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ABSTRACT

Abnormal placenta development has been indicated in preeclampsia and gestational
diabetes (GDM), which are both common yet serious complications in approximately 10% of
pregnancies. Proprotein convertase subtilisin/kexin-6 (PCSK6) is a protease that processes
precursor proteins into active forms. Based on previous reports of PCSK6 expression in the
placenta, involvement in embryonic development and vascular remodeling, we hypothesized that
PCSK6 plays an important role in placenta development. Our WT placentas had a dynamic
expression of PCSK6 in glycogen trophoblast cells (GlyT). In mouse hyperglycemic (HG)
pregnancies, PCSK6 protein levels were decreased which led us to further pursue the interaction
of PCSK6 and HG. The current study applied a PCSK6 transgenic mouse model consisting of four
groups: WT and PCSK6 knockout (KO) placentas from normoglycemic (NG) and HG pregnancies.
Histological examination of placenta disclosed that HG, but not PCSK6 KO, increased GlyT area
within the junctional zone via differentiation. The spiral arteries (SpAs) in PCSK6 KO placentas,
under NG and HG conditions, had decreased inner to outer diameter ratios and reduced trophoblast
giant cell association compared to the WT placentas. Consistently, PCSK6 KO placentas over-
phosphorylate B-catenin, a key protein to regulate transcription of migratory proteins. In the
labyrinth, PCSK6 KO affected fetal capillary area while HG affected maternal lacunae area.
PCSK6 KO-HG placentas had increased interhaemal membrane thickness. From these factors, the
calculated diffusion capacity was increased in PCSK6 KO under NG but decreased under HG. In
summary, our study demonstrated that PCSK6 is involved in SpA remodeling and glucose-
dependent angiogenesis. Our study indicated a potential role of PCSK6 in preeclampsia and GDM
related placenta dysfunctions. Future study will focus on understanding the molecular mechanisms

underlying how PCSK6 deletion disrupted normal placenta development and function.
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CHAPTER 1
INTRODUCTION
Background

The placenta grows rapidly by undergoing multiple developmental milestones that
establish optimal conditions to support both the offspring and mother during pregnancy. Not only
is this organ crucial for a healthy pregnancy, but it also influences the health of both the mother
and fetus in their futures. Theories such as “developmental origins of health and disease
(DOHaD)” hypothesize that the early life environmental factors affect the risk of developing
non-communicable disease later in life through alterations.! Therefore, periods of rapid
development, such as pregnancy, have been gaining attention from the research community in
recent years to find ways to reduce the burden of non-communicable diseases that continue to
rise in prevalence.? With recognized need for better understanding of the placenta, the National
Institute of Health (NIH) initiated and funded over $50 million towards a collaborative research
effort called, the “Human Placenta Project (HPP)”.3

In the 2009-10 National Health and Nutrition Examination Survey (NHANES), it was
reported that 55.8% of reproductive age women in the US were either overweight or obese.* This
is particularly concerning because obesity is a major risk factor for pregnancy complications and
can further increase the incidence of gestational diabetes (GDM) and preeclampsia.>®* GDM
occurs in approximately 7.6% of pregnancies in the United States.” Preeclampsia occurs in
around 4% of pregnancies in the US.® Alarmingly, up to 50% of diabetic pregnancies was
reported to develop pregnancy-induced hypertension.”!! In addition, clinical history of

preeclampsia was reported to increase the risk for developing GDM in subsequent pregnancies.!?



These statistics on overweight/obese pregnancies, GDM, and preeclampsia are alarming. The
fact that they are risk factors of each other indicates a possible commonality in their etiology.

