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Abstract

TMED?2 is a cargo transporter expressed in the allantois and chorion and is required for
placental labyrinth layer formation. Exchange between the maternal and fetal compartments
occurs via the placental labyrinth layer. This is formed by attachment and fusion of the allantois
and the chorion. The allantois and part of the chorion (chorionic mesothelium) are derived from
extraembryonic mesoderm, and we postulate that TMED?2 is required in the extraembryonic
mesoderm for labyrinth layer formation. To examine the role of TMED?2 in the extraembryonic
mesoderm we used Mesp1-Cre and mutant mice with LoxP sequences flanking exons 2 and 3 of
Tmed?2. We first characterized this new exon 2-3 deletion by generating homozygous mutant
(Tmed2”") embryos which appear developmentally delayed and arrest by ES8.5. Next, we
collected Tmed2'oxP1°%p; Mesp1¢** embryos from Embryonic day (E) 9.5 — E12.5, for
histological and morphological analysis. Tmed2'°*"°%P; Mesp1°*"* mutants have placental
labyrinth layer formation, but arrest at E12.5. The labyrinth area was reduced in a subset of E9.5
and E10.5 mutants, and this difference was significant at E11.5. We used immunohistochemistry
and in situ hybridization to examine the expression of proteins and genes essential for placenta
formation and function. The number of cells expressing placental development genes is
comparable in mutants and controls, while cells expressing the spongiotrophoblast marker,
Tpbpa, were less abundant in mutants. Furthermore, various proteins including fibronectin,
ITGA4, MCT1 and MCT4 appear to be mislocalized or not correctly transported. Our data
indicates an essential role for TMED?2 in the extraembryonic mesoderm for normal development
of the placenta and labyrinth layer, which is potentially impaired due to disrupted intercellular

communication from incorrect protein localization.



Résumé

TMED?2 est un transporteur de cargo trouvé dans l'allantoine et le chorion. TMED?2 est
nécessaire pour la formation du labyrinthe de placenta. La couche du labyrinthe est nécessaire
pour I'échange entre les compartiments maternels et foetaux. L'attachement et la fusion de
l'allantoine et du chorion forment le labyrinthe. L'allantoine et une partie du chorion (le
mésothélium chorionique) proviennent du mésoderme extraembryonnaire. Nous postulons que
TMED?2 est nécessaire dans le mésoderme extraembryonnaire pour la formation du labyrinthe de
placenta. Pour examiner le réle de TMED?2 dans le mésoderme extraembryonnaire, nous avons
utilisé des souris comportant MespI-Cre et les souris avec des séquences LoxP flanquant les
exons 2 et 3 de Tmed?2. Pour commencer, nous avons caractérisé cette nouvelle délétion de 1'exon
2-3 de Tmed2 en générant des embryons homozygotes mutants (Tmed2”"). Les Tmed2”-
embryons apparaissent retardés dans leur développement et s'arrétent a E8,5, ce qui signifie que
la délétion fonctionne. Ensuite, nous avons collecté des embryons Tmed2!*P1%0 ; Mesp ¢+ de
E9,5 - E12,5, pour examiner I’histologie et la morphologie. Les mutants Tmed2!o®/1oxp ;
Mesp1©7* ont la formation de la couche de labyrinthe placentaire, mais meurent 4 E12.5. La
surface du labyrinthe est réduite dans les mutants a E9,5, E10,5 et E11,5. Nous avons utilisé
I'immunohistochimie et I'hybridation in situ pour examiner l'expression des protéines et des
genes essentiels a la formation et a la fonction du placenta. Le nombre de cellules qui expriment
des génes importants pour le développement du placenta est comparable chez les mutants et les
controles. Mais, le nombre de cellules qui expriment le marqueur du spongiotrophoblaste, Tpbpa,
est réduit chez les mutants. Les protéines, fibronectine, ITGA4, MCT1 et MCT4, ne sont pas
localisées ou transportées correctement. Nos données indiquent un réle essentiel de TMED?2 dans

le mésoderme extraembryonnaire pour le développement normal du placenta et du labyrinthe.



Ceci est potentiellement altéré par la communication intercellulaire perturbée et la localisation

incorrecte des protéines.
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW

1.1 Mouse placenta development

1.1.1 Placental layer development

The placenta is an organ essential for the continued development and growth of the
embryo (Burton & Fowden, 2015; Panja & Paria, 2021). The mouse placenta is composed of
layers of varying cell types, including the labyrinth layer, spongiotrophoblast layer, giant cell
layer, and maternal decidua (Simmons et al., 2007). Two layers, the spongiotrophoblast layer and
the giant cell layer, are known as the junctional zone of the placenta (Rusidzé et al., 2023;
Watson & Cross, 2005). Mouse placenta development begins at embryonic day (E)3.5 with the
formation of the blastocyst which contains two cell lineages: the inner cell mass and the
trophectoderm (Simmons & Cross, 2005). Next on E4.5, successful implantation of the
blastocyst must occur (Panja & Paria, 2021). The mural trophectoderm, not in contact with the
inner cell mass, differentiates into polyploid trophoblast giant cells (John & Hemberger, 2012;
Matsuo & Hiramatsu, 2017). Giant cells express placental lactogen-1 (P//) and have various
functions, such as hormone secretion and aiding with implantation (Simmons et al., 2007). The
polar trophectoderm, in contact with the inner cell mass, becomes the extraembryonic ectoderm
and ectoplacental cone (Christodoulou et al., 2019; Gardner et al., 1973). Afterwards, the
extraembryonic ectoderm differentiates into trophoblast chorion cells while the ectoplacental
cone differentiates into spongiotrophoblast cells (Hu & Cross, 2011; Lawless et al., 2023;
Watson & Cross, 2005). These spongiotrophoblast cells express the marker trophoblast specific

protein alpha (7pbpa) and will structurally support the placental labyrinth layer and play a role in
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endocrine signaling (Hu & Cross, 2011; John & Hemberger, 2012). The development of these

cellular layers in the junctional zone of the placenta occurs by E9.5 (Elmore et al., 2022).

The allantois and chorion are two key tissues that generate the labyrinth layer of the
placenta (Hou et al., 2016; Rinkenberger & Werb, 2000). To form these tissues, the inner cell
mass of the blastocyst differentiates into the extraembryonic primitive endoderm (hypoblast) and
the epiblast (Morris, 2011). From the epiblast, the allantois will develop; the allantois is derived
from extraembryonic mesoderm and will bud from the primitive streak (Downs, 2022; Watson &
Cross, 2005). Whereas the chorion is partially extraembryonic ectoderm-derived and partially

extraembryonic mesoderm-derived (Panja & Paria, 2021).

1.1.2 Chorioallatnoic attachment and fusion

The chorion and allantois must undergo attachment and fusion for complete labyrinth
layer development (Stecca et al., 2002). Chorioallantoic attachment (Figure 1.1) between the
vascular allantois and the chorion occurs at E8.5 (Watson & Cross, 2005). Attachment involves
the ligand vascular cell adhesion molecule-1 (VCAM]1), on the allantois surface, which will bind
to its receptor integrin alpha-4 (ITGA4) on the chorion mesothelium, an extraembryonic
mesoderm-derived tissue (Cross et al., 2003; Gurtner et al., 1995). This binding of VCAM1 and
ITGAA4 aids in the alignment and contact of the chorion and allantois (Inman & Downs, 2007;
Kwee et al., 1995). Afterwards, fusion and branching occurs where the chorion folds to make
villi for fetal blood vessel growth from the allantois (Watson & Cross, 2005). Branching requires
a process called branch-point selection where the location of initial branching is determined by
the expression of an essential transcription factor, Glial cell missing-1 (Gem1) (Cross et al.,

2003). Geml expression increases at E8.5 in clusters of chorionic trophoblast cells for selection
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and Gem 1 will be expressed in the tips of the branches (Anson-Cartwright et al., 2000; Basyuk et
al., 1999). Branching allows for the increase of surface area in the placenta for efficient nutrient

and gas exchange (Cross et al., 2006; Woods et al., 2018).

Trophoblast z
E5 E giagt ne \ E9.5 E10.5 Sp();lglﬂtrophohlast

/ EPC al /-’/

ccodem T Tl
pr— S-S/ VY w
AttachmenNAllantois / siieioh

Fusion

- mesoderm derived Labyrinth layer: site of nutrient

= polar trophectoderm derived
FV: fetal vessel,
m. MS: maternal

= mural trophectoderm derived :
sinus

Figure 1.1 Chorioallantoic attachment and fusion of the murine placenta. Attachment
between the chorion and allantois surfaces occurs at E8.5. Depiction of fusion and branching
between the cell layers occuring after attachment to create the labyrinth layer of the placenta.
The labyrinth layer includes vasculature of maternal sinuses (MS) and fetal vessels (FV). The
allantois and a portion of the chorion, the chorionic mesothelium (orange) are extraembryonic

mesoderm-derived. Created in BioRender.

The labyrinth layer of the placenta is the site of exchange between the embryo and the
mother through fetal vessels and maternal sinuses (Nadeau & Charron, 2014). The

syncytiotrophoblast bilayer separates the fetal vessels and sinusoidal maternal blood sinuses
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(Jiang et al., 2023; Watson & Cross, 2005). To form the syncytiotrophoblast cells in the
labyrinth, chorionic trophoblast cells differentiate into a syncytiotrophoblast bilayer through cell
fusion (Jiang et al., 2023). In addition, Gem 1 expression is needed for the differentiation of the
syncytiotrophoblast cells (Anson-Cartwright et al., 2000). The syncytiotrophoblast bilayer
includes syncytiotrophoblast-1 and syncytiotrophoblast-II cell layers that are connected by tight
junctions (Lawless et al., 2023; Shaha et al., 2023). These layers are involved in maintaining
exchange between the embryo and the mother and separating their contents (John & Hemberger,
2012). Additionally, the maternal sinuses and fetal vessels of the placenta allow for the exchange
of nutrients and gases through the countercurrent flow of blood in these vessels (Adamson et al.,
2002). Fetal vessels are lined by endothelial cells derived from the allantois and sinusoidal
trophoblast giant cells line the maternal blood sinuses (Tai-Nagara et al., 2017). The
development of the placental vasculature in the labyrinth creates the functional hemochorial

mouse placenta (Soares et al., 2018).

