) an explant of Tmed2°***/ chorion with a Tmed2°*”**’ allantois.

Chorion (ch), allantois (al). Green=Ph3, Magenta=DAPI. Scale bar =50um.
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Figure 3.7 Expression of an apoptotic marker, cleaved Caspase-3 in cultured
explants.

Representative images of cleaved Caspase-3 expression in (A-A”) a control explant of
wildtype chorion with a wildtype allantois; (B-B”) an explant of wildtype chorion with a
Tmed2?*”*%’ allantois; (C-C”) an explant of Tmed2?*”**’ chorion with a wildytpe allantois;
(D-D”) an explant of Tmed2?*”**/ chorion with a Tmed2**”**’ allantois. Chorion (ch),

allantois (al). Green=cleaved Caspase3, Magenta=DAPI. Scale bar =50um.
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Figure 3.8 Representative images showing expression of ECM protein fibronectin in

wildtype, Tmed2°%”?%/placenta and explants after culture.
YP p p

A1-A4: fibronectin was expressed in the allantois of a wildtype placenta post
chorioallantoic attachment. B1-B4: Abnormal expression of fibronectin was found in the
allantois of Tmed2?*”** placenta post chorioallantoic attachment, arrows indicate
increased expression of fibronectin protein. Fibronectin was expressed normally in: (C1-
C4) the control explant of wildtype chorion with a wildtype allantois, and (D1-D4) the

explant of Tmed2?*"%%”

chorion with a wildtype allantois. Abnormal fibronectin
expression was found in: (E1-E4) the explant of wildtype chorion with a Tmed2?*"**
allantois, and (F1-F4) the explant of Tmed2**”**’ chorion with a wildtype allantois.

Chorion (Ch), Allantois (Al), DAPI= magenta, fibronectin= green. Scale bar =50um,

Arrows indicate increased expression of fibronectin.
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Figure 3.9 Representative images showing expression of adhesion molecule VCAM1

in wildtype and Tmed2?*/**/placenta.

Al1-A4: VCAMI1 was localized at the apical surface of a monolayer of allantoic cells in
wildtype placenta post chorioallantoic attachment. B1-B4: in the allantois of a
Tmed2”*”?* placenta post-chorioallantoic attachment, VCAM1 showed abnormal
expression in the allantoic cells. arrows indicate increased expression of VCAMI.

Chorion (Ch), Allantois (Al), DAPI= blue, VCAMI1= red. Scale bar =50um.
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Table 3.1 Mitotic index in explants of wildtype control and explants with
Tmed2%*% tissues.

A: The average sum of total number of cells counted, the average number of PH3+ cells,
and the average mitotic index in cultured explants. Significantly less proliferation was

997997 chorion cultured with a wildtype allantois when

found in explants of 7med2
compared to wildtype control (bar graph). B: The average sum of total number of cells
counted in the chorionic region, the average number of PH3+ cells in the chorionic
region, and the average mitotic index in the chorionic region of cultured explants. No
significant difference was found in mitotic index among all sample types (bar graph). C:
The average sum of total number of cells counted in the allantoic region, the average
number of PH3+ cells in the allantoic region, and the average mitotic index in the
allantoic region of cultured explants. Reduced proliferation was found in explants of
Tmed2”*”?* chorion with a wildtype allantois, and explants of Tmed2?*”**/ chorion

cultured with a Tmed2?*”**/ allantois when compared to wildtype control (bar graph). P-

values represented as*for <0.05, ** for <0.01 (student t-test).
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Table 3.1A Mitotic Index of cultured Tmed2 null and wildtype chorion/allantois explants for 24 hours

Sample type Number of samples Mean Standard Deviation — Standard Error of Mean
(M) (SD) (SEM)
Tmed? chorion+ Tmed2 “allantois 4 1095.50 220.08 110.04
TmedZ thorion+ Tmed2™ allantois 4 689.9 204.43 102.21
Total cell count 5 i
Tmed?2 chorion+Tmed2 allantois 3 740.56 56.06 33.52
Tmed2 ‘choriont Tmed2 ‘allantois 4 1203.56 386,67 193.33
Tmedz ehorion+ Tmed2 allantals 4 74.21 17.07 854
Tmed2 chorion+Tmed2 ™ allantals 4 27.35 2407 12.03
PH3+ cellcount v ehonons Tmeaz alantols 3 15.78 742 428
Trmed2 chorion+ Tmed2 “allantois 4 45.33 38.33 19.18
Tmed2 chorion+ Tmed2 allantois 4 6.83 125 a.62
PHatiotal  Tmed2 chorion+Tmeo2™ allantois 4 4.40 4.38 2.19
cell count (%) Tmed?2 ‘chorion+ Tmed2 allantois 3 2.20 1.08 0.62
Tmeo2 chorion+ Tmed2 ‘allantois 4 393 399 2.00

Mitotic Index{%)

Mitotic index

Table 3.1B Mitotic Index of chorion of cultured Tmed2 null and wildtype chorion/allanteis explants for 24 hours

Sample typs Number of samples Mean Standard Deviation  Standard Error of Mean
(M) 5Dy M)
Tmed? Enorion+ Tmedz alantols 4 640.13 123.1 61.56
Tmed? thorion+Tmed2™ allantois 4 486,50 18874 94.37
Total cell count gz chorion+Tmedz Sllantois 3 472 67 104.33 60.23
Tmed2 chorion+Tmed2 “allantois 4 83415 41515 207.57
Timed? cherion+Tmed2 “allantois 4 2946 16.23 8.12
Tmed2 chorion+Tmed2” allantois 4 18.56 17.52 8.76
PH3+ cell count
el eoUNt Jimedz chorion+ Tmed2' dllantois 3 572 5.51 3.18
Tmedz chorion+Tmed2 “allantois 4 34.14 32.60 16.30
TmeoZ chorion+ Tmed2 “allantois 4 463 244 122
PHasfolg  Tmed? icharionvTmeu‘Z“"aHanto\s 4 455 5.49 275
cell count (%) Timed2 cherion+Tmed2 allantois 3 1.07 0.88 0.51
Timed? chorion+ Tmed2 allantois 4 4.03 455 2.28

Table 3.1C Mitotic Index of allantoic region of cultured Tmed2 null

Sample type

Number of samples Mean Standard Deviation ~ Standard Error of Mean
N) (M) (SD) (SEM)

Tmeaz "thorion Tmed2  allantois

4 45538 26822 134.11
Tmed2 ‘chorion+Tmed2 ™ allantois. 4 193.40 8234 41.17
Total cell count #
Tmea2 chorion+Tmed2 allantois 3 26789 127.30 73.50
Tmed?2 ‘chorion+Tmed?2 ‘allanteis 4 389.41 170.52 85.26
Tmed?" thorion+Tmed2 allantois 4 4475 23.03 11.51
Tmed2 thorion+Tmed2  allantais 4 8.79 8.26 413
PH3+ cell count o
Tmed2 chorion+Tmed? allantois 3 10.06 10.08 582
Tmed?2 "chorion+ Tmed2 “allantois 4 11.19 8.06 4.03
TmedZ thorion+Tmed2 allantals 4 10.25 1.99 0.99
PH3+total  TmadZ chorion+Tmed2? allantois 4 498 463 232
5 ;
cellcoint (%), g, o tiaons Trbt2 Slanios. 9 359 209 121
Tmed2 chorion+Tmed2 allantois 4 353 332 166

Mitotic Index(%)

9

Mitatic Index(%)

@

~

Mitotic index chorionic region

d wildtype chorion/allantois explants for 24 hours

Mitotic index allantoic region

TmedZ' "' chr with Tmed2'"" all
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Table 3.2 Apoptotic index in explants of wildtype control and explants with
Tmed2%*?% tissues.

A: The average sum of the total number of cells counted in explants, the average number
of cleaved Casp3+ cells, and the average apoptotic index in cultured explants. Increased
cell death was found in explants of Tmed2**”**’ chorion cultured with a Tmed2**"*%’
allantois when compared to the wildtype control (bar graph). B: The average sum of the
total number of cells counted in the chorionic region, the average number of cleaved
Casp3+ cells in the chorionic region, and the average apoptotic index in the chorionic
region of cultured explants. Increased cell death was found in explants of Tmed2*”**’
chorion cultured with a Tmed2?*”?*/ allantois when compared to the wildtype control (bar
graph). C: The average sum of the total number of cells counted in the allantoic region,
the average number of cleaved Casp3+ cells in the allantoic region, and the average
apoptotic index in the allantoic region of cultured explants. Increased cell death was
found in explants of wildtype chorion cultured with a Tmed2°*”**/ allantois when
compared to wildtype control (bar graph). P-values represented as*for <0.05, ** for

<0.01 (student t-test).
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Table 3.2A Apoptosis Index of cultured Tmed2 null and

for 24 hours

Sample type Number of samples Mean Standard Deviation  Standard Error of Mean
(M) (SD})
rmed?:‘cnnnum Tmed2 "llantois 3 103228 19,08 68.75 Apoptotic index
ToREF Il ci Tmed? chorion+Tmed2 allantois 4 843.42 318.10 159.05 20 i -
Tmed2 chorion+ Tmeg? allantois 3 107187 7717 4456 e E Tmegzysehrn noaZy! el
, 5 $ Tmedz*'*chr with Tmea2'” al
Tmed? ‘chorian+ Tmed? &llaniois 3 1264.00 37975 219.25 E1 M 7oz et Teaztt a
Tmed? chorion+Tmedz Elantois 3 89.44 1249 7.79 H] TmedZ ehr with TmedZ"” al
Tmed thorion+Tmed2” allantols 4 104 04 6725 3363 g"
Casp3toalloount 7 o 'chorion+ Tmeo2 lantols. 3 1822 47.30 27.31 g,
Tmed2 chorion+ Tmed2 allantois 3 167.83 42.99 2462 §'
I o
Tmed? thorion+Tmed2 'ellantois 3 877 1.19 069
Casp3+ fotal Tmedz":‘chonomeed?': allantois 4 14.22 7.78 3.89
call count (%) Tmed2 chorion+ Tmed2"allanicls 3 1142 572 330
Tmeo2” chorian+ Tmed2 allantois 3 13.55 2.26 1.31