Many pregnancy complications originate from a disruption in placenta development.!?
However, much research is still needed to elucidate their pathophysiology in order to optimize
prevention and intervention strategies. In this study, we will investigate the role of proprotein
convertase subtilisin/kexin-6 (PCSK6) in placenta development. PCSK6 is a protease that
processes precursor proteins into active forms.!*!> Based on previous reports of PCSK6
expression in the placenta,'® embryonic development,!” vascular remodeling,'® and suppression
under HF diet fed pregnancies,'® we hypothesized PCSK6 to have a role in placenta development
particularly under GDM. To investigate the role of PCSK6 under normal glucose (NG) and
hyperglycemic (HG) pregnancies, we generated a streptozotocin (STZ)-induced GDM model
with PCSK6 KO or PCSK6 WT placenta. The effect of PCSK6 KO, hyperglycemia, and their
combined interaction on overall placenta morphology, SpA remodeling, and angiogenesis were
assessed. To our knowledge, our study is the first to study the role of PCSK6 within the placenta
in vivo, and provides new insight into the role of PCSK6 in placenta development.

Placenta developmental milestones
Placenta structure

At glance, the mouse and human placenta have different anatomical structures. The
mouse placenta takes on a sponge like, labyrinthine, morphology comprised of trophoblasts with
blood perfusion through maternal lacunae or fetal capillaries.?’ On the other hand, the human
placenta takes a rather tree-like, villous, structure with the chorionic villi floating in a pool of
maternal blood in the intervillous space.?’ On a histology level, the two placentae have similar

morphology and functionalities. Both the mice and human placenta are categorized as



hemochorial placentas. In a hemochorial placenta, the maternal blood comes in direct contact
with the chorion for humans or trophoblasts for mice.?°

The mouse placenta contains three layers (from fetal to mothers side): labyrinth (Lab),
junctional zone (Jz), and decidua basalis (Db).?! The mouse Lab is equivalent to the human fetal
placenta.?!-?2 Different layers of the placenta serve unique functions. The Lab is the site for
nutrient, waste, and gas exchange while the Jz serves as a major endocrine site for hormone,
growth factors, and cytokine production in the placenta.?! On a cellular level, the mouse Lab
consists of five cell types: fetal endothelial cells, syncytiotrophoblast I & II (SynT-I & SynT-II),
sinusoidal trophoblast giant cells (S-TGC), and pericytes.?!*? The fetal blood is enclosed by fetal
capillaries, which is surrounded by trophoblast cells in the order of SynT-II, SynT-I, and S-TGCs
(Fig 1). As the placenta matures, the fetal capillaries recruit pericytes.?®>3 The distance between
the fetal blood and the maternal blood defined by the layers of trophoblast cells is called the
interhaemal membrane (IHM).?! The thickness of IHM is used as a reference of how efficiently
the placenta is able to exchange gas, nutrients, and waste as it represents the distance that these
factors need to travel.?! Between E12.5 and E18.5 of development, serological analysis showed
that fetal capillary development occurs in a linear manner while maternal blood space, also
called lacunae, expands dramatically between E14.5 and E16.5.%* Similarly, the IHM undergoes
thinning to reach its harmonic thickness by E18.5.2* The Jz comprises of spongiotrophoblasts
(SpT), glycogen trophoblasts (GlyT), and parietal TGCs (P-TGC).2! The Db consists of mainly
maternal cells called decidual cells.?! These cells were formally endometrial cells that underwent
a process called decidualization.?!*> The Db also contains invasive cells from the pregnancy

mass, such as GlyTs and spiral artery (SpA) associated TGCs (SpA-TGCs) (Fig 1). 212
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Figure. 1 Structure and cell types of the mouse placenta. Zoomed in box illustrates an
abstract diagram of the Lab structure at a cellular level. The histology image to the right is a co-
immunofluorescence staining of PECAM and Cytokeratin 18 (Cytok), which stain for the fetal
capillaries and placenta trophoblasts, respectively. Cytok stains all trophoblast cells, which
include the SynT-I, SynT-II, and S-TGC in the Lab. Created with BioRender.com.

As previously described, the mouse and human placenta appear different in structure but
have similar cellular functions in many of their cell types. SynTs also exist in the human placenta
where it lines the maternal side of the villi.?” The SpTs are equivalent to the human column
cytotrophoblasts which are stationary and secrete hormones.?” The P-TGCs are equivalent to the

extravillous trophoblasts (EVT).2” The GlyTs are equivalent to interstitial EVT while SpA-TGCs

are equivalent to endovascular EVTs.?’