1.2 Secretory pathway

The secretory pathway is needed for the synthesis and transport of transmembrane and
secreted proteins (Figure 1.2) (Aber et al., 2019; Pelham, 1996). Protein synthesis of secretory
proteins and transmembrane proteins begins at the ER (endoplasmic reticulum) and starts the
process of anterograde protein transport to the correct cellular destination (Barlowe & Miller,
2013). The ER has several functions including protein quality control, translocation, post-
translation modifications and protein folding (Schwarz & Blower, 2016). Proteins will then exit
the ER through ER exit sites and are sorted into COPII-coated vesicles (Duden, 2003). The

vesicles will be transported to the ER-Golgi intermediate complex (ERGIC) which acts as a
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transport complex while ensuring quality control of new proteins (Appenzeller-Herzog, 2006).
These proteins will enter the Golgi for continued protein processing and sorting (Donaldson &
Lippincott-Schwartz, 2000). Next, proteins will be transported to the cell surface membrane,
secretory vesicles or endosomes and lysosomes (Luzio et al., 2014). Proteins can also be
trafficked in the retrograde direction from the Golgi back to the ER through COPI-coated

vesicles to recycle machinery or return misfolded proteins (Cole et al., 1998; Spang, 2013).

T -
e _—aa r = r N Plasma Membrane 1 /
ERGIC (_#g” % 711 TMED /
- g X TMED Dimer e/
Retrograde transport | \ Anterograde transport Cargo Secretory Granules J&?x /
—1 /
_ / 1 TMED Tetramer . %’{ 1 /
— \ 4 ® Misfolded Cargo Peroxisome A /
vesicle f:" @, COPll-coated 1Y, TMED GPCR oy)
* ’z \, / et vesicle .s\ %\ Secretory Vesicles

Trans-Golgi

Figure 1.2 TMED proteins are located in the secretory pathway for cargo transport. The
secretory pathway includes protein synthesis in the ER and transport in the anterograde direction
using COPII-coated vesicles for transport to the Golgi. Retrograde transport uses COPI-coated
vesicles for transport back to the ER. TMED proteins within COP-coated vesicles are used for
cargo protein transport. Furthermore, TMED proteins are found in the ER, Golgi, plasma

membrane, secretory granules, and vesicles (Adapted from Aber et al., 2019).
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1.3 TMED proteins

The transmembrane emp24 domain (TMED) family is a group of proteins that transport
various cargo proteins between the endoplasmic reticulum and the Golgi in the secretory
pathway (Aber et al., 2019; Dominguez et al., 1998). TMED proteins will bind to COP-coated
vesicles to act as cargo receptors and bring cargo in both the anterograde and retrograde direction
(Figure 1.2) (Strating & Martens, 2009). TMED proteins are classified as type I transmembrane
proteins and consist of several functional domains (Carney & Bowen, 2004). The Golgi-
dynamics domain (GOLD) assists TMED dimerization through protein interactions and bonds,
the cytoplasmic tail binds COP proteins, the signal sequence allows for ER translocation, the
coiled-coil domain is involved in oligomerization and the transmembrane domain binds lipids,
sorts proteins and forms vesicles (Nagae et al., 2016; Roberts & Satpute-Krishnan, 2023). There
are ten mammalian Tmed genes divided into four subfamilies: o (Tmed4, Tmed9, Tmedl 1), B
(Tmed2),y (Tmedl, Tmed3, Tmed5, Tmed6, Tmed7) and 6 (Tmed10) (Zhou et al., 2023).
Previously known TMED cargos include glycosylphosphatidylinositol (GPI)-anchored proteins,
Whnt ligands and G-protein coupled receptors (GPCRs) (Buechling et al., 2011; Luo et al., 2007;

Marzioch et al., 1999).

1.4 TMED2

1.4.1 Tmed?2 expression

Tmed?2 gene expression in mice has been documented in the placenta and embryo
(Jerome-Majewska et al., 2010). In mice, at E5.5, Tmed?2 is expressed in both the embryonic and

extraembryonic tissues (Jerome-Majewska et al., 2010). At E6.5, Tmed?2 levels are increased in
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the ectoplacental cone and extraembryonic ectoderm (Jerome-Majewska et al., 2010). By ES8.5,
Tmed?2 expression is found within the heart and was shown to be expressed at later
developmental stages throughout the embryo (Jerome-Majewska et al., 2010). In the murine
placenta at E8.5, Tmed? is expressed in the chorion, allantois, and giant cells (Jerome-Majewska
etal., 2010). At E9.5 and E10.5, Tmed? is localized in the giant cells, spongiotrophoblasts and
labyrinth layer of the placenta (Jerome-Majewska et al., 2010). Thus, indicating expression of

Tmed? is present throughout the embryonic and placental tissues during development.

1.4.2 TMED? cargo proteins

A key function of TMED?2 is its ability to act as a cargo transporter; several cargo
proteins of TMED2 have been identified in previous studies. TMED2 and its orthologues have
been examined in several models including cell culture, yeast, C. elegans and mice. One
potential TMED?2 cargo is fibronectin, an extracellular matrix protein, as it is retained within the
ER of murine placental cells in the absence of TMED2 (Hou & Jerome-Majewska, 2018; Singh
et al., 2010). Another potential cargo is VCAMI, a cell adhesion molecule, which is abnormally

localized in the murine placenta in the absence of TMED2 (Hou & Jerome-Majewska, 2018).

In yeast, Gaslp, a GPI-anchored protein, is incorrectly transported when p24, a TMED2
orthologue, is mutated (Marzioch et al., 1999; Stirling et al., 1992). Additionally, invertase, an
enzyme for sucrose hydrolysis, is not transported properly when the p24 complex is mutated
(Muniz et al., 2000). Furthermore, in yeast without functional p24, there is increased
extracellular secretion of Kar2p/BiP, a yeast ER chaperone (Belden & Barlowe, 2001; Okamura
et al., 2000). Another study used C. elegans as a model with mutations in the TMED?2 orthologue

sel-9 and identified increased transport of mutated LIN-12 and GLP-1 receptors (Wen &
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Greenwald, 1999). Also, Minin et al. mutated TMED?2 in embryonic stem cells and found
increased Smoothened protein, a GPCR in the hedgehog pathway, at the plasma membrane
(Minin et al., 2022). Thus, TMED?2 can act as a cargo transporter of a variety of proteins, and
some of these studies above using mutant TMED2 models reveal the role of TMED?2 in the
negative regulation of protein transport (Belden & Barlowe, 2001; Minin et al., 2022; Okamura

et al., 2000; Wen & Greenwald, 1999).

1.4.3 TMED?2 99J mutation

The 99] point mutation is a missense mutation that was identified in the TMED?2 signal
sequence (Jerome-Majewska et al., 2010). Homozygous 99J mutant embryos contain mRNA
levels equal to wildtype controls while embryonic protein levels are decreased, likely due to
impaired translocation into the ER (Jerome-Majewska et al., 2010). These mutant embryos are
developmentally delayed and die by E11.5 (Jerome-Majewska et al., 2010). Placenta histology
displays the absence of the labyrinth layer (Figure 1.3), the cause of embryonic lethality, as well
as no spongiotrophoblast layer along with no allantois invagination (Jerome-Majewska et al.,
2010). In situ hybridization of the homozygous Tmed2°"**’ mutants showed both Tpbpa and

Gcml had an abnormal or reduced expression pattern (Jerome-Majewska et al., 2010).

Furthermore, Hou & Jerome-Majewska used an explant model to examine the
Tmed2*"° mutation with transgenic mouse lines expressing eGFP+ cells or tdTomato cells to
examine chorioallantoic attachment (Hou & Jerome-Majewska, 2018). When both the chorion
and allantois contained the 99J mutation or when only the chorion was mutated, 50% of the
sample failed to attach while the other 50% underwent chorioallantoic attachment but failed to

fuse (Hou & Jerome-Majewska, 2018). When just the mesoderm-derived allantois is mutated,
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attachment occurs, but fusion is limited to a smaller region (Hou & Jerome-Majewska, 2018).
These results indicate the requirement of TMED?2 in both the chorion and allantois for complete

labyrinth layer formation and normal placental development.

Figure 1.3 The labyrinth layer is absent in E10.5 Tmed2°°"°°? mutant placentas. Control (C,
E) E10.5 placenta with the presence of normal placenta landmarks including the labyrinth layer
(1a), giant cells (gc), spongiotrophoblasts (st), maternal sinuses (ms), fetal vessels (fv), chorion
(ch), and allantois (al). In Tmed2°*** mutant (D, F) placentas, there is an absence of the
labyrinth layer and spongiotrophoblast layer. Scale bars: 50-um (C, D) and 20-um (E, F)

(Adapted from Jerome-Majewska et al., 2010)
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1.5 Hypothesis and Aims

1.5.1 Hypothesis

The previous work from the Jerome-Majewska lab using the 99J mutation showed that
TMED2 was needed in both the chorion, a partially ectoderm and mesoderm-derived tissue, and
the allantois, a mesoderm-derived tissue for labyrinth layer development (Hou & Jerome-
Majewska, 2018). Based on these studies, we hypothesized that TMED?2 is required in the

extraembryonic mesoderm for placental labyrinth layer formation.

1.5.2 Aims

To examine the hypothesis, the following aims were established:

1. Investigate a new Tmed2 exon 2-3 deletion allele in Tmed2”- embryos and compare
whether this deletion produces similar outcomes to the Tmed2°"°% mutation.