Tahle 3.2B Apoptosis Index of chorion of cultured Tmed2 null and wildtype chorionfallantois explants for 24 hours

Sample type Number of samples Mean Standard Deviation  Standard Error of Mean
{ (M) (sD) (SEM)
TmedZ Shorion+ Tmed2 " allantois 3 765.44 78.33 45.23
Tmed2 chorion+ Tmed? * allantois 4 616.83 365.78 162.89
Total call Gount 2 ehorion: Tmed2”allantols 3 805.11 74.02 4273
Tmed? chorien+ Tmed2 allantols 3 1043.78 411.00 23729
Tmed?: i?:hunomTmea?l“'auan(ois 3 .22 204 1.18 =
Tmead? ‘chorion+Trmed? allantois 4 34.04 8.08 4.04 3
Caspa+ cell count . yo ehorion+ Tmed2 “lantols 3 s5.22 3151 1819 2
Tmed? chorion+ Tmed2 allantols 3 110.28 §4.35 37.15 £
Tmed? chorion+Tmed2 alartcis 3 459 0.56 034 g
Caspa+itotal  Tmed2 choron+Tmed2” allantois 4 7.45 488 2.44
cell count (%] Tmed2” chorion+ Tmed2 allantois 3 7.33 488 2.82
Tmed2 chorion+ Tmed2 allantols 3 EES 262 151

Apoptotic index chorionic region

15

10 B 7med2" chr with Tmed2""* all
B tmeg2"*chr with Tmeg2" al
[ meaz'chr with Tmea2™* al

5 Tmed2 chr with Tmed2” all

Table 3.2C Apoptosis Index of allantoic region of cultured Tmed2 null and wildtype chorian/allantois explants for 24 hours

Sample type Number of samples Mean Standard Devistion  Standard Error of Mean
(SD)
Tmedz thorion+ Tmed2 "allantois 3 206.83 58,50 1378
Tmeoz" chorion+ Tmeo2 " allantois 4 226.58 203.85 101.93
Total cell count i -
Tmed? chorian+ Tmed2 allamtois 3 266 .56 55.06 3179
Tmed2 cherion+ Tmec2 allanicis 3 22022 44.23 2554
TmedZ thorion+ Tmed2 Hllantols 3 55.22 11.95 6.90 F
Tmed? thorion+ Tmed2” allantois 4 70.0 80.22 30.11 ¥
Gaspa+ cell count i A 3
Tmed? ‘chorion+ Tmed? ‘Bllantcis 3 610 16.67 962 E
Tmed2 charion+ Tmed2 ‘3llantcis 3 57.56 26,37 15.23 'é
B
3 2141 3.34 193 5
Casp3+ftotal  TmedZ chorion+Tmed2™ allantois 4 31.82 177 0.88
g = i
Sel cOunt (4) 1 ods “chorion+ Trmed2 Sllantais 3 2442 9568 559
Tmedz enorion+ Tmea2 "Bllantals 3 2608 709 409

Apoptotic index allantoic region
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Connecting text between Chapter III and IV

In the previous chapter, I described the study of tissue-specific requirement of
Tmed?2 during early labyrinth layer development using an established ex vivo pre-
placental explant system. Though Tmed2?*”°*’ embryos arrested before E11.5 due to
impaired placental development and function, Tmed2?*”* mice were viable and fertile.

d2°*”* animals (< 6 months old) did not have any obvious

Although young adults of 7me.
gross abnormalities, a number of Tmed?2 heterozygous mice developed liver cancer at

older age (starting at 8 months). Histological analysis on liver samples from Tmed2**”*
and age-matched wildtype littermate mice revealed a significant increase in numbers of

d2?*”*mice with the non-alcoholic fatty liver disease (NAFLD) phenotype at 6

Tme
months old. In this chapter, I described experiments and analysis performed to

characterize the NAFLD phenotype and potential underlining mechanisms regulated by

TMED?2 in the Tmed2%*”" liver.
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Chapter IV : Non-alcoholic Fatty Liver Disease in Mice with Heterozygous
Mutation in TMED2

Wenyang Hou, Swati Gupta, Marie-Claude Beauchamp, Libin Yuan, Loydie A. Jerome-

Majewska

PLoS ONE 12(8): e0182995. https://doi. org/10.1371/journal.pone.0182995

151



4.1 Abstract

The transmembrane emp24 domain/p24 (TMED) family are essential components
of the vesicular transport machinery. Members of the TMED family serve as cargo
receptors implicated in selection and packaging of endoplasmic reticulum (ER) luminal
proteins into coatomer (COP) II coated vesicles for anterograde transport to the Golgi.
Deletion or mutations of Tmed genes in yeast and Drosophila results in ER-stress and
activation of the unfolded protein response (UPR). The UPR leads to expression of genes
and proteins important for expanding the folding capacity of the ER, degrading misfolded
proteins, and reducing the load of new proteins entering the ER. The UPR is activated in
non-alcoholic fatty liver disease (NAFLD) in human and mouse and may contribute to
the development and the progression of NAFLD. Tmed?2, the sole member of the
vertebrate Tmed P subfamily, exhibits tissue and temporal specific patterns of expression
in embryos and developing placenta but is ubiquitously expressed in all adult organs. We
previously identified a single point mutation, the 99J mutation, in the signal sequence of
Tmed?2 in an N-ethyl-N-nitrosourea (ENU) mutagenesis screen. Histological and
molecular analysis of livers from heterozygous mice carrying the 99J mutation,
Tmed2””*, revealed a requirement for TMED?2 in liver health. We show that Tmed2”*"*
mice had decreased levels of TMED2 and TMED10, dilated endoplasmic reticulum
membrane, and increased phosphorylation of elF2a indicating ER-stress and activation of
the UPR. Increased expression of Srebpla and 2 at the newborn stage and increased
incidence of NAFLD were also found in Tmed2?*”* mice. Our data establishes
Tmed2?*”* mice as a novel mouse model for NAFLD and supports a role for TMED2 in

liver health.
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4.2 Introduction

The ten TMED proteins in mouse and human are subdivided into four subfamilies
based on sequence similarity (Strating and Martens, 2009a): three belong to the o
subfamily (TMEDA4, 9, 11); one to the B family (TMED?2); five to the y subfamily
(TMEDLI, 3, 5, 6, 7); and one to the 6 family (TMED10). TMED proteins were found to
form monomers, dimers and heterodimers (Jenne et al., 2002)and to regulate the stability
of each other (Pastor-Cantizano et al., 2015). Thus, loss of one member of a subfamily
resulted in loss of TMED proteins in other subfamilies (Denzel et al., 2000; Jenne et al.,
2002; Jerome-Majewska et al., 2010).

Members of the TMED family serve as cargo receptors implicated in selection and
packaging of endoplasmic reticulum (ER) luminal proteins into COP II coated vesicles
for anterograde transport to the Golgi. TMED putative cargos include WNTs and
glycosylphosphatidylinositol-anchored proteins (GPI-APs) (Pastor-Cantizano et al.,
2015). Deletion or mutations of Tmed genes in yeast and Drosophila resulted in ER-stress
and activation of the unfolded protein response (UPR) (Belden and Barlowe, 2001).The
UPR leads to expression of genes and proteins important for expanding the folding
capacity of the ER, degrading misfolded proteins, and reducing the load of new proteins
entering the ER (Malhi and Kaufman, 2011) .

Tmed?2, the sole member of the vertebrate Tmedf subfamily exhibits tissue and
temporal specific patterns of expression in embryos and developing placenta (Au et al.,
2015; Jerome-Majewska et al., 2010; Zakariyah et al., 2011) but was ubiquitously
expressed in all adult organs (Strating et al., 2009a). Our group identified a point

mutation in the signal sequence of Tmed?2 in a mutant mouse line, 99J, generated in a
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mutagenesis screen with N-ethyl-N-nitrosourea (ENU). We showed that the 99J mutation

results in decreased TMED2 protein levels in heterozygous (Tmed2’*”*

) embryos and
loss of TMED2 protein in homozygous mutant embryos (7med2°*”**’) (Jerome-
Majewska et al., 2010). Tmed?2 is required for morphogenesis of the embryo and its
associated placenta, and consequently Tmed2*/°% embryos arrest at mid-gestation,
shortly after embryonic day (E)10.5 (Jerome-Majewska et al., 2010). Similarly, Tmed10,
the sole member of the Tmed & family is required for embryonic development and,
Tmed10 homozygous mutant embryos arrest early in development, before E3.5 (Denzel
et al., 2000). Furthermore, Tmed10 heterozygous mice showed dilated Golgi and reduced
amount of at least two other members of the TMED family, TMED9 and TMED3. The
consequences of reduced levels of TMED2 have not been described yet. Herein, we
report that in adult mice, normal amount of TMED2 was required for liver health. Mice
heterozygous for the ENU-induced Tmed2**”" allele had decreased levels of TMED2 and
TMEDI10, dilated endoplasmic reticulum membrane and increased phosphorylation of
elF2a indicating ER-stress and activation of the UPR, increased expression of Srebpla
and 2 at the newborn stage, and an increased incidence of non-alcoholic fatty liver
disease (NAFLD).