Spiral artery remodeling
SpAs in the beginning of the pregnancy are low flow, high resistant arteries surrounded
by vascular smooth muscle cells (VSMCs).?®?° In order to support the needs of the pregnancy
mass, these SpA undergo remodeling to become high flow, low resistant arteries.?®* SpA
remodeling occurs in a stepwise process. First, the uterine natural killer cell (uNK) produces
cytokines that cause the VSMCs to undergo apoptosis.’® These SpAs are then associated/invaded
by interstitial and endovascular EVTs (Fig 2).3° In the human placenta, SpA remoldeing begins

in the first few weeks of pregnancy.’®3! In mouse placenta, TGC migration occurs around

E7.5~E10.5.%!
Myometrium :
: Spiral Artery Remodeling i Remodeled Spiral Artery
non-pregnant | Hm: 1 st Trimester (0~12 weeks) i High flow + Low Resistant
Uterine artery : Ms: E7.5~E10.5 H

Decidualization. |
atimplantation

Figure 2. The progression of SpA remodeling in the mouse placenta Db. From left to right,
diagrams represent SpA from non-pregnant endometrium, SpA undergoing remodeling, and
remodeled SpA. SpA that are yet to be remodeled are high resistant and low flow due to VSMCs
organized around the artery (left). Upon conception, the SpAs begin to be remodeled by
disorganization of the VSCMs via cytokines secreted by uNKs (middle). The SpA artery then
becomes lined with TGCs (middle). These TGCs are then called SpA-associated TGCs (SpA-
TGCs). Remodeled SpAs are high flow and low resistant which allows for sufficient flow of
blood to the placenta (right). Created with BioRender.com.



Transforming growth factor B1 (TGFB1) has been described to either promote or inhibit
cell migration based on different cell lines.>*** However, the popular opinion is that TGFp1
inhibits trophoblast migration.’> Additionally, TGFB1 levels were found to be elevated in the
plasma of preeclamptic women.*¢

Whnt signaling has previously been described to be involved in trophoblast migration (Fig
3).3” The canonical Wnt signaling can be activated by the phosphorylation of GSK3 by Wnt
protein ligand or through the PI3K/AKT signaling.>’*® GSK3p is constitutively active and
phosphorylates B-catenin which marks it for degradation by proteasomes.?”** GSK3p is
deactivated upon phosphorylation and becomes unable to phosphorylate B-catenin.>’>% GSK3
can be phosphorylated as an effect of Wnt ligand activation or the PI3K/AKT pathway
activation.’’-3? This causes the increase in cytoplasmic B-catenin which then also enters the
nucleus to form a complex with T-cell factor/lymphoid enhancer factor (TCF/LEF) which
increases the expression of genes involved in migration.>”*® The canonical Wnt signaling has
been reported to increase the expression of matrix-metalloproteases (MMP-9) and MT1-
MMP. 44! MMP-9 and MT1-MMP independently have been found to be expressed in the

placenta and invasive cell types.*04243
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Figure 3. Wnt signaling and trophoblast migration. GSK3 is constitutively active and
phosphorylates -catenin—marking it for degradation. GSK3 is deactivated via
phosphorylation—preventing it from phosphorylating -catenin. This leads to the accumulation
of B-catenin levels in the cytosol and nucleus. B-catenin binds with TCF/LEF transcription
complex to induce transcription of genes involved in cell migration. GSK3f can be
phosphorylated by activated PI3K/AKT signaling or Wnt ligand activation. Created with
BioRender.com.
Angiogenesis

The placenta undergoes rapid vascular development to establish the vascular network
necessary to accommodate the demands of the developing embryo and fetus. Vascular
development originates with vasculogenesis, which is followed by angiogenesis (Fig 4).4*
Vasculogenesis entails the steps from the appearance of hemangiogenic progenitor cells,

formation of angioblast cell cords, appearance of first capillaries, and through the development

of the primitive capillary network.** The vasculogenesis process is usually regulated by growth



factors such as fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF).*
Later, angiogenesis takes over and causes sprouting and branching of the capillary network.**
The angiogenesis process is regulated by the VEGF and placental growth factor (PIGF).* In the
human placenta, vasculogensis occurs in the 1% trimester while the angiogenesis process occurs
in the 2™ trimester.** In the mouse placenta, the villi vascularization occurs early as E8.5 to
E10.5 which is equivalent to the 1°¢ trimester of the human pregnancy.’! At E13.5, increased
levels of platelet-derived growth factor B (PDGFp) is suggested to regulate the development of

labyrinth by modulating pericyte growth.*

hemagioger'li(I:I first capillary branching maturation
progenitor cells
Vasculogenesis Angiogenesis