2. Remove TMED?2 from the extraembryonic mesoderm, with the exon 2-3 deletion, and
assess whether TMED? is required in these structures for chorioallantoic attachment and

fusion.
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CHAPTER II: MATERIALS AND METHODS

2.1 Animals

Mice work was done according to the Canadian Council on Animal Care and approved
by the Animal Care Committee of the Research Institute of the McGill University Health Center.
Tmed2"~ and Tmed2'""**"* mice were maintained on a mixed CD1 and C57BL/6 genetic
background. Mice carrying Mesp1-Cre used in experiments were from a mixed CD1 and

C57BL/6 genetic background.

2.1.1 Tmed2”- mutants.

To examine the homozygous deletion of 7med?2, 1 used a conditional mutant 7med? line
with LoxP sequences flanking exons 2 and 3 of the allele. Previously, f-actin-Cre was used to
generate heterozygous Tmed2 mice (Tmed2"") carrying the exon 2-3 deletion which were then

set up together to obtain homozygous Tmed2”- embryos.

2.1.2 Tmed2"?1ox: Mesp1“*'" mutants

To generate Tmed2'°?1ox; Mesp 1" mutants, I used the conditional mutant 7med? line
with LoxP sequences flanking exons 2 and 3. Then, I used Tmed2'°**"* mice carrying Mespl-Cre
(Mesp1°7™) set up with Tmed2'**P"* mice to obtain conditional homozygous (Tmed2'oxP/loxp;
Mesp1©7") mutant embryos and placentas with two Tmed?2 deletion alleles in the mesoderm-

derived cells. Placentas were collected between E9.5-E12.5.
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2.2 Genotyping

DNA was extracted from mouse ear punches or yolk sacs with alkaline lysis (25 mM
NaOH, 0.2 mM EDTA) at 95°C for 30 minutes then neutralized with neutralization buffer (40
mM Tris-HCI pH 5.0). Genotyping was used to identify the Tmed2 WT allele (199 bp), LoxP
allele (233 bp) or presence of the deletion allele (261 bp). Tmed2 was genotyped using a three-
primer PCR with the following primers:

Tmed2 F1: 5’-ACATTTCGCTTGGACAGGTAA-3’

Tmed?2 F3: 5°-AGTGGTAGCTCTCCCTTAGCA-3’

Tmed2 R3: 5°-AGGGGAGAACCAATTCAGCAT-3".

The program for Tmed?2 genotyping used is as follows: 95°C 3 min, 95°C 30 sec, 52°C 30 sec,

72°C 30 sec for 40 cycles then 72°C 5 min.

MespI-Cre was genotyped with the following primers to identify mutant (400 bp) and
internal control (200 bp) alleles:

Mespl-Cre F: 5’>-TGCCACGACCAAGTGACAGCAATG-3’

Mespl-Cre R: 5’-ACCAGAGACGGAAATCCATCGCTC-3’

Internal Control F: 5’-CAAATGTTGCTTGTCTGGTG-3’

Internal Control R: 5°>-GTCAGTCGAGTGCACAGTTT-3’

mT/mG was genotyped with the following primers to identify mutant (128 bp) and WT
(212 bp) alleles:
mT/mG F: 5’>-TAGAGCTTGCGGAACCCTTC-3’

WT F: 5’-AGGGAGCTGCAGTGGAGTAG-3’
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Common R: 5’-CTTTAAGCCTGCCCAGAAGA-3’

The program used for MespI-Cre and mT/mG is as follows: 94°C 2 min, 95°C 20 sec,
65°C 15 min (-0.5°C per cycle), 68°C 10 sec for 10 cycles. Next, 94°C 15 sec, 62°C 15 sec,

72°C 10 sec for 28 cycles then 72°C 2 min.

2.3 Embryo and placenta collection

To collect embryos and placentas, the day of plug was considered embryonic day 0.5
(E0.5). Yolk sacs were used for genotyping of placentas and embryos. Embryos and placentas
were dissected in phosphate-buffered saline (PBS) and fixed in 4% PFA at 4°C overnight unless
otherwise noted. Placentas were then cut at the midway point and dehydrated in ethanol washes
for paraffin embedding. The tissue was sectioned at 7um thickness and stained with

Hematoxylin and Eosin.

2.4 Immunofluorescence

Immunofluorescence was performed on paraffin embedded sections according to
standard protocols (Zakariyah et al., 2012). The primary antibodies used include: MCT1 (1:100
dilution, Sigma, ab1286-I), MCT4 (1:100 dilution, Millipore, ab3314p), Fibronectin (1:100
dilution, Abcam, ab23750), CD31 (1:100 dilution, Abcam, ab28364), KDEL (1:100 dilution
conjugated, Abcam, ab203421), VCAM1 (1:100 dilution, Santa Cruz, SC-1504), ITGA4 (1:100
dilution, Abcam, ab25247). The secondary antibodies used include Alexa Fluor 488 and 568
(1:500 dilution, Invitrogen). Antigen retrieval for GFP (1:250 dilution conjugated, Invitrogen,

A21311) was done with Tris-EDTA (pH 9.0). Images were taken on Leica microsystem
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(DMI6000B) and Leica camera (model DFC450). Confocal images were taken on a Zeiss

LSM880 laser scanning confocal microscope.

2.5 In situ hybridization

Pll, Geml, Tpbpa, Syncytin-A and Syncytin-B riboprobes were used and in situ
hybridization was performed on paraffin sections as previously described (Simmons et al., 2008).
To generate antisense probes, the Qiagen plasmid midi prep kit protocol was followed. Plasmids
(20 ng) were linearized with the appropriate restriction enzyme (5 ul) and buffer (10 ul) in a 100
ul reaction with ddH20 at 37°C for 2 hours minimum (P//: HindIII CutSmart buffer, Gem I:
Xhol CutSmart buffer, Tpbpa: EcoRI EcoRI buffer, Syncytin-A: Spel CutSmart buffer, Syncytin-
B: Spel CutSmart buffer). Purification was done using the QIAquick PCR purification kit
following the listed protocol. Pure linear plasmid (1 pg) was combined with DIG mix (2 pl),
transcription buffer (2 ul) and the appropriate RNA polymerase (2 pl) in a 20 pl reaction with
DEPC H20 at 37°C for 2 hours (Sp6: Pl1, Tpbpa, Syncytin-A, T7: Geml, Syncytin-B). Samples
were then treated with DNAse I for 15 min at 37°C before stopping the reaction with 0.2M
EDTA. Samples were then precipitated and the pellet was dissolved in 50 pl of DEPC H:0.
Successful reactions were confirmed by running a gel with the probes and performing a dot blot.

Final probe concentration used for in situ hybridization is 0.05 pg/ml.

2.6 Placenta area

Placenta area was measured using ImageJ with H&E-stained placenta sections. This was

done on sections at the midway point of the placenta where the chorionic plate is visible.
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Measurements were repeated three times per placenta sample at approximately 28-pum between

measurements.

2.7 Immunohistochemistry

Immunohistochemistry was performed on paraffin embedded sections using an antibody
for Lectin from Bandeiraea simplicifolia (BS-I) (1:100 dilution, L2895, Sigma). Slides were
deparaffinized with xylene and rehydrated with graded ethanol washes then rinsed with PBS.
Antigen retrieval was done using 10mM sodium citrate buffer (pH 6.0) before rinsing with PBS.
Slides were treated with 3% H20:2 for 15 minutes then blocked with 10% horse serum in
PBS/0.3% Triton-X100 in a humid chamber for 1 hour. Slides were incubated overnight at 4°C in
a humid chamber with antibody diluted in 10% horse serum in PBS/0.3% Triton-X100. One drop
of DAB substrate was diluted in 1ml of buffer and applied to slides to develop colour. Slides
were rinsed in water then counterstained with hematoxylin for 45 sec. Slides were rinsed again in

water before dehydrating with ethanol washes and mounting.

2.8 Statistical Analysis

Microsoft Excel and GraphPad Prism were used for statistical analyses. To determine
Mendelian segregation and genotype distribution, Chi-Squared test was used. One-way ANOVA
was used to analyze embryo and placenta weight. Two sample t-Test was used for placental area

measurement analyses. P-values < 0.05 were considered significant.
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CHAPTER III: RESULTS

Aim 1

3.1 Tmed2"- embryos begin to resorb and arrest by E8.5

We first examined the homozygous exon 2-3 deletion of 7med?2 using heterozygous mice

containing one Tmed? deletion allele (Fig. 3.1 A). Next, these heterozygous (Tmed2"-) mice

were mated together to collect Tmed2"*, Tmed2"", and Tmed2”- mutant embryos between E6.5-

E10.5 (Fig. 3.1 A, Table 3.1). At E9.5 and E10.5, there are no homozygous mutant (7med2)

embryos that survive to this point and those that we were able to genotype were resorbed (Table

3.2). At E8.5, we found that some of the Tmed2”- embryos (n=7/35) were resorbing and the

majority of E8.5 Tmed2”~ embryos were arrested by this point. Thus, we were able to conclude

that the homozygous exon 2-3 deletion of Tmed?2 leads to arrest by E8.5 and this mutation is

more severe than the previous 99J mutation. Genotypic distribution between E6.5 to E10.5 is

consistent with the expected Mendelian segregation.

Table 3.1. Genotype distribution table of Tmed2”- embryos by embryonic stage.