NAFLD is the major cause of chronic liver disease worldwide in both developing
and developed countries (Abd El-Kader and El-Den Ashmawy, 2015; Review T,
LaBrecque DR, Abbas Z, Anania F, Ferenci P, Khan AG, Goh KL, Hamid SS, Isakov V,
Lizarzabal M, Penaranda MM, Ramos JF, Sarin S, Stimac D, Thomson AB, UmarM,
Krabshuis J, 2014). Although, the global prevalence of NAFLD is estimated to be

25.24%, with the highest prevalence in South America (30.45%) and the Middle East
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(31.79%), no therapy exists to treat NAFLD. Lifestyle changes, including diet and
exercise, can result in significant improvement in steatosis in a subset of patients and is
the treatment currently recommend for NAFLD (S.Nahum, 2004). In addition, two drugs
Pioglizatone and Obeticholic Acid, were also found to significantly improve histological
signs of NAFLD in two separate randomized, placebo-controlled trials (Cusi et al., 2016;
Louis et al., 2016). The thiazolidinedione, Pioglitazone, was shown to be safe and
effective in patients with prediabetes or type 2 diabetes and non-alcoholic steatohepatitis
(Cusi et al., 2016), however, concerns persist regarding the longterm safety of this drug.
In addition, the Farnesoid X nuclear receptor ligand Obeticholic Aid, also resulted in
significant improvement of histological features of NAFLD (Louis et al., 2016).
Nonetheless, since many patients are refractory to these treatments and NAFLD is a
heterogenous disease, identifying and characterizing novel models for NAFLD will aid in
development of biomarkers and new therapeutic targets. Our work indicates that Tmed?2
heterozygous mice with the 99J mutation is a novel mouse model for NAFLD and
supports a role for TMED?2 in liver health.
4.3 Materials and Methods
4.3.1 Mice

All procedures and experiments were performed according to the guidelines of the
Canadian Council on Animal Care and approved by the Animal Care Committee of the
Montreal Children’s Hospital. The 99J mouse line was generated on a C57/BL6J genetic
background and maintained on a mixed C3H genetic background (C3HeB/Fel and
C3HeB/FeV). The 99] mutation was genotyped by PCR using primers to DSMIT95 and

D5SMIT213 as previously described (Jerome-Majewska et al., 2010). For newborns, the
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date of birth was designated as P1. Liver analysis was performed on samples collected
from mice between 1 — 17 months of age euthanized between 13h - 17h on the day of
tissue collection. For molecular analysis, livers collected at P5 were classified as pre-
weaning newborn, livers collected from animals between 1 and 2 months of age were
classified as post-weaning juveniles, and livers collected from animals 3 — 6 months of

age were classified as mature adults.

4.3.2 Cell Lines

Human hepatocellular carcinoma cells (HepG2) and the liver adenocarcinoma
cells (SK-HEP-1) (ATCC, Manassas, VA, USA) were used in this study (Gifts of Dr. P.
Metrakos). Both cell lines were grown in Minimal Essential Medium supplemented with
10% of FBS, 1% penicillin/streptomycin (Wisent, Saint-Bruno, Quebec, Canada). Each
cell line was passaged every 4 to 6 days. Cells were maintained at 37 °C in a 5 % CO,
95 % air atmosphere incubator. Treatment with tunicamycin (Sigma, Oakville, Ontario,
Canada), diluted in DMSO, was performed in cell medium at the indicated
concentrations. DMSO was used as vehicle.
4.3.3 Tunicamycin

Tunicamycin was prepared in 150mM sucrose and was injected intraperitoneally
at a dose of 0.75mg/kg in 10 weeks old wildtype (n=4) and Tmed2’*”* (n=6) mice at day
0. The weight of mice was monitored daily in the morning for 14 days at which point

they were euthanized and organs collected.

4.3.4 Liver Collection
Liver samples collected from individual adult animals were used for multiple

experiments. To standardize experiments between animals, the left lateral lobe of the
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liver was used for histology, the left medial lobe was used for RNA analysis, and the rest
of the liver tissue was used for Western blot analysis. Liver tissue was collected and fixed
in 4% PFA or Bouin solution (Ricca Chemical, Texas, USA) for immuno-histochemical
analyses and/or histology, respectively. For Western blot analysis, liver was flash frozen
in liquid nitrogen before lysis in RIPA buffer. For RNA analysis, liver tissue was treated
with Trizol and stored at -80°C before RNA extraction. For Transmission Electron
Microscopy (TEM) liver samples, mice were anesthetized, and the internal organs were

perfused and fixed with 25% glutaraldehyde in 0.1 M cacodylate buffer.

4.3.5 Paraffin and Cryoembedding

Liver samples fixed in Bouin and/or PFA were dehydrated and embedded in
paraffin, as previously described (Gupta et al., 2016; Hou et al., 2016; Jerome-Majewska
et al., 2010). All samples were sectioned at Spum thickness. For cryosection, liver
samples were fixed in 4% PFA, cryoprotected in 30% sucrose, and cryoembedded in

plastic molds before sectioning at 10um thickness.

4.3.6 Transmission Electron Microscopy (TEM)

Livers collected from wild type (n=2) and Tmed2°*”*(n=4) mice were washed in
Phosphate Buffered Saline (PBS), fixed with 25% glutaraldehyde in 0.1 M cacodylate
buffer (pH = 7.5), stained in 2% reduced osmium tetraoxide, and embedded in Epone.
The samples were sectioned at the McGill FEMR facility. Imaging of sections was

completed on the Tecnai T12 120 kV TEM microscope.

4.3.7 Scoring for NAFLD
Paraffin embedded samples were stained with Hematoxylin and Eosin (H&E)

using standard protocols and scored for NAFLD using a scoring system adapted from
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Kleiner et al., 2005, for details see Table 1 (Kleiner et al., 2005). Liver samples were
scored using 20X objectives on a Zeiss Axiophot compound microscope. Minimum of
two slides (four sections each) at least 100 um apart were used for scoring liver samples.
Representative images were taken for each sample using a Zeiss Axiophot compound
microscope, AxioCamMRc camera and Axiovision v4.7.1.0 software. Samples with
scores of >4 were considered sick and samples with scores of <4 were diagnosed

healthy. All livers were scored by two individuals blind to animal genotype.

4.3.8 Oil Red O Staining and Sudan Black B staining

Livers from subset of wild type (n = 4) and heterozygous (n=4) mice with macro
and/or microvesicular steatosis scores of 0 - 3 were stained with Oil Red O or Sudan
Black B to confirm presence of steatosis. Briefly, cryosectioned livers were washed with
running tap water for 10 minutes, rinsed with 60% isopropanol and stained with Oil Red
O (Sigma, Cat# 00625-25G) mixed with 60% isopropanol for 15 minutes. The sections
were then rinsed with 60% isopropanol, and nuclei were stained with Mayer’s
Haematoxylin, rinsed in tap water and coversliped with aqueous mounting medium. For
Sudan Black B staining, cryosectioned livers were washed in tap water for 10 minutes,
rinsed in 70% ethanol for 1 minute and stained with Sudan Black B (Sigma, Cat#
199664-25G) diluted in 70% ethanol for 8 minutes. The sections were dipped in 70%
ethanol for 2 minutes to remove any extra stain, and the nuclei were stained with 0.1%
nuclear fast red. Sections were then washed in tap water for 10 minutes and coversliped
with aqueous mounting medium. All samples were imaged using Leica microsystem

(model DM6000B) and Leica camera (model DFC 450 C).
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4.3.9 Biochemical Analysis

Cardiac puncture was performed to collect blood for biochemical analysis.
Briefly, after euthanization, blood was collected in Vacuette potassium-EDTA tubes
(VWR, Cat #454428) and centrifuged to isolate plasma. Plasma samples were stored at -
20°C until analysis. Levels of cholesterol and triglycerides were measured by routine

laboratory techniques at the McGill University Health Center core facility.

4.3.10 RT-PCR

RNA extraction was performed according to Trizol manufacturer's protocol
(Invitrogen, Burlington, Ontario). Total RNA was treated with DNAse (NEB, according
to manufacturer's protocol) and used for reverse transcription with the iScript™cDNA
synthesis kit (Bio-rad, Cat. #170-8890, according to the manufacturer's protocol). qRT-
PCR was performed using the ssoAdvanced universal SYBR green supermix (Bio-Rad,
cat#172-5270) on a Roche LightCycle 480 PCR machine. qPCR experiments were
performed in duplicates to ensure technical replicability. At least 4 animals of each
genotype were analyzed for biological replicates. Target genes were normalized with the
normalization factor as calculated by geNorm software (v3.4; Ghent university hospital
center for medical genetics) (Vandesompele et al., 2002). Two to three house-keeping
genes including B2M, GAPDH, and SDHA were used for the generation of the
normalization factor as previously reported (Vandesompele et al., 2002). RT-PCR
program included a hot start at 95 °C for 5 min, followed by 40 cycles of a denaturation
step at 95 °C for 10s and an annealing/extension step at 60 °C for 30s. Primers used in the

present study are listed on Table 4.1.
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4.3.11 Western Blot analysis

Snap-frozen mice tissues were minced and lysed in RIPA buffer (25 mM Tris-HCI
pH 7.6, 10 % glycerol, 420 mM NaCl, 2 mM MgCl,, 0.5 % NP-40, 0.5 % Triton X-100,
1 mM EDTA, protease inhibitor) on ice. Approximately 50mg of liver tissue was
sonicated and centrifuged at 13000rpm for 20 minutes at 4°C. Clarified protein lysates
were measured according to standard methods using a DC protein assay kit (Bio-Rad,
Mississauga, Ontario, Canada). Cells were pelleted and lysed with RIPA buffer. 50ug of
protein was resolved on 6 % and 12 % denaturing SDS-polyacrylamide gels and
transferred to PVDF membranes, as previously described (Marques et al., 2015).

For protein samples resolved on TGX Stain-Free gels (Bio-Rad, Cat# 4568045), the gel
was activated by exposure to UV light for 1 min to visualize total proteins. They were
then transferred to Low Fluorescence PVDF membrane (Bio-Rad, Cat# 1620260), and a
stain-free blot image was acquired to obtain a total protein profile. The total protein
profile was used as a loading control to normalize the level of the protein of interest.
When indicated, B-actin level was used as a loading control to normalize the level of the
protein of interest.

After blocking in 5 % milk, all membranes were probed with indicated primary
antibodies. Immunoblotted proteins were visualized using horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling), and antigen-antibody complexes were
detected using the ECL system (ZmTech Scientifique, Montreal, Quebec, Canada).