Figure 4. The progression of angiogenesis in the mouse placenta Lab. The Lab undergoes
vasculogenesis which forms the first capillaries. Then angiogenesis takes over to further increase
the branches of the fetal capillaries. Fetal capillaries then recruit the development of pericytes.
Created with BioRender.com.
Placental origins of pregnancy complications
Pregnancy complications such as GDM and preeclampsia originate from perturbations in

various developmental processes.!*> Many studies have reported risk factors and observed

pathophysiology of these diseases,'* but much of the molecular etiology still remains unclear.



GDM and placenta

Increased placental leptin production and pro-inflammatory cytokines have been
suggested to cause insulin resistance in GDM.*¢ Other molecular processes that have been
hypothesized to contribute to GDM include, B-cell dysfunction, chronic insulin resistance, and
gut dysbiosis.* Clinically, placentas from GDM women have been associated with villous
immaturity, chorangiosis, and increased angiogenesis.*’ Although the precise mechanisms are
yet to be fully elucidated, these abnormal-excessive vascular developments have been described
to develop in response to chronic low grade hypoxia.***° Increased angiogenesis has been
associated with decreased VEGFR1 and increased VEGFR2 mRNA levels with no change in
VEGFA mRNA.>° These results suggest that GDM etiology involves the placenta, but GDM
itself can also alter placenta vascular development.

Preeclampsia and placenta

Defects in the process of SpA remodeling is commonly described to be the cause of
complications such as early-onset preeclampsia and fetal growth restriction (FGR).! It is
suggested that the abnormal trophoblast invasion and SpA remodeling leads to placental hypoxia
which, in turn, increases inflammatory factors to be produced by the placenta.>!*> These changes
result in endothelial dysfunction that leads to increased reactive oxygen species and decreased
nitric oxide production.’’> Ultimately, this leads to increased maternal total peripheral

3133 These physiological changes in the

resistance and decreased glomerular filtration rate.
mother result in hypertension.!->> With high maternal and perinatal morbidity and mortality,

preeclampsia is considered one of the most dangerous pregnancy complications.>



Common etiology of preeclampsia and GDM

Alarmingly, up to 50% of diabetic pregnancies were reported to develop pregnancy
induced hypertension.”!! In the US, patients with severe or mild preeclampsia are about 1.5
times likely to have had GDM.>® Increased soluble VEGF receptor -1 (sFlt-1) concentrations in
the serum have been reported to predict the risk for developing preeclampsia.’® Similarly, GDM
placenta have been reported to have increased sFlt-1 levels compared to normal pregnancies.>’
Indeed, mid-trimester maternal insulin resistance has been reported to be associated with
subsequent preeclampsia risk.’® However, a more detailed picture of preeclampsia and GDM,
individually and in relation to each other, is yet to be mapped. We hope our study contributes to
unveil some of these unknown gaps in etiology.

Proprotein convertase subtilisin kexin type 6
General functionality

The enzyme PCSK6 belongs to the subtilisin-like proprotein convertases (PCs) family.
PCSKG6 is a Ca?" dependent serine protease and cleaves a number of proproteins with a general
sequence of (K/R)-(X)n-(K/R)|.!*! In this motif, n can be 0,2,4, or 6 while X being an amino
acid that is not Cys.!” In literature, PCSK6 can also be called as subtilisin-like proprotein
convertase 4 (SPC4), or paired basic amino acid cleaving enzyme 4 (PACE4).>%° Pro-PCSK®,
which could be a monomer or dimer, undergoes an autocatalytic process in the ER to be released
as a mature monomer form of PCSK6 which localizes extracellularly.>*%° In the ECM, PCSK6
was found to bind heparin, which indicates an interaction with heparan sulfate proteoglycans.5!
Proteoglycans are spatially-and-temporally expressed and enhance receptor signaling by binding
ligands in the ECM.%!-%* Similar to PCSK6, MMPs have also been suggested to associate with

proteoglycans.®> The binding of heparin with PCSK6 and developmental factors suggests that
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PCSKG6 is likely to be involved in regulating signaling molecules which require strict

spatiotemporal regulation, such as those in the placenta.!