Stage Tmed2™™* (resorbed) | Tmed2"- (resorbed) | Tmed2' (resorbed)
E6.5 1 4 2

E7.5 1 11 2

ES8.5 47 (3) 104 (5) 35 (7)

E9.5 8 (2) 13 (2) 20

E10.5 6 (1) 23 (5) 6 (6)
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3.2 E8.5 Tmed2”’- embryos are developmentally delayed and resemble E7.5 control embryos

We conducted dissections and examined embryos to phenotypically compare these
Tmed2”- mutants to the Tmed2°°"°’ missense mutation. We focused on E8.5 embryos since this
is the point where these mutants arrest. Wildtype (Tmed2"*) embryos at E8.5 are alive and
contain defining features and structures including the heart and somites (Fig. 3.1 B). At E8.5,
heterozygous embryos (Tmed2"") containing one wildtype allele and one deletion allele have a
similar morphological appearance to wildtype embryos and generally appear normal (Fig. 3.1 C).
Heart and somites are both present in the heterozygous embryos (Tmed2"). However,
homozygous mutant embryos (Tmed2”~) containing the exon 2-3 deletion of Tmed?2 appear
developmentally delayed (Fig. 3.1 D). The Tmed2”~ embryos do not have heart or somites. Only
the embryonic and extraembryonic regions are clearly defined in the Tmed2”- mutant embryos
(Fig. 3.1 D). Therefore, we can conclude that one wildtype allele of Tmed?2 is sufficient to
maintain normal embryonic development. Additionally, the homozygous exon 2-3 deletion of
Tmed2 (Tmed2") produces a developmentally delayed embryo that appears similar to normal

E7.5 embryos (Fig. 3.2A).

To continue to characterize the consequences of the Tmed2”- mutation, we did earlier
dissections at E7.5. We did not identify any resorptions of the Tmed2”- mutant embryos at E7.5.
At this stage, Tmed2"™" and Tmed2"~ embryos are similar in size and appearance with
distinguishable embryonic and extraembryonic regions (Fig. 3.2A, B). In comparison, the
Tmed?2”- mutant embryos are slightly smaller and appear marginally delayed at this stage (Fig.
3.2C). This provides further evidence that at early developmental stages, this exon 2-3 deletion

of Tmed2 (Tmed2") begins to prevent normal embryonic and extraembryonic development.
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Figure 3.1. Homozygous exon 2-3 deletion of TMED2 causes developmental delay. (A)
Tmed2 heterozygous (Tmed2") allele representation with one wildtype allele of Tmed?2
containing four exons and the deletion allele without exons 2 and 3. Homozygous mutant
(Tmed2") allele representation with two deletion alleles. (B) Representative image of wildtype
control embryo (Tmed2"'*) at E8.5 contains visible heart (h) and somites (s). (C) Representative
image of heterozygous embryo (Tmed2"") at E8.5 contains visible heart and somites. (D)

Representative image of homozygous mutant embryo (Tmed2”") at E8.5 is developmentally
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delayed and lacks characteristic features of the control embryo. Scale bar: 250-pm (B, C) and

500-um (D)

Tmed2* Tmed2*- Tmed2”’

Figure 3.2. E7.5 Tmed2”- embryos are smaller than Tmed2"* controls. (A) Representative
image of wildtype control embryo (Tmed2"") with distinct embryonic and extraembryonic
regions. (B) Representative image of a heterozygous embryo (Tmed2"") is similar to the control
with clear embryonic and extraembryonic regions. (C) Representative image of homozygous
mutant embryo (Tmed2”) at E7.5 is similar to the control but smaller and less developed. Scale

bar: 500-um
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Aim 2

In aim 1, we were able to identify that the new homozygous Tmed2 exon 2-3 deletion
leads to developmental delay and embryonic arrest by E8.5. Thus, we used the same exon 2-3
deletion of Tmed?2 in aim 2 to conditionally remove TMED2 from the extraembryonic mesoderm
using MespI-Cre. This allows us to address our question: what happens to placental labyrinth
layer development when TMED?2 is absent from the extraembryonic mesoderm? We hypothesize
that this deletion in the extraembryonic mesoderm will prevent labyrinth layer development and

proper placenta formation.

3.3 MespI-Cre is active in the mouse placenta of both controls and Tmed2'°P1xP; Mesp]Cre+

mutants

To remove TMED?2 from the extraembryonic mesoderm, I used Cre-LoxP recombination
where Cre recombinase will recognize two LoxP sites and remove the DNA in between (Kim et
al., 2018). This system allows one to develop a conditional deletion model depending on which
promoter is controlling Cre (Kim et al., 2018). [ used a mutant mouse line containing LoxP
sequences flanking exons 2 and 3 of the 7med?2 gene along with Cre that has been knocked in the
Mesp1 locus for conditional deletion (Fig. 3.3A) (Liu et al., 2016). Mespl expression begins at
E6.5 in the mesodermal cells at the primitive streak (Saga et al., 1996). When Tmed?2 contains
the LoxP sites (7med2'©?x) and is in the presence of Mesp1-Cre (Mespl©™), this produces
two deletion alleles of Tmed? in all the mesoderm-derived cells that have expressed Mesp 1
(Yang et al., 2020). We use the heterozygous knock-in Mesp 1" since Mesp1©*“ mice die by
E10.5 and their mesoderm cell migration is disrupted (Saga et al., 1999). Previous lineage tracing

of Mesp1 Cre using ROSA-LacZ has shown expression in the placenta allantois, fetal endothelial
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cells, heart, and amnion (Saga et al., 1999; Yang et al., 2020). To confirm the location of the
mesoderm-derived cells in our mutant placentas, we introduced the ROSA mT/mG reporter into
the mutant 7med?2 mouse line and mated them with mice containing Mesp-Cre. This reporter
produces tdTomato fluorescence in all cells but in the presence of Cre, tdTomato is excised and
EGFP fluorescence will be produced (Muzumdar et al., 2007). Therefore, the MespI-derived
cells will fluoresce green and express GFP. I used sections of E11.5 control (n=2) and
Tmed2'oxP1o%p; Mesp 17 mutant (n=3) placentas with an antibody for GFP. In the Tmed2"";
Mesp1¢7* controls, the majority of GFP+ cells are within the placental labyrinth layer along
with a few cells that appear within the junctional zone of the placenta (white arrow) (Fig. 3.3 B1-
B4). Similarly, in Tmed2'°*?°%0; Mesp 1" mutant placentas the GFP+ cells are mainly
concentrated in the labyrinth layer with some cells that appear in the junctional region of the
placenta (white arrow) (Fig. 3.3 C1-C4). This indicates MespI-Cre activity is present in both
mutant and control placenta. These mesoderm-derived cells contribute mainly to the labyrinth

layer of the placenta and may influence the neighbouring cells in the junctional zone
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Figure 3.3 Mesp1 derived cells are concentrated in the labyrinth layer of the placenta. (A)
Tmed?2 conditional allele with LoxP sites flanking exons 2 and 3 and 7med2 deletion allele with
Cre. Representative images stained with GFP antibody showing localization of GFP+ cells in
E11.5 control (B1-B4) and mutant (C1-C4) placentas. Low magnification images (B1, C1) show
the majority of GFP+ cells are within the labyrinth (la) layer of the placenta (below white line)
with a few GFP+ cells within the decidua (de) and junctional zone (white arrows). High
magnification of the control (B2-B4) and mutant (C2-C4) GFP+ cells showing similar regions of

expression. Scale bar: 100-pm

3.4 Morphological abnormalities in the Tmed2'***10xP; Mesp1CT* mutant placentas are

present before embryonic death
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3.4.1 A subset of Tmed2'*?"*r; Mespl©™* placentas have a thin labyrinth layer at E9.5

During dissection, I found that mutant placentas at E9.5 underwent chorioallantoic
attachment. Therefore, to understand whether there were morphological differences in the
Tmed2'91oxp; Mesp 1€ mutant placentas I used sections along with H&E staining. At E9.5, in
the control placentas (n=4), the labyrinth layer and the maternal decidua are distinguishable (Fig.
3.4 A1, A2). Within the labyrinth layer of the control placenta, fetal vessels containing nucleated
red blood cells and maternal sinuses with enucleated red blood cells are visible (Fig. 3.4 A3). A
portion of the mutant placentas (n=3/5) appear similar to the controls with a developed labyrinth
containing fetal vessels and maternal sinuses for exchange between the embryo and the mother
(Fig. 3.4 B1-B3). Approximately 50% (n=2/5) of mutant placentas have a reduced thinner
labyrinth layer along with fewer fetal vessels and maternal sinuses (Fig. 3.4 C1-C3). Thus,

indicating variability of phenotypes in the mutant placentas at E9.5.
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Figure 3.4. E9.5 Tmed2'>?10xP; Mesp I€7* placentas vary in morphological appearance.
Representative images showing the morphology of a control (A1-A3) H&E-stained E9.5
placenta and two Tmed2'*1°%p; Mesp1°™* placentas (B1-B3, C1-C3) The control placenta (A1)
has the labyrinth layer (la) and maternal decidua (de). High magnification images within the
labyrinth layer (A2, A3) display maternal sinuses (ms) with enucleated red blood cells and fetal
vessels (fv) with nucleated red blood cells. Representative images (B1-B3) of a morphologically
normal Tmed2'?1°%p; Mesp 1™ placenta containing the labyrinth layer with fetal vessels and
maternal sinuses visible in the high magnification image (B3). Representative images of a
Tmed2'ox1o%p; Mesp 1C7* placenta with a visibly thinner labyrinth layer (C1, C2) along with

reduced vasculature at high magnification (C3). Scale bar: 100-um
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3.4.2 E10.5 Tmed2'>»"'oxr; Mesp1¢* placentas exhibit disorganized and non-uniform vessels

in the labyrinth layer

I next examined the placenta morphology at E10.5 using Bandeiraea simplicifolia lectin
1 (BS-I) and counterstained with hematoxylin. BS-I lectin will bind to glycans, specifically N-
acetylgalactosamine (DGalNAc), and will mark the fetal vasculature and decidua cells of the
labyrinth placenta (Charalambous et al., 2013). In Tmed2""; Mesp1©* control placentas (n=2),
the labyrinth layer is separated from the decidua by the unstained giant cells and is visible at low
magnification (Fig. 3.5 A). Within the control labyrinth layer, fetal vessels are defined with dark
brown staining and appear regularly spaced throughout the labyrinth layer. The fetal vessels with
nucleated red blood cells are similarly sized to each other and are frequently neighboured by
maternal sinuses (Fig. 3.5 A”). Mutant Tmed2'9?1ox; Mesp 1" placentas (n=2) have a thinner
labyrinth layer than controls (Fig. 3.5 B). The mutant labyrinth contains both fetal vessels and
maternal sinuses. The distribution of the fetal vessels within the mutant labyrinth layer appears to
be disorganized (Fig. 3.5 B’). The organization of maternal sinuses neighbouring fetal vessels is
not as evident in the mutants. Additionally, the maternal sinuses are less frequent and thinner in
comparison to the wide sinus pools in the control (Fig. 3.5 A, B”). Therefore, we can conclude
that placenta vasculature organization is disrupted in Tmed2'°1°%0; Mesp 1™ mutant placentas