All western blots were repeated at least twice on each sample, and at least 3 animals of
each genotype were analyzed for biological replicates. Images of western blots were

taken with Bio-Rad’s ChemiDoc MP System. The bands for total proteins and the Chemi
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images were digitally analyzed using Image Lab software. Primary antibodies used in this
study are listed in Table 4.2.
4.3.12 Statistical Analysis

Two-tailed unpaired t-test analysis and Fisher’s exact test were calculated using

the Prism Software (http://www.graphpad.com/scientific-software/prism/). Significant p-

values are represented as * for <0.05, ** for <0.01, *** for <0.001.
4.4 Results

4.4.1 TMED? protein was significantly decreased in livers of newborn Tmed2’*’" mice.
We previously showed that embryos homozygous mutant for the 99J mutation in
Tmed?2 have reduced mRNA and absent protein (Jerome-Majewska et al., 2010). To
examine the requirement of TMED?2 in heterozygous mice, we first quantified Tmed2
mRNA levels in livers of heterozygous mice carrying the 99J mutation (Tmed2”") using
qRT-PCR. We predicted that TMED?2 levels may correlate with the age and maturity of
the mice. Therefore, we analyzed newborn pre-weaning (P5, n=4 per genotype), post-
weaning juvenile (1 - 2 months, n=4 per genotype) and adult mice (3 - 6months, n=4 per
genotype), separately. No significant difference was observed in levels of 7med2 mRNA
in the liver of Tmed2*”* newborn, juvenile, and adult mice as compared to age-matched
wild type mice (Figure 4.1A). However, TMED?2 protein was reduced at all stages
analyzed (n=3 per genotype per age group; Figure 4.1B — 1E), though this decrease was

?*mice where compared to

only statistically different when livers of newborn Tmed?2
age-matched wild type control (two-tailed, unpaired t-test, p=0.004; Figure 4.1B,1C).

These data confirmed the previously reported discordance between expression of Tmed2

mRNA and protein, in Tmed2*”?* embryos (Jerome-Majewska et al., 2010).
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4.4.2 TMEDI0 was significantly decreased in livers of newborn Tmed2**”" mice.
TMED2 complexes with TMED10 (Blum et al., 1999; Fiillekrug et al., 1999;
Jenne et al., 2002), and is required for TMED10 stability and localization (Emery et al.,
2000; Jerome-Majewska et al., 2010).We examined 7Tmed () mRNA level and found that
it was not significantly different between wild type and Tmed2?”* mice (n=4 per
genotype per age group; Figure 4.2A). However, TMED10 was reduced at all stages
analyzed (n=3 per genotype per age group; Figure 4.2B —4.2C), and this difference was
statistically significant in newborn and adult mice (two-tailed, unpaired t-test, p=0.045
for newborn, and 0.024 for adult; Figure 4.2B — 4.2C). Thus, levels of both TMED2 and

d299.1/+

its associated partner, TMED10 are decreased in livers of Tme mice.

4.4.3 Normal level of TMED?2 was not required for tunicamycin induced UPR.

Since TMED2 and TMED10 were implicated in rapid ER stress-induced export
(RESET), an early step in the unfolded protein response (UPR) important for the
degradation of misfolded GPI-anchored proteins (Satpute-Krishnan et al., 2014), we
investigated a potential role for TMED?2 in the UPR. Treating HepG2 and SKHepl -
human liver cancer cell lines - with tunicamycin for 24 hours resulted in a significant
increase in glucose regulated protein (GRP)78, consistent with activation of UPR (two-
tailed, unpaired t-test, p=0.048 for HepG2 and 0.029 for SKHep1). However, no
significant modulation of TMED?2 was found when HepG2 and SKHep1 cells were
treated with tunicamycin for 24-hours (Figure 4.3 A — D). This indicates that TMED2
was not regulated during tunicamycin-induced UPR. In addition, wild type and
Tmed2?*”* mice treated with tunicamycin, as described previously (Yamamoto and Mori,

2010) and in the materials and methods, showed a similar reduction in weight and
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subsequent recovery (Figure 4.3 E). Overall, our data indicate that TMED?2 is not
modulated by tunicamycin and suggest that normal levels of TMED?2 is not required for

tunicamycin-induced UPR.

4.4.4 ER dilation and increased phosphorylated eIF2o. in Tmed2**”” livers.

Golgi of mice with heterozygous mutation in 7med0 are moderately dilated,
(Denzel et al., 2000) therefore, we used transmission electron microscopy to examine the
morphology of Golgi and ER in livers of Tmed2?””* mice. No morphological

abnormalities were found in Golgi of Tmed2**"*

mice (data not shown). However, ER
membranes in a subset of adult Tmed2?*”* mice were mildly dilated (n=3/4) (Figure 4.4B,
D) when compared to age-matched wild type control (Figure 4.4A, C). In one case,
severely dilated ER membranes was observed in a hepatocellular carcinoma found in one

Tmed. 299J/+

mouse (data not shown).

Dilated ER membranes are an indication of ER-stress and are associated with
activation of the UPR. Therefore, we examined expression of genes and proteins
associated with the UPR (Malhi and Kaufman, 2011). During UPR, expression of
chaperone proteins such as GRP78 and GRP94 are increased to reduce the load of
unfolded proteins in the ER. In addition, activation of three canonical pathways:
eukaryotic translation initiation factor (eIF)-2a Kinase 3 (PERK), endoplasmic reticulum
to nucleus signaling/inositol-requiring enzyme (IRE)-1, and activating transcription
(ATF)-6, result in transcriptional regulation of genes which will help to maintain ER
homeostasis or to initiate cell death (Henkel and Green, 2013; Malhi and Kaufman,

2011). ER-stress was examined in juvenile and/or adult wild type and Tmed2**”* mice.

No significant differences were found in levels of the chaperone proteins GRP78 and
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GRP94 (Figure 4.5 A, B) in juvenile and adult animals. In addition, splicing of the
transcription factor Xbp! (Figure 4.5 E) - a surrogate for activation of the IRE-1, and
accumulation of cleaved ATF 6 were comparable in livers of adult wildtype and
Tmed2°®”" mice (Figure 4.5C, D). However, phosphorylated elF2a (pelF2a) was
significantly increased in livers of adult Tmed2°*”* mice, when compared to age-matched
wild type mice (two-tailed, unpaired t-test, p = 0.032; Figure 4.4E-G), indicating that the
PERK arm of the UPR was activated. Nonetheless, expression of A#f4 and Chop,
downstream targets of eIF20 were comparable between adult Tmed2’*”* and wild type
mice (Figure 4.4H). Overall, our data indicate that dilation of ER membranes in

d 299J/+

Tme mice was associated with activation of the PERK arm of the UPR.

4.4.5 Heterozygous Tmed?2 mice develops NAFLD.

During our studies, we noted that livers of Tmed2°*/*

mice appeared abnormal
and that a subset of mice developed hepatocellular carcinoma, in addition lung and
stomach tumors were found in two different Tmed2?*” mice (manuscript in preparation).

To systematically analyze livers of Tmed2**"*

mice and compare them to their wild type
littermates we utilized a modified version of the Non-alcoholic Activity Score (NAS)
described by the Non-alcoholic Steatohepatitis Clinical Research Network (Kleiner et al.,
2005). Livers from wild type and heterozygous mice between 1 month — 17 months were
scored for ballooning, macrosteaosis, and lobular inflammation after Haematoxylin and
Eosin (H&E) staining (Table 4.3). In the course of our analysis, it became apparent that
two additional phenotypes, microvesicular steatosis and portal inflammation (Figure 4.6)-

associated with NAFLD (Tandra and Chalasani, 2011) and not included in the NAS

scoring system, -were also present in wild type and Tmed2**”* mice. Hence, these two
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additional phenotypes were also incorporated into our scoring system (Table 4.3 and
Figure 4.6). The average age of mice analyzed was not significantly different, 8.6 months

and 8.4 months for Tmed2%%"*

and wild type mice, respectively. However, significantly
more Tmed2’*”" mice exhibited NAS activity scores of 4 or higher (n=21/55) when
compared to wild type (n=4/40) mice (two-tailed, fisher’s exact test, p=0.0021; Figure
4.6G). Accumulation of neutral lipids in animals with macrosteatosis score of >2 was
confirmed after staining with Oil Red O and Sudan Black B (Figure 4.7). Although, 72 —
91% of male C3H/HeJ mice were reported to develop hepatomas at the age of 14 months
(The Jackson Laboratory), increased susceptibility to liver cancer was not associated with
liver disease (Gariboldi et al., 1993). Nonetheless, our data indicates that reduction of
TMED?2 resulted in a 28% increase (from 10% to 38%) in the number of mice with
clinical features associated with NAFLD by the age of 6 months.

NAFLD is often associated with a metabolic syndrome (Williams, 2015).
Therefore, features associated with a metabolic syndrome such as increased weight,
increased plasma cholesterol and triglycerides were measured in post-weaning juvenile
and adult wild type and Tmed2**”" mice. No significant difference was found in any of
these metabolic indicators when Tmed2?*”* mice were compared to their wild type
littermates (Figure 4.8 and 4.9), although NAFLD was only scored in a subset of mice
used for cholesterol and triglyceride studies (n=5/10 wild type and 3/10 Tmed2°*”* mice)
none of the animals showed any overt liver diseases. However, we noted that plasma
triglyceride level was higher and that plasma cholesterol level was lower in adult

Tmed2?*”* mice when compared to age-matched wild type litter mates (Figure 4.9). Thus,

our data indicates that Tmed2?*”* mice do not exhibit signs of a metabolic syndrome.
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4.4.6 Levels of Srebpla and Srebp?2 are increased in Tmed2°*” mice.

Srebp 1f and Srebp?2 belong to a family of transcription factors that regulates fatty
acid and cholesterol synthesis, respectively (Eberlé et al., 2004; Ferré and Foufelle, 2010;
Shimano et al., 1997). The Srebplf gene encodes for two alternative transcripts: Srebplc,
which primarily regulates expression of genes involved in fatty acid biosynthesis, and
Srebp1a that regulates expression of genes implicated in both fatty acid and cholesterol
biogenesis (JD Horton, 2002). No significant difference was found in Srebp Ic expression
or in generation of cleaved SREBP1C, when juvenile and adult Tmed2?*”" mice were
compared to wild type age-matched controls (Figure 4.10B, D). Similarly, SREBP2 was
comparable between juvenile and adult wild type and Tmed2°*”* mice (Figure 4.10E).
However, levels of Srebpla and Srebp?2 were significantly higher in livers of newborn
Tmed2°*”* mice when compared to age-matched wild type littermates (two-tailed,
unpaired t-test, p=0.017 for Srebpla, and 0.016 for Srebp2; Figure 4.10A, C). Thus,
expression of transcription factors associated with steatosis and NAFLD is increased in

99J/+

newborn Tmed?2 mice.