PCSKO6 expression in the human body

According to the human protein atlas data base available to the public, PCSK6 levels
does show some heterogeneity in expression levels.!® On a tissue mRNA level, PCSK6 is highly
expressed in the brain, liver, lymphoid tissues, and the placenta (Fig 5A).!¢ On a single cell level,
PCSKG6 is highly expressed in hepatocytes and horizontal cells (Fig 5B).!° To note, EVTs came
in third for cell types expressing high levels of PCSK6 (Fig 5B).!® In the blood, the NK cells
express the highest PCSK6 RNA levels (Fig 5C).!° From all of these data sets, it can be
suggested that PCSK6 has a role in development of placenta, as well as NK cells known to be

involved in SpA remodeling.

11



Consensus dataset' RNA tissue specificity: Tissue enhanced (brain, liver, lymphoid Organ m Alphabetical

tissue)

NX
80

40+

20+

'§ s #P & 5 & ~ > SO $ S8 é\ ¢ S
I \%52\6’ SETCEE T2 s 0 P \sé‘}\“b&; TSI ECFTIITES S 055
o > Lo RN SE S ILE GPE F (FsLET & ST EIOIA
& S§ - SL8S Gese S OF F FEF  & 58 S
§ & onj% S @T o ved S S
q <Q
Single cell types RNA single cell type sp y: Group enri (+ Group (BTl Alphabetical
Horizontal cells)
NX
250 M Epithelial cells
M Endocrine cells
Neuronal cells
00 W Giial colis
Gorm colls
150 Trophoblast cells
W Vascular cells
B Muscle cells
100 Pigment cells
I Mesenchymal cells
I Undifferentiated cells
50 W Blood & immune cels
0 A A A Aoy~~~ T~ T T T T T T T T—T—T—T—T—T

Consensus dataset' RNA cell type specificity: Cell type enhanced (NK-cell)

3

Granulocytes
8 M Monocytes
6 W T-cells
WB-cels
4 W Dendritic cells
W NK-cells
2 [l Total PBMC
0

Figure 5. PCSK6 expression data from the Human Protein Atlas. (A-C) PCSK6 mRNA in
different tissues, single-cell, and cells in the blood, respectively. Pink arrows are added to
indicate the placenta-related tissue and cell types mentioned in the text. (A) Image/gene/data
available from v20.proteinatlas.org/ENSG00000140479-PCSK6/tissue. (B) Image/gene/data
available from v20.proteinatlas.org/ENSG00000140479-PCSK6/celltype. (C) Image/gene/data
available from v20.proteinatlas.org/ENSG00000140479-PCSK6/blood. Figure 5 itself compiled
images from Human Protein Atlas using BioRender.com.
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PCSK6 in cancer

66-68 Tn breast cancer

PCSK®6 has been associated with several invasive cancer types.
MDA-MB-231 cells, PCSK6 was found to reduce cell cycle arrest by activating extracellular
signal-regulated kinase1/2 and Wnt3A pathways.®® In human prostate cancer, PCSK6 has been
found to be overexpressed, and its targeted silencing in DU145 prostate cancer cell lines
decreased their proliferation and xenographic abilities.®” In murine skin keratinocytes,
overexpression of PCSK6 resulted in its conversion to malignant cells that had enhanced
processing for MMP-11 and MT2-MMP which processes MMP-2 and MMP-9, well known
migratory proteins.®