at E10.5.
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Figure 3.5. E10.5 Tmed2'9*19XP; Mesp1€T* placentas have irregularly distributed fetal
vessels. Representative images showing the morphology of a control (A) BS-I lectin-stained
E10.5 placenta and a mutant Tmed2'°?1°%0; Mesp1©* placenta (B). Higher magnification (A’) of
the boxed region of the control placenta (A) shows fetal vessel (fv/ yellow arrow) and maternal
sinus distribution in the labyrinth layer. The third control image (A”) shows a detailed view of
the fetal vessels outlined in brown and maternal sinuses with enucleated red blood cells.
Representative images display a Tmed2'*10; Mesp 1°"* placenta (B) with a thin labyrinth
layer. Higher magnification image (B’) shows fetal vessel and maternal sinus distribution in the
labyrinth layer is less organized. The third image of the mutant (B”’) shows a detailed view of

longer maternal sinuses and several fetal vessels that neighbour each other. Scale bar: 100-um
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3.4.3 E11.5 mutant placentas have significantly reduced labyrinth layer area and contain

ectopic cells preceding the point of death at E12.5

I determined the point of death of the mutants through dissections from E9.5-E12.5.
Embryonic death of the Tmed2'9P1ox; Mesp ] mutants occurs at E12.5 where embryos either
had no heartbeat or were completely resorbed (Table 3.3). At E11.5, 50% of mutant embryos are
dead and 50% are alive (n=7/14). Thus, I used H&E staining on placentas from live E11.5
embryos to examine the histology of the mutants before lethality.

Control placentas at E11.5 (n=4) contain various expected placental cell types including
spongiotrophoblast cells and giant cells as well as fetal vessels and maternal sinuses (Fig. 3.6 A).
Within the labyrinth layer there is an organized distribution of fetal vessels and a uniform size of
the fetal vessels. Also, the maternal sinuses appear frequently and neighbour the fetal vessels.
Mutant Tmed2'°%P°%p; Mesp1©* placentas (n=4) contain the same cell types as the controls (Fig.
3.6 B). However, within the labyrinth layer there are dark purple extended ectopic cells between
the vessels. The shape and size of the fetal vessels appears less uniform and there is
disorganization of the vessel distribution within the labyrinth tissue.

Additionally, the size of the Tmed2'°*?1°%0; Mesp1©* labyrinth layer appears reduced
compared to controls therefore I measured the area of the labyrinth layer as depicted by the green
outline (Fig. 3.6 A-B). The Tmed2'9?/1ox; Mesp]©* mutant labyrinth layer area and ratio of
labyrinth layer area compared to total area were both significantly reduced (Fig. 3.6 C, t-test,
P<0.01). This indicates that the mutant labyrinth layer is thinner and not as extensive or
expanded as the control. The decidua area, junction area and total area were not significantly

different between mutants and controls (Fig. 3.6 C). The E11.5 analysis shows both quantifiable
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and visual irregularities in the labyrinth layer of the Tmed2'*?1°%0; Mesp1©*'* mutant placentas

before death.

Table 3.3. Genotype distribution table of live Tmed2'°**10XP; Mesp1€T* embryos by

embryonic stage. Chi-squared test at E12.5 is statistically significant *P <0.025.

Stage | Tmed2"*; Tmed2' ;| Tmed2' PP | Tmed2*; | Tmed2'?™*; | Tmed2'oxPloxp
MespI*™* MespI*™* ; MespI™* MespI©r* | MespI©™* | ; Mesp1€r*
E9.5 13 30 6 14 15 8
E10.5 13 33 16 20 28 14
El1.5 14 27 10 16 21 7
El12.5* 9 20 7 14 18 0

A Tmed2**; Mesp1cre/*

B Tmed2-ox/Loxe; Mespfcre/*
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Figure 3.6. Exon 2-3 deletion of Tmed?2 in the extraembryonic mesoderm results in
morphological abnormalities at E11.5 of the placenta including a thin labyrinth layer. E11.5
control (A) with high magnification images of the labyrinth (la) layer of the placenta where
maternal sinuses (ms) containing enucleated red blood cells and fetal vessels (fv, orange outline)
with nucleated blood cells are visible. The mutant placenta (B) displays a thinner labyrinth layer.
High magnification images of the mutant labyrinth include ectopic cells (yellow stars) and
disorganized vessel distribution. Labyrinth layer area (green outline) and labyrinth layer over
total area is significantly reduced in mutants at E11.5 compared to controls (**P<0.01, two
sample t-test) (C). Junction (includes spongiotrophoblast (st) layer and giant cells (gc)), decidua

and total area are not significantly altered between mutants and controls (C). Scale bar: 100-pm

3.5 Live Tmed2'®'°; Mesp 1€+ mutant embryos at E11.5 have reduced weight while

placenta weight is unchanged

Embryonic weight and placental weight were measured to assess whether there were
mass differences between Tmed2'¥1°?; Mesp 1 mutants and controls. I took measurements

from samples that were alive during dissections and found that Tmed2'919%p; Mesp €+ mutant
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embryo weight was significantly reduced (Fig. 3.7) (p<0.01, one-way ANOVA). Also, |

measured placenta weight during dissections and found that Tmed2'?1°%p; Mesp 1€ mutant

placenta weight was comparable to the other placenta genotypes (Fig. 3.7). This change shows

that TMED?2 is needed in the mesoderm to maintain normal embryo weight and possibly

indicates insufficient transport to the embryo from the placenta.
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Figure 3.7. E11.5 weight comparison of Tmed2'°**1°%?; Mesp1©** mutant embryos and

placentas. Tmed2'°P°%p; Mesp1©** embryo weight (orange) is significantly reduced compared

to the embryo weight of other genotypes (**P<0.01, One-Way ANOVA) while placenta weight is

comparable.

3.6 Gene expression pattern of placental development genes are similar in mutants and

controls except for the spongiotrophoblast marker 7pbpa
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3.6.1 E9.5 Tmed2'>?1oxv; Mesp1¢* placentas have normal expression of Pl1, SynA, SynB,

Gceml while Tpbpa is reduced

I next used in situ hybridization to examine the cellular gene expression of some of the
genes important for placental layer development to understand whether these regions are altered
in mutants. P/ (placental lactogen-1) is a prolactin expressed by trophoblast giant cells (Faria et
al., 1991). At E9.5, PI/1 was expressed in a similar number of giant cells between control and
mutant Tmed2'?19%; Mesp 1 placentas (n=4/5) (Fig. 3.8 A1, A1’ + B1, B1’). Syncytin-A and
Syncytin-B are envelope genes needed for trophoblast fusion to properly form the
syncytiotrophoblast-I and syncytiotrophoblast-II layers (Dupressoir et al., 2011). At E9.5,
Syncytin-A is expressed within syncytiotrophoblast-I cells of the labyrinth layer in controls and
expressed in a similar number of cells in mutants (n=2) (Fig. 3.8 A2, A2’ + B2, B2’). At E9.5,
Syncytin-B 1s expressed within syncytiotrophoblast-II cells of the labyrinth layer in controls with
a similar cellular expression pattern visible in mutants (n=4/5) (Fig. 3.8 A3, A3’ + B3, B3’).
There is a comparable number of cells expressing SynA and SynB in the syncytiotrophoblast
bilayer between the maternal sinuses and fetal vessels of the mutant and control placentas.

Previously, in the absence of TMED?2, both Gem I and Tpbpa expression patterns were
changed (Jerome-Majewska et al., 2010). Gem I (glial cell missing-1) is a transcription factor that
regulates Syncytin-B (Zhu et al., 2017). Gem1 is expressed by specific chorionic trophoblast cells
that undergo branchpoint selection and by syncytiotrophoblast-II cells (Zhu et al., 2017). Gem 1
expression in E9.5 control placentas is within cells of the labyrinth layer and mutant placentas
(n=4/5) display a similar expression pattern (Fig. 3.8 A4, A4’ + B4, B4’). The expression of
Gcm 1 matches our previous histology results as we see both chorioallantoic attachment and

branching occur in the Tmed2'?1°%0; Mesp 1" placentas. Tpbpa (trophoblast specific protein
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alpha) is a spongiotrophoblast cell marker and is expressed in the spongiotrophoblast cells of the
control E9.5 placenta (Fig. 3.8 A5, A5’) (Lawless et al., 2023). In the Tmed2'°%?1°x0; Mesp ¢+
mutant placentas (n=5/5), there is expression of Tpbpa however, it is reduced and located in
fewer cells (Fig. 3.8 B5, B5’). This indicates abnormal development of the spongiotrophoblast

layer and a possible cell nonautonomous function of TMED?2 based on the gene expression

results observed in the mutant Tmed2'°%'X; Mesp I€/* placenta.
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Figure 3.8. Tpbpa is reduced in Tmed2'°**19%P; Mesp1€T* placentas. Representative images of
control (A1-AS5) and mutant placentas (B1-B5) with in situ hybridization riboprobes at E9.5. P/
is expressed in giant cells (gc) of control (A1, A1°) and most mutants (B1, B1°). Syncytin-A4 is
expressed in syncytiotrophoblast-I cells of the labyrinth in control (A2, A2’) and mutant (B2,
B2’) placentas. Syncytin-B is expressed in syncytiotrophoblast-II cells of the labyrinth in control
(A3, A3’) and most mutant placentas (B3, B3’). Gem 1 is expressed by chorion trophoblast cells
within the labyrinth (la) in control (A4, A4’) and most mutant placentas (B4, B4’). Tpbpa is
expressed by spongiotrophoblast (st) cells above the labyrinth layer in the control placenta (A5,
AS5’). Expression of Tpbpa is present but reduced and restricted to fewer cells in all mutant

placentas (B5, B5’). Scale bar: 100-um

3.6.2 E11.5 Tmed2'?"oxr; Mesp1€* placentas have normal expression of Pll1, SynB, Gem1

while Tpbpa is reduced

I next examined the gene expression patterns of P/I, Gem i, SynB and Tpbpa using in situ
hybridization at E11.5 to determine if there were any changes in the expression before embryonic
death. At E11.5, Pl is expressed throughout the trophoblast giant cells in a layer between the
decidua and spongiotrophoblasts in both control and Tmed2'?1ox; Mesp 1" placentas (n=1)
(Fig. 3.9 A1, A1’ + B1, B1’). Gem1 expression is widespread in chorionic trophoblast cells in
control and Tmed2'*P1°%0; Mesp 1 mutants at E11.5 (n=1) (Fig. 3.9 A2, A2’ + B2, B2’).
Syncytin-B expression is spread throughout cells of the labyrinth layer, specifically in similar
numbers of syncytiotrophoblast-II cells, in control and Tmed2'o?°%p; Mesp 17" mutants at