4.5 Discussion

4.5.1 A novel model of NAFLD.

Herein, we describe a novel model of NAFLD associated with haploinsufficiency for the
cargo receptor TMED2. We showed that newborn mice carrying the 99J point mutation
in Tmed?2 have a significant decrease in TMED2 and TMED10 with no associated change
in the mRNAs. In addition, TMED2 was not regulated by the UPR and normal levels of
TMED?2 was not required for tunicamycin-associated UPR. However, livers from

Tmed2’””" mice had dilated ER membranes and activation of the PERK arm of the UPR
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pathway, as indicated by increased phosphorylation of eIF2a (Puri et al., 2008).
Consistent with the established association of the UPR in liver disease, Tmed2?”" mice
develop NAFLD with no associated metabolic disease (Malhi and Kaufman, 2011).
Increased expression of Srebp2 and Srebpla in livers of newborn heterozygous mice is

postulated also to contribute to the development of NAFLD in adult Tmed2’*”* mice.

4.5.2 TMED? regulates stability of TMEDI 0.

Expression levels of TMED proteins are interdependent (Denzel et al., 2000;
Jenne et al., 2002; Jerome-Majewska et al., 2010; Pastor-Cantizano et al., 2015), and
reduction of TMED2 was associated with a reduction of TMED10 in Tmed2**”" mice.
TMED?2 and TMED10 form hetero-oligomeric complexes in the early secretory pathway
(Jenne et al., 2002) and where TMED10 is predicted to aid in retrieval of TMED2 and
other ER-resident proteins from the Golgi in TMED10-associated COPI-coated vesicles
(Jenne et al., 2002; Lavoie et al., 1999; Pastor-Cantizano et al., 2015). In addition,
although interactions between TMED proteins are essential for individual TMED protein
stability, interacting-TMED proteins are not always expressed or required in the same
cells and organelles (Au et al., 2015; Jerome-Majewska et al., 2010; Strating et al.,
2009a; Zakariyah et al., 2011). In fact, Jenne et al. showed that TMED protein oligomeric
complexes are organelle specific (Jenne et al., 2002), and Strating et al. proposed that
through an unknown mechanism individual TMED proteins provide proper ER/Golgi
sub-compartmental environment during transport (Strating et al., 2009a). Our studies and
those of Denzel et al. showing that TMED2 and TMED10 are required for normal ER and
Golgi morphology, respectively (Denzel et al., 2000; Strating et al., 2009a) are consistent

with the hypothesis proposed by Strating et al. (Strating et al., 2009a). Current studies in
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our laboratory aim to identify the TMED?2 specific partners important for its dependent

and independent functions in the liver.

4.5.3 Normal levels of TMED? is required for normal ER-homeostasis but not for UPR.
In the presence of ER-stress, GRP78 dissociates from three ER-transmembrane
resident proteins - PERK, IREla, and ATF6 - to initiate a cascade of activity that either
resolves the stress or promotes cell death (Malhi and Kaufman, 2011). PERK
phosphorylates elF2a, which attenuates general protein translation to reduce the influx of
nascent and unfolded polypeptide chains into the ER (Harding et al., 1999). In parallel,
elF2a phosphorylation increases the translation of a subset of mRNAs, for example, A#f4
to activate expression of pro-apoptotic genes such as C/EBP homologous protein (Chop)
and growth arrest and DNA damage-inducible protein (Gadd34) (Ma et al., 2002).
Activation of IREla results in alternative splicing of the mRNA encoding for X-box
binding protein 1 (Xbp!) that is involved in regulation of molecular chaperones such as
Grp78 and Grp94 (Calfon et al., 2002). On the other hand, ATF6 translocates to the
Golgi where it is proteolytically cleaved and released to the nucleus to activate
transcription of target genes including ER chaperones and ER-associated protein
degradation (ERAD) components (Yamamoto et al., 2007).
As cargo receptors are important for transport of proteins from the ER, it was expected
that reduction or mutations in TMED proteins would lead to UPR, or be required to
mount an effective UPR. In fact, deletion of emp24, the yeast ortholog of Tmed?2, results
in splicing of Xbp ! and secretion of bip/Grp78, two markers of UPR (Belden and
Barlowe, 2001). However, in drosophila, mutations in Tmed genes result in activation of

the NF-«B pathway and expression of genes consistent with activation of the PERK arm
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of the UPR. Intriguingly, no evidence of Xbp! alternative splicing was found suggesting
that a specific arm of the UPR is activated in Tmed mutants (Boltz et al., 2007). Our
group previously reported that homozygous loss of function mutations in 7med2 did not
result in Xbp1 alternative splicing, indicating that the IRE-1a arm of the UPR was not
activated (Jerome-Majewska et al., 2010). In the current study, we confirmed that the
IRE-1a and the ATF 6 arms of the UPR were not activated. However, we found that
TMED2 was required for normal ER-morphology and that reduced levels of TMED2 was
associated with activation of the PERK arm of the UPR. Considering the observations of
Bolz and Carney (Boltz et al., 2007) and our findings, we propose that the activation of
the PERK arm of the UPR is a conserved mechanism through which animal cells
responds to perturbation of TMED protein levels. In addition, we found that expression
of genes associated with activation of the PERK arm of the UPR, such as A#4, Chop, and
GADD34 was not increased in these mice, as was reported in a subset of patients with
NAFLD (Puri et al., 2008). Future work in our model will focus on determining if the
NF-kB pathway is also activated and potentially contributing to development of NAFLD
in Tmed2®”” mice. We will also investigate if failure to activate expression of genes
downstream of the PERK arm of the UPR contributes to NAFLD in Tmed2’”" mice.
Satpute-Krishan et al., showed a requirement for TMED10 in export of misfolded GPI-
anchored proteins downstream of thapsigargin or Dithiothreitol (DTT)-mediated ER-
stress, prior to UPR (Satpute-Krishnan et al., 2014). Since TMED2 and TMED10
interact, and levels of TMED10 were decreased in Tmed2’”" mice, we reasoned that
TMED2 may be regulated by the UPR or like TMED10 be required for UPR. However,

we found no evidence to support a similar requirement for TMED2 in UPR. Though
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unlikely, it is possible that the type of ER-stress may dictate if TMED proteins are
required. Thus, thapsigargin induced ER-stress - which disrupts calcium flux, and DTT
induced ER-stress - which blocks disulfide bond formation in polypeptides, may be more
dependent on the amount of TMED cargo receptors than tunicamycin induced ER stress,
which blocks N-glycosylation and glycoprotein biosynthesis at the first step.
Alternatively, RESET could be specifically dependent on TMED10 and not TMED2.
Treating TMED10 heterozygous mice with ER-stress inducing reagents will help to

resolve this discrepancy.

4.5.4 PERK activation and increased expression of Srebp2 and Srebpla in Tmed2®’*
mice.

Increased levels of Srebp2 and Srebpla in newborn Tmed2%*

mice suggest that
signals downstream of TMED2 regulate cholesterol and triglyceride metabolism in
newborn mice. However, although we were unable to determine if increased Srebp2 and
Srebpla was associated with an increase in active protein; levels of Srebpla and Srebp?2

d2%”* mice, when

mRNA and proteins were comparable in juvenile and adult 7me
compared to age-matched wild type mice, and hypercholestoremia and
hypetriglyceridemia were not observed in Tmed2*”" mice. These findings indicate that
continued dysregulation of SREBP1 and SREBP2 was not responsible for NAFLD in this
mutant mouse line. In contrast, a direct role for the PERK-pelf2a -ATF4 pathway has
been established in steatosis in mouse models and corroborated in human. Thus, we
propose that phosphorylated eIF2a partly contributes to NAFLD in Tmed2?*”* mice. We

hypothesize that reduced TMED2 leads to abnormal ER homeostasis and UPR.

Constitutive activation of UPR or an inability to trigger downstream events in the UPR in
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Tmed2°®”" mice in turn increase susceptibility of these mice to unknown factors that
promote NAFLD in a subset of Tmed2®”" mice. Patients with NAFLD can be grouped
base on four different phenotypes: obese, type 2 diabetes, metabolic syndrome, and lean
patients (Romero-Gomez et al., 2017).We expect that this mouse model will be
instrumental in future studies aimed to identify the genetic and cellular factors involved

in non-obese or lean NAFLD patients (Kim and Kim, 2017).

4.5.5 TMED proteins in diseases.

Though discovered over twenty years ago, the requirement and function of the
TMED family has long remained an enigma. However, recently, the contribution of
TMED family members in diseases has begun to emerge. Disrupted expression of TMED
proteins is associated with a diverse group of diseases ranging from cancer to
Alzheimer’s. TMED3 is an emerging tumor suppressor gene implicated in prostate cancer
(Vainio et al., 2012), colon cancer (Duquet et al., 2014b) and hepatocellular carcinoma
progression (Zheng et al., 2016). Intriguingly, in The Exome Aggregation Consortium no
loss of function mutations has been reported in TMED2 and half the expected number of
missense mutations have been found, suggesting that this gene is essential in human. Our
work presented here indicates that TMED?2 is a candidate gene in a human disease,

specifically NAFLD.
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4.7 Figures

Figure 4.1 TMED2 level in livers of wildtype and Tmed2’*”* mice at P5, 1-2 months
and 3-6 months.

A. RT-qPCR shows no difference in 7med? in livers. B. Western blot analysis showed
significantly reduced TMED?2 in livers of P5 Tmed2**” mice compared to wildtype
littermates C. Representative images of Western blot showing expression of TMED2 and
B-ACTIN, used as a loading control. D. Reduced TMED?2 in livers of 1-2 months and 3-6

months Tmed2%%"*

mice compared to age-matched wildtype. E. Representative images of
Western blot showing expression of TMED?2 and total protein used as loading control. 3

animals of each genotype were analyzed per age group. **P<0.01 by t-test.

WT=wildtype.
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Figure 4.2 TMED10 level in livers of wildtype and Tmed2’*”* mice at P5, 1-2 months
and 3-6 months.

A. RT-qPCR shows no difference in 7med? in livers. B. Western blot analysis revealed
significantly decreased TMEDI0 in livers of Tmed2?*”*mice compared to wildtype
littermates at P5 and 3-6months. C. Representative images of Western blot gel showing

expression of TMED10 and B-ACTIN, used as a loading control. *P<0.05 by t-test.
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Figure 4.3 TMED?2 expression is not regulated by Tunicamycin or required for
Tunicamycin-induced stress.