PCSKG6 in development

Previous studies on PCSK6 identified many of its functions in cleaving developmental
regulators. When PCSK6 was overexpressed, Nodal and BMP4 processing increased.® In a
germline PCSK6 KO mouse model, in which PCSK6 cleavage site is made non-functional, the
embryos developed situs ambiguous, left pulmonary isomerism, and craniofacial defects.!” A
whole mount in situ hybridization showed that PCSK6 is expressed in the foregut, and is crucial
for A/P axis formation, such as the anterior CNS development.!” PCSK6 KO mice had increased
rates of embryonic failure, which were associated with major issues in heart development,
evidenced by instances of double outlet right ventricle, persistent truncus arteriosus, single
chamber, septum defects, and dextrocardia.!” Gene expression analysis of early somite showed
that Nodal, Pitx2, Leftyl and Lefty2 are genetically downstream of PCSK6 indicating
involvement of PCSK6 in regulating Nodal and BMP signaling important for the L/R axis
formation.!” From these studies that looked into PCSK6 in early development, PCSK6 is

suggested to play a role in early patterning.
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PCSKG6 in reproductive organs

PCSK6 was found to be highly expressed in granulosa cells of pre-ovulatory follicles.”
Here, PCSK6 levels were up-regulated upon stimulation by luteinizing hormone.”® On the other
hand, when PCSK6 was disrupted, apoptosis was promoted in conjunction with increased activin
A and TGFp2 levels and decreased follastin levels.”® In mice with non-functional PCSK6
(PCSK6tm1Rob), progressive loss of ovarian function and alterations in expression of genes
involved in steroidogenesis, gonadotropin signaling, and cholesterol handling was reported.”!
These reports indicate that PCSK6 plays a role in normal cellular homeostasis of reproductive
organs. Alarmingly, PCSK6 levels can be altered by metabolic status. This was evidenced in a
decreased PCSK6 levels in hyperinsulinemic rat model fed a HF diet."”

PCSKG6 in vascular regulation

In recent years, PCSK6 has been gaining attention in the field of cardiovascular diseases.
Surprisingly, PCSK6 was found to be involved in blood pressure regulation when PCSK6 KO
mice developed salt sensitive hypertension.”?> Chen et al found that PCSK6 cleaves the precursor
of corin, which is upstream of atrial natriuretic protein (ANP).”? Interestingly, corin and ANP
independently were also found to be essential for SpA remodeling.”> When corin or ANP was
knocked-out, mice exhibited preeclamptic symptoms and issues with SpA remodeling evidenced
by smaller SpA diameter and less trophoblast association with SpAs.”

PCSK6 was also found to be associated with atherosclerosis when its expression was
found to be high in the fibrous caps of symptomatic carotid plaques.’ In these symptomatic
plaques, PCSK6 proteins were localized in smooth muscle alpha-actin (a-SMA) positive cells,
extracellular matrix of the fibrous cap, and neovessels.’*” Later, PCSK6 was found to be a key

enzyme for controlling smooth muscle cell migration in vascular remodeling.”” Upon stimulation
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with PDGFp, PCSK6 levels increased.” Five days after the injury of a rat carotid artery, PCSK6
and MMP14 were found to co-interact in smooth muscle cells (SMCs).”> At two weeks after the
injury, PCSK6 was found to be co-expressed with both MMP14 and MMP2.”> MMP14, also
known as MT1-MMP, is a matric metalloproteinases (MT-MMP) that was discovered as an
activator of pro-MMP2.76-7® MT1-MMP has since been described in cell

invasion/migration*?7>7

, proliferation,®® and angiogenesis.®! Consistently, when PCSK6 was
knocked out, MMP14 levels decreased and showed decrease in smooth muscle cell migration.”
PCSKG6 in lipid metabolism

PCSKG6 has been described to process endothelial lipase (EL) and lipoprotein lipase
(LPL) which makes PCSK6 a regulator of HDL metabolism.®>#* The inactivation of EL and LPL
by proteolytic cleavage affects HDL cholesterol concentration.®? Although PCSK3, PCSKS35, and
PCSKG6 are all able to cleave EL and LPL, PCSK6 is most efficient in cleaving EL.%

Scientific question and hypothesis

From literature, PCSKG6 is suggested to be involved in various physiological processes by
processing different enzymes. With high levels of PCSK6 reported to be expressed in the
placenta,'® we hypothesize that PCSK6 has a role in placenta development. In our study, we will
investigate the role of PCSK6 in placenta development by identifying its spatial and temporal
expression in the placenta. We will utilize a PCSK6 KO mouse model to investigate the
phenotypes and growth markers of placentas void of functional PCSK6. From this exploratory
effort, we aim to identify specific developmental processes that PCSK6 is involved in.