E11.5 (n=3) (Fig. 3.9 A3, A3’ + B3, B3’). Tpbpa expression at E11.5 is in the spongiotrophoblast
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cells of the control placenta in a thick layer of cells (Fig. 3.9 A4, A4’). Tpbpa expression in
Tmed2'o?1ox0; Mesp " mutant placentas is present but appears in a smaller layer and fewer
cells in comparison to the control placenta (n=3) (Fig. 3.9 B4, B4’). Therefore, Tpbpa continues
to have less expression in mutant placentas at E11.5 indicating a possible restriction of the
spongiotrophoblast cell layer. Additionally, at E11.5, there was no significant reduction of
junctional zone area in mutants which is possibly due to improper differentiation of the

spongiotrophoblast cells leading to reduced 7Tpbpa expression without a change in the area (Fig.

3.6 C).
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Figure 3.9. E11.5 placental gene expression in control and Tmed2'*?1oxP; Mesp 1Cre*

placentas. Control (A1-A4) and mutant (B1-B4) placentas with in situ hybridization riboprobes
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at E11.5. Pl is expressed in giant cells of control (A1, A1’) and mutant (B1, B1”) placentas.
Gceml is expressed by chorion trophoblast cells in control (A2, A2’) and mutant (B2, B2”)
placentas. Syncytin-B is expressed in syncytiotrophoblast-II cells in control (A3, A3’) and mutant
(B3, B3’) placentas. Tpbpa is expressed in spongiotrophoblast cells in the control placenta (A4,

A4’) and Tpbpa is present yet decreased in mutants (B4, B4’). Scale bar: 100-pm

3.7 Tmed2'"?'°xP; Mesp 1€ mutant placentas have abnormal protein localization

3.7.1 Fibronectin expression is increased, more fibrillar and cellularly retained in

Tmed2' P Mesp1€* placentas

Fibronectin is an extracellular matrix protein that binds integrins, aids cell adhesion and
is found in the placenta (Hsiao et al., 2017; Saylam et al., 2002; Singh et al., 2010). Previously,
fibronectin was retained in the Tmed2%"°' placenta mutant model and identified as a TMED2
cargo (Hou & Jerome-Majewska, 2018). Therefore, we wanted to determine if there were
changes in the expression of a previously known TMED2 cargo protein in the Tmed2'°x/1oxp;
MespI©* mutant placentas. In control placentas (n=2), I examined fibronectin protein
distribution within the labyrinth layer of the placenta since it is secreted by endothelial cells (Luo
& Jian, 2023). In controls, fibronectin is expressed as strands around groups of nucleated cells,
surrounding the fetal vessels lined by endothelial cells, and appears arranged (Fig. 3.10 A1-A4).
In Tmed2'*¥P°%0; Mesp 1™ mutant placentas (n=3), fibronectin expression is increased, and the
distribution of this protein appears more fibrillar and less arranged (Fig. 3.10 B1-B4). Also, there
is visible overlap with the nucleated cells of the placenta and there is a loss of uniformity

indicating a change in fibronectin protein localization or secretion by the endothelial cells.
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Furthermore, I used KDEL and fibronectin co-immunofluorescence to determine the
cellular localization of fibronectin (Fig. 3.11). KDEL is an amino acid sequence located on
resident ER proteins and it can be used to investigate whether proteins are localized to the ER
(Cela et al., 2022). In control placentas at E9.5 (n=2), there is expression of both fibronectin and
KDEL in the labyrinth layer with some co-localization and other regions without co-localization
(Fig. 3.11 A1-A4). This indicates at this timepoint there is likely some fibronectin in the ER that
is in the process of being secreted outside of the cells in addition to fibronectin in the
extracellular matrix. Tmed2'°1°%0; Mesp1©** mutant placentas at E9.5 (n=2) contain increased
expression of both fibronectin and KDEL in the labyrinth layer (Fig. 3.11 B1-B4). Fibronectin
expression in the mutant placenta appears to be co-expressed with KDEL with more co-
localization than the control placenta. This indicates that fibronectin is retained in the ER of
mutant placentas. Therefore, based on these results we can conclude that TMED?2 is needed in
the extraembryonic mesoderm for normal expression, secretion and localization of fibronectin by

the placenta endothelial cells.
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Figure 3.10. Fibronectin protein is increased and the pattern of expression is changed in
Tmed2'°*'%0; Mespl©r®* mutant placentas. Representative images showing fibronectin
localization in control (A1-A4) and mutant placentas (B1-B4) at E11.5. High magnification
images within the labyrinth layer of the placenta (A2-A4) displays fibronectin surrounding
groups of nucleated cells. Fibronectin expression in mutant placentas appears increased with
longer extended fibres and expression in nucleated cells shown in the high magnification images

of the labyrinth layer (B2-B4). Scale bar: 100-um
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Figure 3.11 Fibronectin and KDEL expression and co-localization are increased in
Tmed2'*'%%0; Mesp 1€+ mutant placentas. Representative images showing fibronectin and
KDEL protein distribution in control (A1-A4) and mutant placentas (B1-B4) at E9.5. High
magnification images within the labyrinth layer of the placenta (A2-A4) displays fibronectin and
KDEL surrounding nucleated cells. Fibronectin and KDEL expression and regions of co-
expression are both increased in Tmed2'°°%P; Mesp 1™+ mutant placentas (B2-B4). Scale bar:

100-pum
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3.7.2 ITGA4 receptor expression is altered while the ligand VCAMI1 is normally expressed in

Tmed2'P0xp; Mespl©r** placentas

To continue to examine protein expression by the placenta endothelial cells, I examined
an adhesion molecule, vascular cell adhesion molecule-1 (VCAM1), which was previously
identified as a potential protein cargo of TMED?2 as it was incorrectly localized in the absence of
TMED2 (Hou & Jerome-Majewska, 2018; Kong et al., 2018). Additionally, VCAM1 will bind to
the receptor, integrin alpha-4 (ITGA4), this receptor is a binding partner of fibronectin that we
found to be mislocalized in the Tmed2'?1°%0; Mesp 1" placentas (Fig. 3.10 B1-B4) (Wu, 1997;
Wu et al., 1995). Therefore, I examined the protein expression using immunofluorescence at
E11.5 of ITGA4 and VCAMI to understand whether the mesoderm specific deletion of TMED?2
leads to their mislocalization at the syncytiotrophoblast and endothelial cells. ITGA4 protein
expression in control placentas (n=2) is found in an organized pattern within the labyrinth layer
tissue (Fig. 3.12 A1). At high magnification, ITGA4 encircles groups of nucleated cells and
appears to be localized to a single layer of trophectoderm-derived cells (Fig. 3.12 A2-A4). In
Tmed2'P'oxp; Mesp1€* placentas (n=3), ITGA4 does not appear to be as organized in the
labyrinth layer (Fig. 3.12 B1). At high magnification, ITGA4 expression is not found in a single
layer surrounding the nucleated cells (Fig. 3.12 B2-B4). Some of the ITGA4 expression appears
to be around groups of nucleated cells like the controls but a lot of ITGA4 expression overlaps
with the nucleated cells and has lost the organized pattern. Next, I examined VCAMI in the
labyrinth layer of control placentas (n=2) where it surrounds groups of nucleated cells where

fetal vessels are expected and appears to be expressed in a singular layer (Fig. 3.12 C1-C4).
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Similarly, in Tmed2'91ox; Mesp 1" placentas (n=3), VCAMI expression by the endothelial
cells appears in a single layer around the fetal vessels and resembles the expression pattern of the
control placentas (Fig. 3.12 D1-D4). To conclude, TMED?2 is not required in the extraembryonic
mesoderm for normal VCAMI transport and localization but it is needed in these cells for
normal ITGA4 expression. This indicates the lack of TMED?2 in mesoderm-derived cells may be
impacting protein transport to the syncytiotrophoblast cell surface. Additionally, there are
possibly other mechanisms or proteins allowing normal VCAMI protein transport at the

endothelial cell surface.
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Figure 3.12. Integrin alpha-4 expression is altered in Tmed2'°**1oxP; Mesp1€Te* placentas
while VCAMI1 expression pattern remains the same. Representative images showing ITGA4
localization in control (A1-A4) and mutant placentas (B1-B4) at E11.5. High magnification
images within the labyrinth layer of the placenta (A2-A4) displays integrin alpha-4 in a uniform
tissue pattern on trophoblast cells around groups of nucleated cells. Integrin alpha-4 in mutant

placentas is not localized in a uniform pattern and appears spread throughout the cells (B2-B4).
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Representative images showing VCAMI1 localization in control (C1-C4) and mutant placentas
(D1-D4) at E11.5. High magnification images within the labyrinth layer of the placenta (C2-C4)
shows VCAMI1 expression pattern by the endothelial cells which is similar to the mutant (D2-