A). Tunicamycin induces increased level of the unfolded protein response marker,
GRP78 in HepG2 cells when compared to vehicle-treated controls. The same treatment
did not affect TMED?2. B). Representative images of Western blot gel showing
expression of TMED2, GRP78 and -actin loading control. C). Tunicamycin induces
increased level of the unfolded protein response marker, GRP78 in tunicamycin treated
SKHepl1 cells when compared to vehicle-treated controls. The same treatment did not
affect TMED?2. D). Representative images of Western blot gel showing expression of
TMED?2, GRP78 and B-actin loading control. E). Percent weight loss in wildtype and

d299J/+

Tme mice after tunicamycin injection at age of 10 weeks. n=4 for wildtype and n=6

d 299J/+

for Tme. mice. WT = wildtype, Veh = vehicle, Tuni = tunicamycin.
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Figure 4.4 Tmed2°*”* livers exhibit dilated ER and increased level of the UPR
marker phosphorylated-elF2a.

A-D. Transmission electron microscopy (TEM) pictures showing dilated ER (arrows) in
hepatocytes of Tmed2**”" mice (B, D) when compared to wildtype littermates (A, C;
scale bar=500nm). E. Phosphorylated elF2a (p-eIF2a) was significantly increased in
livers of 3-6 months Tmed2?*”* mice when compared to age-matched wildtype controls.
F. No significant difference was found in levels of total elF2a when Tmed2?*”* mice
were compared to age-matched wildtype controls. G. Representative images of Western
blot gel showing expression of p-elF2a, total elF20, and total protein loading control. H.
RT-qPCR indicate no significant difference in levels of Gadd34, Chop, and Atf4 in livers
of 3-6 months Tmed2**”" mice when compared to age-matched wildtype controls. 3
animals of each genotype were analyzed per age group, *P<0.05 by t-test. N=nucleus,

ER= Endoplasmic Reticulum, WT=Wildtype. Arrows indicate dilated ER.
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Figure 4.5 Expression of genes associated with the unfolded protein response (UPR)

are not disrupted in Tmed2’*”* mice.

99J/+

A). GRP78 level was comparable in livers of Tmed2 and stage-matched wildtype

controls. B). level of GRP94 was comparable in livers of Tmed2%*”*
wildtype controls. C). Level of activated ATF6a was comparable in livers of 3 — 6
months Tmed2*”" and stage-matched wildtype controls. D. Representative images of
Western blot gel showing expression of GRP78, GRP94, cleaved ATF6a, total ATF6a
and total protein internal controls. E.) Levels of spliced Xbp! and unspliced Xbp! were

comparable in livers of 3- 6 months wildtype and Tmed2°*”* mice. n=3 for each

genotype. WT = wildtype.

and stage-matched
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Figure 4.6 Increased NAFLD in Tmed2%*”* mice.

Representative images of Hematoxylin & Eosin stained liver sections showing A). a
healthy liver section; and phenotypes scored for on Table 1; B). macrosteatosis; C).
microsteatosis D). lobular inflammation; E). portal inflammation; and F). ballooning. G.

Significantly more Tmed2?*"*

mice had NAFLD scores of > 4 when compared to age-
matched wildtype controls. **P<0.01 using Fisher exact t-test. Arrows indicate

inflammatory cells. Scale bar =50um. WT=Wildtype.
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Figure 4.7 Representative images of liver samples stained with Oil Red O and Sudan
Black B.

A). wildtype liver with score of 1 had no Oil Red O staining. B). Tmed2?*”* liver with
score of 5 had intense Oil Red O staining. C). Same wildtype sample as in A had no
Sudan Black B staining. D). Same Tmed2?*”* sample as in B had intense Sudan Black B

staining. Scale bar =50um. WT = wildtype, n = 4 for each genotype.

QilRed O

Sudan Black B
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Figure 4.8 No significant differences in body and liver weight of Tmed2’*”* mice
when compared to age-matched controls.

9977+ and age-matched wildtype controls.

A). Bar graph showing body weight of Tmed?2
B). Bar graph showing liver weight of Tmed2**/* and age-matched wildtype controls. C).
Bar graph showing percentage of liver to body weight ratio in both wildtype and
Tmed2?*”* mice. n=3 for wildtype and n=4 for Tmed2°*”* mice for 1-2 months age

99J/+

group; n=11 for wildtype and n=10 for Tmed?2 mice for 3-6 months age group. WT =

wildtype.
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Figure 4.9 No significant difference in circulating cholesterol and triglycerides levels
in wildtype and Tmed2?*”* mice.

A). Plasma cholesterol levels were comparable between wildtype and Tmed2?*”* at 1 — 2
months, but B). decreased in Tmed2?*”* mice at 3 — 6 months age-matched wildtype
controls (P=0.07, t-test). Plasma triglycerides levels were comparable between wildtype
and Tmed2°®”" at 1 -2 months but D). increased in Tmed2’*”* mice at 3 — 6 months when
compared to age-matched wildtype controls (P=0.06, t-test). n=5 for wildtype and n=4 for
Tmed2*®”" mice for 1-2 months age group; n=5 for wildtype and n=6 for Tmed2*”* mice

for 3-6 months age group. WT = wildtype.
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Figure 4.10 Expression of lipid biosynthesis regulators-SREBPs in wildtype and
Tmed2%** livers.

d299J/+ d299J/+

A). Srebpla level was increased in Tme increased in P5 Tme mice compared
to age-matched wildtype controls. B). Srebplc level was comparable in Tmed2?*”* and
age-matched wildtype control mice at all stages. C). Srebp?2 level was increased in P5
Tmed2”*”* mice compared to age-matched wildtype controls. D). Levels of activated
SREBP1C was comparable in Tmed2?*”* and age-matched wildtype control at 1 —2 and
3 — 6 months. E). Levels of activated SREBP2 was comparable in Tmed2’*”* and age-
matched wildtype control at 1 — 2 and 3 — 6 months. F). Representative images of
Western blot showing expression of full SREBP1C, cleaved SREBPIC (active form),

SREBP2, and total protein loading control. 3 animals of each genotype were analyzed per

age group. WT = wildtype. *P<0.05 by t-test.
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Table 4.1 List of primers used in RT-qPCR analysis.

Gene CERET Acclession Forward Primer Reverse Primer
Number
Gapdh NM_001001303.1 ATGACATCAAGAAGGTCCTG CATACCAGGAAATGAGCTTG
Sdha NM_023281.1 GCTGTGGCCCTGAGAAAGATC ATCATGGCCGTCTCTGAAATTC
B2m NM_009735.3 ATGCTATCCAGAAAACCCCTCAA GCGGGTGGAACTGTGTTACG
Tmed2 NM_019770.2 CGGACAACAGGAGTACATGGAAGTCCG GACCAAAGGACCACTCTGCTGT
Timed10 NM_026775.4 GGAGGTGGAGTTACGACGG TGGACTCATTAGTGTCCCTCATC
Srebple NM 001313979.1 GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
Srebpla NM 0114804 TAGTCCGAAGCCGGGTGGGCGCCGGCG | GATGTCGTTCAAAACCGCTGTGTGTC
CCAT CAGTTC
Srebp2 NM_033218.1 GATGAGCTGACTCTCGGGGACATC GTGGGGTAGGAGAGACTTTGACCT

INational Center for Biotechnology Information (NCBI)
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Table 4.2 List of antibodies used in Western blot analysis.

Antibody Type Host Concentration Supplier
or dilution
TMED2 Polyclonal Rabbit 1:4000 Majewska et al.
TMEDI10 Polyclonal Rabbit 1:1000 Cell Signaling
(TMP21)
GRP78 Polyclonal Rabbit 1:4000 Abcam
GRPY%4 Polyclonal Rabbit 1:4000 Abcam
elF-2a Polyclonal Rabbit 1:2000 Cell Signaling
elF-2a P Monoclonal Rabbit 1:2000 Epitomics
ATF6a | Monoclonal Mouse 1:1000 Novus Biolabs
SREBP2 Polyclonal Rabbit 1:1000 Protein Tech
(SREBF2)
SREBP1c | Monoclonal Mouse 1:1000 Abcam
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Table 4.3 Scoring system used for phenotypic analysis of Tmed2?”* and wildtype

livers.

Histological Features

Score

Macrovesicular

Steatosis

<5% of cells

5%-33% of cells

33%-66% of cells

>66% of cells

Microvesicular

<5% of cells

5%-33% of cells

33%-66% of cells

>66% of cells

Lobular

Inflammation

No Foci

<2 foci per 200X field

2-4 foci per 200X field

>4 foci per 200X field

Portal

Absence

Presence

Ballooning

<5% of cells

5%-33% of cells

>339% of cells
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Chapter V: Discussion

5.1 General discussion

Transmembrane and secretory proteins are important molecules for intra and inter
cellular communication and function. Proper secretion and concentration of those
proteins to their destination sites are tightly and properly regulated by cellular
machineries. The ER is the major site for proper protein synthesis, post-modification, and
sorting. Many ER-resident enzymes, proteins, and molecules help various processes to
maintain normal protein homeostasis. In this thesis, I am very interested in one such
regulatory ER-resident proteins, TMED2. TMED?2 is a transmembrane cargo receptor
protein that help proper transport of luminal cargo proteins at the ER. Our previous
laboratory work has demonstrated the requirement of TMED2 during early development
of the embryo and the placenta. During the course of my PhD study, I aimed to
understand the roles that TMED?2 play in both embryonic and extraembryonic tissues. In
chapter II and III, I investigated the tissue-specific requirement of TMED?2 in the
extraembryonic placenta using an ex vivo model of pre-placental tissues. In chapter IV, I

investigated phenotypes associated with the liver in Tmed?2 heterozygous mice.

5.1.1 Developing ex vivo culture from explants of pre-placental tissues

In my first manuscript presented in chapter II, I described a novel ex vivo
culturing system using pre-placental tissues of mesometrial halves of decidua containing
pre-attachment chorions (chorions) and pre-attachment allantoides. Upon co-culturing
chorions with allantoides, these explants underwent chorioallantoic attachment after 12

hours. I observed the event of cell mixing between chorionic and allantoic cells at the
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chorionic plate via combining eGFP+ and GFP- tissues after culture. Significantly more

mixing was observed in explants with longer period of culture (24 h).