D4) high magnification images. Scale bar: 100-um

3.7.3 MCTI and MCT4 protein expression changes in E10.5 Tmed2'*?"?; Mesp1°* mutant

placentas

Next, to examine the syncytiotrophoblast bilayer that separates maternal sinuses and fetal
vessels, I analyzed the monocarboxylate transporter proteins that are located there (Nadeau &
Charron, 2014). Monocarboxylate transporters, MCT1 and MCT4, are localized to the cell
membrane and will transport lactate and other monocarboxylates (Nagai et al., 2010). MCT1 is
expressed at the syncytiotrophoblast-I layer and MCT4 is localized to the syncytiotrophoblast-II
layer of the mouse placenta (Nadeau & Charron, 2014; Nagai et al., 2010). Therefore, to examine
protein expression at the syncytiotrophoblast bilayer at E10.5, I used these two proteins. In the
labyrinth layer of control placentas (n=2), both MCT1 and MCT4 expression are visible (Fig.
3.13 A1). Where the syncytiotrophoblast bilayer is expected to form, MCT1 and MCT4
expression mirror each other and form a polarized bilayer without co-expression (Fig. 3.13 A2-
A4). In some Tmed2'¥P1°%0; Mesp 1™ mutant placentas (n=1/4), the polarized
syncytiotrophoblast bilayer is visible based on the expression of MCT1 and MCT4 (Fig. 3.13
B1-B4). However, MCT1 and MCT4 expression appear to be marginally decreased compared to
controls. In the majority of Tmed2'o?1ox; Mesp ™" mutant placentas that I examined (n=3/4),

syncytiotrophoblast-I cells express less MCT1 (Fig. 3.13 C2) while MCT4 expression appears
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thicker indicating that it may not be localized to only the syncytiotrophoblast-II membrane (Fig.
3.13 C3). In these mutants, there is a loss of polarization of protein expression at the
syncytiotrophoblast bilayer and there is no longer normal MCT1 and MCT4 localization (Fig.
3.13 C1-C4). We can conclude that the syncytiotrophoblast bilayer may require TMED?2 in the
extraembryonic mesoderm at E10.5 for normal transport or organization of proteins such as

MCT1 and MCT4.
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Figure 3.13. E10.5 MCT1 expression is decreased and MCT4 expression is increased while
polarization is absent in Tmed2'"?1oxP; Mesp1€re* placentas. Representative images showing
MCT1 and MCT#4 localization in control (A1-A4) and two mutant placentas (B1-B4, C1-C4) at

E10.5. High magnification images (A2-A4) within the labyrinth layer of the control placenta
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shows MCT1 and MCT4 defining the syncytiotrophoblast bilayer with neighbouring expression
around the labyrinth vessels. High magnification images show one mutant placenta where MCT1
expression is slightly decreased and less continuous (B2) while the merge image (B4) displays
continued polarization of MCT1 and MCT4. Representative high magnification images of most
mutant placentas (C2-C4) show a decrease of MCT1 expression (C2) while MCT4 expression is
increased and has a thicker region of expression. Additionally, the polarization of MCT1 and

MCT4 is absent (C4). Scale bar: 50-um (A1, B1, C1) and 100-um (A2-A4, B2-B4, C2-C4)

3.7.4 MCTI and MCTH4 proteins are incorrectly expressed in a minority of E11.5

Tmed2'?"p; Mespl* mutant placentas

I next examined protein expression at the syncytiotrophoblast bilayer at E11.5 by using
MCT1 and MCT4 to continue to understand whether these proteins are correctly localized in the
Tmed2'o?1ox0; Mesp " mutant placentas. Control placentas (n=2) at E11.5 have the same
expression pattern of MCT1 and MCT4 as the E10.5 control placentas where a polarized bilayer
is visible (Fig. 3.14 A1-A4). The majority (n=2/3) of E11.5 Tmed2'o*?°%p; MespI™* mutants that
I examined contained normal expression of MCT1 and MCT4 in the labyrinth layer of the
placenta (Fig. 3.14 B1-B4). One E11.5 Tmed2'?1°%; Mesp ] mutant placenta has less
polarization of MCT1 and MCT4 and some co-expression (Fig. 3.14 C1-C4). This indicates that
there is variability of MCT1 and MCT4 protein expression and localization in the Tmed2'ox/1oxp;
Mesp1©* mutants. At both E11.5 and E10.5, some mutants appear to have normal protein

localization at the syncytiotrophoblast bilayer while others have incorrect protein localization.
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Figure 3.14. MCT1 and MCT4 expression remains similar in 2/3 Tmed2'*?'°xp; Mesp1Cre
placentas at E11.5. Representative images showing MCT1 and MCT4 localization in control
(A1-A4) and two mutant placentas (B1-B4, C1-C4) at E11.5. High magnification images (A2-
A4) within the labyrinth layer of the control placenta shows MCT1 and MCT4 polarization.
Similarly, representative high magnification images of a mutant placenta display a similar
expression pattern of MCT1 and MCT4 (B2-B4). One mutant placenta (C1) contains non-
continuous expression of both MCT1 (C2) and MCT4 (C3) while polarization is absent in certain

regions (C4). Scale bar: 100pm
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3.8 CD31 expression remains the same in Tmed2'P'°xP; MespI€r¢* placentas at E11.5

To further examine protein expression in the endothelial cells lining the fetal vessels of
the placentas, [ used CD31 (cluster of differentiation 31 or PECAMI1), an endothelial cell marker
(Lertkiatmongkol et al., 2016; Tai-Nagara et al., 2017). In the labyrinth layer of control placentas
(n=2), CD31 expression appears in a single layer around the groups of nucleated cells, fetal
vessels, in a repetitive round pattern (Fig. 3.15 A1-A4). In Tmed2'°%?1°%0; Mesp1¢*"* mutant
placentas (n=3), endothelial cell expression of CD31 in the placental labyrinth appears similar to
controls (Fig. 3.15 B1-B4). CD31 is expressed in an organized distribution around the nucleated
cells where fetal vessels are expected. Therefore, expression of CD31 by endothelial cells does
not require TMED?2 in the extraembryonic mesoderm for normal localization and it is likely not a

cargo protein of TMED?2.
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Figure 3.15. CD31 is expressed in E11.5 Tmed2'o?'%P; MespI©* placentas. Representative

images showing CD31 localization in control (A1-A4) and mutant placentas (B1-B4) at E11.5.
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High magnification images within the labyrinth layer of the placenta (A2-A4) contain CD31
expression around groups of nucleated cells in a single layer where the endothelial cells of the
fetal vessels are located. Mutant placentas CD31 expression appears similar to controls at high
magnification where CD31 is expressed surrounding nucleated cells in a single layer. Scale bar:

100-pm
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CHAPTER 1V: DISCUSSION

TMED?2 is an essential protein for normal murine embryonic and placental development
(Jerome-Majewska et al., 2010). My project aimed to further understand the functional role and
requirement of TMED?2 in placenta development. The previous analysis of TMED?2 in the
placenta was done in vivo using a missense mutation where TMED2 was removed from the
entire placenta (Jerome-Majewska et al., 2010). TMED2 was also examined in an explant model
and removed in a tissue-specific manner (Hou & Jerome-Majewska, 2018). Here, my aim was to
investigate the cell-type-specific function of TMED2 using Cre-LoxP recombination to remove

TMED?2 from the extraembryonic mesoderm of the placenta.

4.1 The exon 2-3 deletion of Tmed?2 leads to developmental delay and earlier arrest than the

missense 99J mutation

To first examine my hypothesis, we phenotypically characterized a new homozygous
exon 2-3 deletion of Tmed?2 that we planned to use conditionally in a cell-type-specific manner in
the later aim. This mutation was used as we are unable to conditionally delete TMED2 with the
previous 99J missense mutation model. We found that similarly to the 99J mutation, this deletion
leads to abnormal embryonic and placental development, as expected. However, these embryos
arrested by E8.5 and were more developmentally delayed. This is a more severe mutation in
comparison to the Tmed2°°"°° mutants that arrest by E11.5 (Jerome-Majewska et al., 2010).

There was no embryonic TMED?2 protein observed in the Tmed2%%"°%

mutants however, this may
be a hypomorphic allele that creates a partial loss of function (Baker, 2011; Jerome-Majewska et

al., 2010). Possibly, TMED?2 protein is still generated and went undetected due to antibody

specificity thus explaining the severity of the exon 2-3 deletion of Tmed?2 that we used here.
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Although this Tmed2”~ mutation differs from that of the Tmed2°°"°®’ mutants, we were able to
observe that this deletion of TMED?2 creates embryonic delay and prevents proper embryo and
placenta development. Therefore, we used this deletion of Tmed?2, in the extraembryonic
mesoderm, to examine our hypothesis of whether TMED?2 is required in the extraembryonic

mesoderm for placental labyrinth layer development.

4.2 The labyrinth layer forms in the absence of TMED2 in the extraembryonic mesoderm

Initially, I hypothesized that TMED2 would be required in the extraembryonic mesoderm
for labyrinth layer formation. Yet, Tmed2'°"°%P; Mesp 1" mutant placentas exhibit labyrinth
layer formation at all embryonic stages. Hence, it is likely the presence of TMED?2 in the
chorionic ectoderm is sufficient for chorioallantoic attachment to occur and for labyrinth layer
formation. In the previous explant model where TMED2 was absent in the extraembryonic
mesoderm-derived allantois, attachment and reduced fusion was observed (Hou & Jerome-
Majewska, 2018). This shows that attachment still occurs in the absence of TMED?2 in some of
the extraembryonic mesoderm-derived tissues. Yet, when TMED2 was absent in the partially
extraembryonic mesoderm-derived (chorionic mesothelium) and partially extraembryonic
ectoderm-derived chorion, fusion never occurs, and attachment fails in 50% of the sample (Hou
& Jerome-Majewska, 2018). From our results and the previous explant studies, we can conclude
that TMED?2 is not needed in the extraembryonic mesoderm of the chorion or allantois for

labyrinth layer formation.