After ex vivo culture of eGFP+ chorions and eGFP- allantoides for 12 hours, we
observed that mesothelial cells on the surface of chorionic plate were usually associated
with a brighter GFP intensity. During the course of culture, we observed gradual
migration and dispersion of those mesothelial cells into the allantoic regions by tracking
their brighter GFP signal. Previous studies have demonstrated that both the chorionic
mesothelium and the allantois express the hematopoietic stem cell marker, Runx1, before
chorioallantoic attachment at E7.5 (North et al., 2002; Zeigler et al., 2006). Runx1
expression in the chorionic mesothelium became more intense during chorioallantoic
fusion, and was found at the chorion-allantois interface at E9.0 (Zeigler et al., 2006).
Those results suggest that 1. Hematopoiesis from hematopoietic stem cells contribute to
the development of the fetal vasculature system in the mature placenta, and 2. Runx1+
cell from the chorionic mesothelium may also participate in the formation of fetal
vasculature. The dispersed pattern of the mesothelial cells found in the allantoic region of
the explants also suggests that those cells may need to be positioned within the allantois

before differentiation and branching of the allantoic vasculature.

The growth of allantois requires both cell proliferation and addition of cells from
the primitive streak (Kimberly and Downs, 2007). We could not monitor the migratory
state of cells from the primitive streak as the allantois was removed from the embryo.
However, in immunofluorence experiments against an antibody to phosphohistone H3, a
significant increase of cell proliferation was found in the allantoic region of cultured

explants at 24 h, suggesting that the allantoic cell proliferation was maintained in our ex
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vivo culture system. Furthermore, the endothelial cell marker, PECAMI1, was also
expressed in a subset of allantoic cells in the cultured explants. The expression pattern of
PECAMI in the allantois draws our attention: though majority of PECAM+ cells were
found in the centre of the allantois, which is distal to the chorionic plate, a subset of
PECAMI1+ cells were found close to the chorionic plate. In fact, PECAM1 was expressed
in allantoic cells prior to chorioallantoic attachment in vivo, thus, our experimental
observation suggests: 1. The PECAM1+ cells in the allantoic centre of culture explants
could be PECAM 1+ allantoic cells prior to culture, and the culturing conditions were able
to maintain or expand their expression; 2. PECAMI1+ cells in the chorionic region could
be results of either De novo or migration of endothelial cells from the central allantois to

initiate fetal vasculatures in the chorionic plate.

Both in situ hybridization and RT-PCR experiments suggested the requirement of
the allantois for maintaining transcripts of spongiotrophoblast marker, 7pbpa, as well as
syncytiotrophoblast layer II marker, Gem 1. Furthermore, expression of Gem was
significantly elevated after 24 h by RT-PCR, indicating that the physical attachment of
the allantois to the chorion is crucial for subsequent chorionic cell differentiation. This
observation could be due to the fact that chorioallantoic attachment brings the
morphological folding to the chorionic plate. Since Gem 1 is expressed at the branching
points and its expression is crucial for Syn II cell differentiation and upregulation of
Wint-Fzd5 to induce disassociation of tight junction markers, ZO-1, Claudin 4, and 7 (Lu
et al., 2013). Furthermore, upregulated Frd5 can also enhance the Gem 1 expression via
nuclear B-catenin signaling (Lu et al., 2013). Taken together, the chorioallantoic

attachment is crucial to set up the branching points during fetal vessel invagination, and
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dissociation of the tight junctions in the chorionic trophoblast cells at those branching

points on the apical surface of chorionic plate.

Prior to our ex vivo explant model, there are a couple of ex vivo models that exist
to study the biology of chorioallantoic attachment. Downs et al. has demonstrated that via
whole-embryo culturing technique, allantois can be transplanted into a mouse conceptus
in which its allantois has been removed, and chorioallantoic attachment takes place when
the allantois is stage-matched with the recipient chorion (Downs and Gardner, 1995).
Further studies by Downs et al. have shown that engrafting a wildtype allantoic core
domain into a Brachyury homozygous mutant embryo with shortened allantois can rescue
the defect and restore allantoic elongation (Downs and Enders, 2009; Inman and Downs,

2006).

A different approach proposed by Stecca et al. has successfully demonstrated that
explants of pre-chorioallantoic attachment chorion without ectoplacental cone nor
decidual tissues with a stage-matched allantois underwent chorioallantoic attachment
when co-cultured in common tissue culture conditions (10% fetal bovine serum
supplemented RPMI11640 culture medium). In their study, they also showed that
chorioallantoic attachment was required for maintained expression of Gem 1 (Stecca et
al., 2002).

Our ex vivo explant model took advantage of both techniques via co-culturing pre-
attachment decidua/ectoplacental cone/chorion and allantois under whole-embryo
culturing conditions. This model allowed us to study tissue-specific requirement of
TMED?2 during chorioallantoic fusion, and demonstrated that wildtype chorion can

rescue failure of chorionic and allantoic cell mixing defects observed in Tmed2**/**
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placenta.

5.1.2 Implications of ex vivo culture of explants of pre-placental tissues from a TMED?2
null mouse line, 99.J.

In my second manuscript presented in chapter III, I addressed the tissue-specific
requirement of TMED2 during chorioallantoic attachment using the established ex vivo

culturing system presented in chapter II. I demonstrated that, via using the ex vivo

d299J/99J d299J/99J

culturing system, explants of 7Tme chorions and Tme allantoides show
phenotypic features associated with Tmed2?*”**/ placenta including abnormal
chorioallantoic attachment, failed mixing between chorionic and allantoic cells, and
reduced expression of Tpbpo and Gem . To investigate the tissue-specific requirement of
TMED?2 in the chorion or the allantois, I recombined Tmed2°*”**/ chorions with wildtype

allantoides, or reversely, wildtype chorions with Tmed2?*"*%/

allantoides in explants
(herein referred as Tmed2°*"**//wildtype recombined explants). The morphological
analysis of those Tmed2°*”**/ /wildtype recombinants suggested that TMED2 was
required in the chorion for normal chorioallantoic attachment and cell mixing, since

99J/99J

recombination of Tmed?2 allantoides and wildtype chorions showed chorionic and

allantoic cell mixing.

Jerome-Majewska group previously showed that 7med2 mRNA was expressed in
both the chorion and the allantois, however, the chorion-specific requirement of TMED2
for chorioallantoic attachment also suggested differential roles of TMED2 in two tissues.
I performed immunofluorence experiments using a TMED?2 antibody in wildtype
placenta post-chorioallantoic attachment, and found the pattern of TMED2 expression

differs between chorionic and allantoic cells. This preliminary data suggests that TMED?2
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may localize in different organelles between chorionic and allantoic cells. Future
experiments to show co-localization of TMED2 and organelle markers will elucidate

such a question.

In addition, immunofluorescence to the phosphohistone H3 antibody revealed
reduced proliferation in the allantoic region of explants with Tmed2**”**’ tissues when
compared to explants of wildtype control. The reason for this observation could simply
be that TMED?2 was required non-autonomously in the allantoic cells for normal
proliferation: TMED2 may directly regulate molecules that are essential for cell division
mechanisms, or be responsible for trafficking effector proteins involved in this process.
Alternatively, though TMED2 may not be directly involved in the cell cycling process, it
might be involved in mechanisms that can activate the apoptotic process in these highly
active cells. I observed increased apoptotic index in explants of Tmed2°*** tissues
cultured with wildtype tissues when compared to the control. Further investigation to
specify whether these highly proliferative cells could activate apoptotic mechanism in

Tmed2%"%% tissues needs to be validated.

The endothelial cell marker, Pecam1, was absent in all explants with Tmed2*/*%’

tissues but presented in the wildtype control. This suggests that TMED2 was required in
both the chorion and the allantois to maintain Pecam1 expression under ex vivo culturing
conditions. However, this phenotype could be culture-specific since Pecam1 expression
was found in the Tmed2?*”°* placenta in vivo. However, it is also possible that
maintenance of Pecam1 expression requires normal expression of TMED?2, or Pecam1+

cells undergo apoptosis under the culture.
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Instead of expanded expression of Tpbpa and Gem 1 in the wildtype explants, both
markers showed reduced expression in explants with Tmed2°*** tissues, similar to what
we observed in the Tmed2°*”?*’ placenta. This result suggests that TMED?2 is required in

both the chorion and the allantois for expansion of both markers.

Lastly, I showed two potential cargos for TMED2, one secreted extracellular
matrix protein, fibronectin, and one adhesion molecule, VCAM1, were abnormally
expressed in the Tmed2?*”**/ allantoises in vivo or ex vivo. TMED2 may possibly be
responsible for normal transport of both proteins, or alternatively their common
transmembrane receptor, B1 integrin. Further investigation on integrin expression in

Tmed. 299]/99]

placenta could address this question. Through chapter II and II1, I
demonstrated the successful use of an ex vivo model of pre-placental tissues to investigate

tissue-specific requirement of TMED?2 during labyrinth layer development.

5.1.3 Implications of a mouse model of haploinsufficiency in TMED?2 for NAFLD.

The third manuscript presented in chapter IV focused on a common human liver
disease presented in mice with heterozygosity in 7med2. Due to the embryonic lethality
phenotype observed in Tmed2?*”**’ embryos, we used Tmed2 heterozygous (Tmed2°*’")
animals as models to study the role of TMED?2 in the liver. Although Tmed2 mRNA

d299J/+

level was the same between Tme and wildtype littermates, TMED2 protein level

d2%%*animals at P5. Several studies have been

was significantly reduced in the Tme
shown that TMED2 complexes with TMED10 (Blum et al., 1999; Fiillekrug et al., 1999;
Jenne et al., 2002), and is required for TMED10 stability and localization (Emery et al.,

2000; Jerome-Majewska et al., 2010). We looked at the Tmed 10 expression in livers of
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99J animals. Similar to previously findings, TMED10 protein level but not mRNA level,

d299J/+

was significantly reduced in the Tme animals at P5.

Since mice with reduced TMED10 level present with moderately dilated Golgi
(Denzel et al., 2000), we performed SEM to examine the morphology of ER and Golgi in

99J/+

liver cells of Tmed2””” "animals. No abnormal morphologies were found in the Golgi,

d2?*”*animals had dilated ER morphology, which is often

however, a subset of Tme
associated with ER stress. This observation of difference in dilated organelles between
Tmed?2 and Tmed 10 heterozygous mice could be due to different functions of two

proteins during secretory transport, as TMED10 was shown to be the key in COPI vesicle

formation in the Golgi membrane (Gommel et al., 1999).

Then, we looked at the expression of all three UPR pathway sensors, PERK,
ATF6, and IRE1a, and found a significant increase in one of PERK downstream
effectors, p-elF2a, albeit no differences found in the ATF6 or the IRE1a pathways.
Mouse models of affected PERK-p-elf20-ATF4 have demonstrated NAFLD phenotype
in these mice. Thus, TMED2 could serve as a downstream effector specific to the PERK
pathway, and reduced TMED?2 level could result in prolonged ER stress which leads to
liver damage. Further study on the molecular mechanism of TMED?2 in the PERK
pathway could elucidate a clearer link between ER stress and NAFLD. Approximately
40% of Tmed2°*”*animals developed NAFLD phenotypes compared to 10% in wildtype
littermates by H&E staining. Further histological analysis including Oil red O and Sudan

d299J/+

black B confirmed deposition of triglycerides in the hepatocytes of Tme animals,

which was consistent to observations of increased triglyceride level in the liver as the
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main cause of NAFLD in patients. The fact that only 40% of animals with heterozygosity

in TMED?2 developed NAFLD phenotype illustrated the complexity of the NAFLD.

In addition, I observed higher incidence of NAFLD associated with older animals,
suggesting the chronic progression characteristics of NAFLD. Fatty acid and cholesterol
regulatory transcription factors, Srebpla, and Srebp2, were significantly increased in the
Tmed2*”animals at P5 but not in the adult age when they became sick. Those results
suggested that early disruption in the free fatty acid synthesis can predispose a higher risk
of developing diseases at a later stage. However, whether TMED2 served as the link
between the ER stress and mis-regulation in Srebp expression remains unclear. In this
chapter, we described a novel mouse model of NAFLD due to haploinsufficiency in

TMED2.

5.2 Future directions

5.2.1 Improving the ex vivo culturing conditions

Our ex vivo explants model system is an excellent experimental approach for our
research questions, albeit it presents a number of shortcomings for improvement. 1.
Maintained explant health under longer culturing time. We would like to extend the
culturing time longer than 24hours to examine the status of mixing between two tissues,
and trophoblast differentiation required for labyrinth layer function following the
chorioallantoic fusion. In a pilot experiment, we cultured wildtype explants for extended
36 hours, and observed more mixing between eGFP- allantoic and eGFP+ chorionic cells
as well as more cell death (data not shown). Those data suggest that modifications to the
culturing media or conditions are necessary for maintaining healthy explants in extended

culturing period. 2. Limitations of using allantoic explants. Our culturing system requires
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engrafting pre-chorioallantoic attachment allantois to the chorion for culture, thus, it can
not capture and study allantois growth defects such as addition of cells into the allantois
via primitive streak (Kimberly and Downs, 2007). Explants of both primitive streak and

allantois may be used to address such questions in the ex vivo system.

5.2.2 Potential TMED? cargo proteins which are known players during placental
development
5.2.2.1 Wnt

Wnt glycoproteins are potential cargos of TMED2, and have been shown to be
required during murine labyrinth layer development. Knockout of Wnt7b (Parr et al.,
2001) shows failure of chorioallantoic attachment, and knockout in Wnt2, Fzd5 shows
branching defects in the chorionic villi (Lu et al., 2013; Monkley et al., 1996). Thus,
investigating the expression of Wnt proteins in 7med2 null placenta could demonstrate

the protein interaction between TMED2 and Wnt proteins during placental development.

5.2.2.2 Extracellular matrix proteins and adhesion molecules

Mouse models with mutations in extracellular matrix proteins such as fibronectin,
and Collagen IV have demonstrated a crucial role of ECM in the labyrinth layer
development (George et al., 1993; Poschl et al., 2004). In the Tmed2**/**’ placenta,
fibronectin showed increased and disrupted expression pattern. Whether this disruption in

fibronectin expression contributed to the phenotype observed in the Tmed2?*"**’

placenta
needs further investigation. However, those results suggest a previously unknown role of

TMED proteins in regulating extracellular matrix proteins, and normal levels of certain

extracellular matrix proteins in the placenta are crucial for normal placental development.
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Knockout mouse models with null mutation in an adhesion molecule VCAM 1
showed abnormal chorioallantoic attachment and failure of labyrinth layer formation
(Gurtner et al., 1995). The immunofluorence experiment against the VCAM1 antibody

showed abnormal VCAM1 expression in the Tmed2**/*%

placenta compared to wildtype
controls. Vecaml has two isoforms in mouse and human, and one of the two is a GPI-AP
(Kumar et al., 1994; Terry et al., 1993; Ulyanova et al., 2005), which could be a potential
cargo of TMED2. The disrupted expression pattern of fibronectin and VCAMI1 suggests
that TMED2 may be responsible for the transport of multiple secretory proteins that are
required during chorioallantoic attachment and subsequent labyrinth layer development.
Further investigation on interactions between TMED?2 and those secretory molecules may
provide more insights towards the phenotype observed in Tmed?2 null placenta. Another
potential category of proteins are integrins, which are transmembrane receptors
interacting with extracellular matrix proteins, collagens, and adhesion molecules. For
instance, Blintegrin is a common receptor for both fibronectin and VCAMI. The mouse
model with homozygous mutation in a4p1 integrin shows failure of chorioallantoic
attachment and impaired labyrinth layer formation. Whether TMED?2 regulates integrins
to attribute subsequent modifications in the expression of ECM and adhesion proteins
remains to be answered.
5.2.2.3 Runx1

Expression of Runx1 in the chorionic mesothelium suggests a role of
mesothelium in the fetal hematopoiesis. Further investigation on the expression of Runx|1

in explants of wildtype control and explants with Tmed2°*”** tissues could address the

following questions:1. are mesothelial cells observed in the allantoic region of the
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wildtype explants expressing Runx1; 2. is the expression of Runx1 in the mesothelium

d 299J/+

maintained in the Tme placenta.

5.2.3 TMED? during the early development of liver.

We have demonstrated in chapter IV that a significant reduction in protein levels
of TMED2 and TMED10 was found in E17.5 (data not shown) and P5 Tmed2?*”* liver
and kidney samples. In addition, two regulators of free fatty acid synthesis, Srebpla and
Srebp2, were found to be elevated in P5 Tmed2°*”* liver samples, although the NAFLD
phenotype only initiated in mice who were at least five months old. Those results suggest
that an early mis-regulation of molecules and proteins by haploinsufficiency in TMED2
can lead to a later-stage, chronic liver condition. Thus, understanding the morphological
changes associated with early liver development in the Tmed2°*”* mice may provide
better knowledge towards pathological progress of NAFLD. In addition, incomplete
penetrance of NAFLD in Tmed2°*”* mice (40%) may due to the heterogeneity of TMED
protein expression in the liver. We looked at the link between NAFLD scores and
TMED?2 protein levels by western blot, and found no obvious association between
differences in NAFLD scores and TMED?2 protein level. To understand what roles of
TMED?2 play during embryonic liver development and pathological causes of NAFLD, a

mouse model of liver-specific knockout is necessary.

5.2.4 TMED?2-regulated proteins and liver homeostasis

In Tmed2*%"*

animals, we observed an increase in UPR sensor in p-elF2a in the
young adult animals. Since UPR can regulate the expression of Srebp genes, a further

dissection of the roles that TMED?2 plays in ER stress and Srebp genes can better address

which mechanism is affected by TMED2. In addition, although we did not observe any
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severe phenotypes in Tunicamycin-induced Tmed2’*”* animals, TMED2 may be
involved in other forms of ER stress. After all, TMED10 has been shown to be required
in export of misfolded GPI- anchored proteins downstream of thapsigargin or
Dithiothreitol (DTT)-mediated ER-stress, prior to UPR (Satpute-Krishnan et al., 2014).
Lastly, some known TMED?2 cargos were found to be associated with NAFLD. For
instance, disrupted Wnt signaling in mice leads to hyperlipidemia phenotypes (Go et al.,
2014). In addition, two folate receptors, FRa and FRJ, are known GPI-AP cargos of
TMED?2 responsible for folate transport. Folate deficiency was reported to contribute
NAFLD in mouse (Christensen et al., 2010). Mis-regulation in other TMED known
cargos such as PAR-1, and TLR4, was also shown to contribute to liver diseases such as
NASH and fibrosis (Hritz et al., 2008; Luyendyk et al., 2010; Pradere et al., 2010).
Investigation over these known cargos of TMED?2 will be equally important to better

understand functions of TMED2 in normal liver homoeostasis.
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5.3 Concluding summary

TMED proteins are key components of early secretory pathway in eukaryotic
cells. They interact with coatomer proteins during COPI and COPII vesicle formation and
regulate secretory and transmembrane cargo proteins which are required in many
intracellular and intercellular processes. A couple of TMED members have shown to be
required during embryogenesis, and many TMED proteins are found to be implicated in
human diseases. During the course of my PhD study, I focused on Tmed?2, the sole
member of Tmed B subfamily, in murine labyrinth layer development and liver conditions
in the adults. I observed distinct tissue-specific requirements of TMED?2 in the chorion
and the allantois during the chorioallantoic attachment process using a novel ex vivo
culturing model. Molecular analysis on cellular processes such as proliferation, apoptosis,
and cell migration, as well as the expression of many proteins/cell markers including
PECAMI1, VCAMI, fibronectin, Tpbpa, and Gem 1, were affected in explants with
Tmed?2 null pre-placental tissues. Although Tmed2 homozygous embryos die at mid-
gestation, we looked at the role of TMED?2 in the liver of Tmed?2 heterozygous animals.
We observed decreased levels of TMED2 and TMEDI10, dilated endoplasmic reticulum
membrane and increased phosphorylation of elF2a, increased expression of Srebpla and
Srebp2 at the newborn stage, and an increased incidence of NAFLD in Tmed2

heterozygous mice, providing a novel mouse model of NAFLD.
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