4.3 TMED?2 is needed in the extraembryonic mesoderm for normal placenta development
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Although I found that chorioallantoic attachment and fusion occur in the absence of
TMED?2 in the extraembryonic mesoderm, I observed other abnormalities in the placenta. This
suggests the requirement of TMED?2 in the extraembryonic mesoderm for normal placenta
development. I found a thin labyrinth layer in the mutants beginning in some placentas at E9.5
and in all placentas by E11.5. A small labyrinth layer has been previously found in mutant mouse
models and reduces the area of functional exchange between the embryo and the mother which,
is needed for continued development (Woods et al., 2018; Yung et al., 2012). Fetal-maternal
exchange is likely reduced in the Tmed2'**P/1°%0; Mesp ¢ mutants since the smaller labyrinth
placental area coincided with significantly decreased embryonic weight. Additionally, the
labyrinth layer is the site of most morphological abnormalities I observed during analysis. This
includes disorganization of the fetal vessel shape and distribution as well as maternal sinus
distribution, which may be another indicator of exchange issues. Therefore, TMED?2 is needed in

the extraembryonic mesoderm for proper labyrinth layer formation.

To continue, through previous examinations of mutant mouse lines, embryonic lethality
between E9.5-E14.5 often corresponds with large placental defects (Perez-Garcia et al., 2018).
The Tmed?2'9?°%0; Mesp 1< mutants die by E12.5 and the reduced labyrinth layer area that we
observed as well as vascular disorganization likely contribute to death. At E10, the labyrinth
placenta takes over exchange from the yolk sac and we observe mutant embryos beginning to die
shortly thereafter indicating the placental labyrinth may not be able to sustain the embryo
(Woods et al., 2018). However, we know that Mesp1 is expressed in other embryonic tissues, in
addition to the extraembryonic region, including the heart (Saga et al., 2000). Thus, the removal
of TMED? in structures of the heart could also contribute to embryonic death, especially because

heart defects are strongly associated with placental defects (Perez-Garcia et al., 2018).
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Through analysis using in sifu hybridization, I identified that Tpbpa, expressed by
spongiotrophoblast cells above the labyrinth layer, is reduced to fewer cells in the Tmed2'ox/loxp;
Mesp1¢7* mutants (El-Hashash et al., 2010). The extraembryonic mesoderm cells in the
labyrinth layer that lack TMED2 may communicate to their neighbouring cells leading to this
change in gene expression. | observed using the mT/mG reporter that a minority of Mesp -
derived cells appear near the junctional zone and spongiotrophoblast layer of the placenta. These
cells and the extraembryonic mesoderm-derived cells in the labyrinth may be inhibiting normal
development, expansion, and differentiation of the spongiotrophoblast cell layer. Intercellular
communication is a part of developmental biology that involves various ligands and correct
protein secretion or localization (Armingol et al., 2021; Basson, 2012). As TMED?2 is a cargo
transporter, it is plausible that a disruption in cargo transport in mutated cells can effect the
neighbouring cells. This result shows that the absence of TMED?2 in the extraembryonic
mesoderm does not just alter the mutant cells and may be disrupting the development of other

placental cells.

4.4 TMED?2 is required in the extraembryonic mesoderm for normal transport and

localization of some proteins

TMED?2 is a transmembrane protein that acts a cargo receptor of various proteins. I found
several proteins located in different cell types of the placenta labyrinth that appear to be
mislocalized in the Tmed2'91ox; Mesp " mutant placentas. Fibronectin, a previously
identified cargo protein of TMED?2, is abnormally expressed and appears to be retained in the
endothelial cells in the mutants (Hou & Jerome-Majewska, 2018). Endothelial cells secrete

fibronectin and are extraembryonic mesoderm-derived in the placenta (Luo & Jian, 2023; Tai-
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Nagara et al., 2017). Thus, we can presume that fibronectin protein requires recognition by
TMED?2 in the extraembryonic mesoderm for transport. Whereas, a protein expressed on the
trophoblast cells, ITGA4, also appears to require TMED2 in the extraembryonic mesoderm for
correct localization (Bowen & Hunt, 1999; Johnson et al., 2023). This may be occurring since
fibronectin is a binding partner of ITGA4 and since fibronectin expression is disrupted, ITGA4

becomes mislocalized (Wu et al., 1995).

TMED?2 is needed in the extraembryonic mesoderm for correct MCT1 and MCT4 protein
localization. These proteins are expressed in the cells of the syncytiotrophoblast bilayer, which is
derived from chorion trophoblasts, not extraembryonic mesoderm (Jiang et al., 2023). In the
mutant placentas, we see expression of the fusogenic genes SynA and SynB which are needed for
syncytiotrophoblast layer formation (Dupressoir et al., 2011). Although the gene expression is
normal, it is possible that SYNA and SYNB proteins are incorrectly localized in the
syncytiotrophoblast cells preventing complete fusion of the syncytiotrophoblast layers. This
could be caused by intercellular communication between the mutant cells and the
syncytiotrophoblast cells. Thus, leading to a mislocalization of the proteins needed for
syncytiotrophoblast layer formation or of the proteins found on these cell types. These results
lead us to our working model where TMED?2 is required in the extraembryonic mesoderm for

normal protein localization in various cells of the labyrinth placenta (Figure 4.1).
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Tmed2**;Mesp 1€/ Tmed2'oxpoxp; Megp ] Cre/

FV

Syn-II
Syn-I
TGC

Figure 4.1. Potential model of protein transport in the cells of the Tmed2'°**1°xp; Mesp]Cre*
mutant placenta labyrinth layer. Removal of TMED?2 in the extraembryonic mesoderm
prevents proper transport of TMED?2 cargos and proteins leading to improper protein localization
of those cargos and the proteins they regulate. EC: endothelial cells, Syn-II: syncytiotrophoblast-

II, Syn-I: syncytiotrophoblast-1, TGC: trophoblast giant cell.

4.5 The endothelial cell proteins, CD31 and VCAMI1, do not need TMED?2 in the

extraembryonic mesoderm for proper localization

I found that both CD31 and VCAMI1 proteins were normally expressed by endothelial
cells in the Tmed2'910x; Mesp 1€ mutant placentas. These proteins are both localized to the
endothelial cell surface and function as vascular adhesion molecules (Kleinhans et al., 2009).
Previously, VCAMI, but not CD31, was identified as a potential TMED2 cargo protein yet it is

correctly localized in these mutants (Hou & Jerome-Majewska, 2018). Transport of these
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proteins may occur normally due to their recognition by other receptors in the COP-coated
vesicles or through nonselective transport (Sato & Nakano, 2003). Another explanation is a
possible stage-specific requirement of TMED?2 for VCAM1 transport. This shows that TMED?2 is
not required in the extraembryonic mesoderm for the correct transport of all protein types. In the
working model, we demonstrate that there is no change in the localization of these proteins on

the endothelial cell surface of the fetal vessels (Figure 4.1).
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CHAPTER V: CONCLUDING SUMMARY AND FUTURE DIRECTIONS

TMED? is a transmembrane protein found in the secretory pathway where it will act as a
cargo receptor to transport cargo proteins. My project focused on examining the requirement of
TMED?2 in the extraembryonic mesoderm. First, I characterized a new exon 2-3 deletion of
Tmed? that produced developmentally delayed Tmed2” homozygous mutants. Then, I used
MespI-Cre to examine placenta development when this exon 2-3 deletion of 7med?2 occurs in the
extraembryonic mesoderm. I was able to show that TMED?2 is required in the extraembryonic
mesoderm for normal placenta development but not labyrinth layer formation. Additionally, I
found that proteins including fibronectin, ITGA4, MCT1 and MCT4 are incorrectly expressed in
these mutants. I also observed normal expression of proteins expressed on the endothelial cells of
the labyrinth fetal vessels, CD31 and VCAMI1. Therefore, I concluded that TMED?2 is needed in
the extraembryonic mesoderm for transport and localization of proteins in the labyrinth layer of
the placenta possibly leading to the observed morphological abnormalities.

This project focused on understanding the function of TMED?2 in the placenta and
specifically its requirement in the extraembryonic mesoderm. Other analyses may be done to
confirm and further understand the working model. The mutant model includes disrupted protein
transport in various cell types when TMED?2 is absent in the extraembryonic mesoderm (Figure
4.1). We used KDEL previously to show that fibronectin was being retained in the ER. The same
analysis can be done with other misexpressed proteins to determine whether they are being
retained in these mutants or just mislocalized. Also, transmission electron microscopy can be
used to examine the ER membranes in the cells of the placenta (Hou et al., 2017). Dilated ER
membranes indicate ER stress and can lead to protein retention, this may be another explanation

for the misexpressed proteins found in the Tmed2'P19%; Mesp 1" mutant placentas (Hou &
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Jerome-Majewska, 2018). Furthermore, I did not examine Syncytin-A expression at E11.5 as the
probe did not work successfully at this stage. However, in situ hybridization of Syncytin-A could
be done in the future at E11.5 to confirm continued expression of this gene and complete the
analysis of the gene expression in the cells of the labyrinth layer.

Additionally, our results show the labyrinth layer forms when TMED?2 is absent in the
extraembryonic mesoderm. Future studies could aim to examine whether the presence of
TMED?2 in the extraembryonic ectoderm-derived cells is needed for labyrinth layer formation. To
further examine the cell-type-specific function of TMED?2, a knockout of TMED?2 in the
extraembryonic ectoderm would be informative. This can be done using Cdx/-Cre, a Cre that

functions in the extraembryonic ectoderm-derived cells (Hierholzer & Kemler, 2009).
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