PCSK6 was also reported to have a lower expression in the placenta of HF-diet fed

hyper-insulinemic rats.!® This suggests to us that the levels and function of PCSK6 in the

placenta is altered under adverse nutritional and/or metabolic status of the mother. Therefore, in
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this project, we will investigate the effects of hyperglycemia on the profile of PCSK6 and overall
development of the placenta.

With our study design, we are able to look into the important role of PCSK6 in placenta
development under normoglycemia and hyperglycemia, which further elucidates the interactive
role of PCSK6 deletion and hyperglycemia on placenta development. Through our findings, we
hope to expand the understanding of placenta development, which could ultimately lead to better
nutritional and medical therapeutic practices for preventing and treating pregnancy

complications, including GDM and preeclampsia.
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CHAPTER II

EXPERIMENTAL METHODS

Experimental design-mouse

We utilized a PCSK6 KO transgenic mouse model to study how PCSK6 KO would affect
placenta development. Germline PCSK6 KO mice were generously gifted by Dr. Anne-Marie
Malfait, Department of Internal Medicine (Rheumatology), Rush University Medical Center,
Chicago, Illinois. These PCSK6 KO mice had a vector-deletion that spanned its catalytic serine
which made the translated PCSK6 protein non-functional as previously described.!” PCSK6 KO
mice were backcrossed with C57BL/6 background mice. In order to generate placenta with and
without functional PCSK6 protein, we crossed germline PCSK6"~ male breeders with either
PCSK6 WT or PCSK6 KO female dams. From these crosses, we generated four placentas with
varying genotypes (maternal genotype | embryo genotype): WT' | WT, WT | +/-, KO | +/-, and
KO | KO (Figure). For abbreviation purposes, WT | WT placenta will be termed as WT, and KO |

KO placenta as KO.

wT 7 maternal

4 (oo embryo
"WT " Placenta

PCSK6WT
A 3
PCSK6+/-
PCSK6KO

;% .| "KO " Placenta

Figure 6. Mouse breeding plan and possible placenta genotypes. Placentas with both the
maternal and fetal side of the genotype consisting of PCSK6+/+ is referred to as WT placenta.
Placentas with both the maternal and fetal side of the genotype consisting of PCSK6-/- is referred
to as KO placenta. Created with BioRender.com.
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Experimental design-STZ induced GDM

In addition to the genetic variation, we also separated the dams into either euglycemia or
hyperglycemia groups to investigate the effects of in utero hyperglycemia on placenta and
embryo development. Hyperglycemia was induced using STZ intraperitoneal injections at 100
mg per kg body weight dissolved in sodium citrate (SC). STZ is cytotoxic to pancreatic 3 cells,
therefore, induces hyperglycemia by decreasing insulin secretion.®* STZ treatments were given
twice with two days in between. On the second day of injections, the female mice were bread
with the PCSK6+/- breeders overnight. At separation, the mice were considered E0.5. Blood
glucose and body weight were measured on each day of STZ injection, E3.5, E7.5 and E14.5 at
which time the placentas were collected and micro-dissected. The schematic timeline of

treatment and major developmental milestones are illustrated in Figure 7.

PCSK6
exprsgsion
( )
&£ i
E1.5 ~E3.5 SpA-TGC migrate G|yTS migrate
STZ group ——— "

develops HG 75 10.5 12.5 E13.5.E14.5
Development —

Treatment \

. -E3.5,-E0.5 Breed E3.5 E7.5 E14.5
v, SCorSTZ  O/N  BG,BW BG,BW BG, BW
" BG,BW Collect

Samples

Low B-cell population
Reduced insulin

Diabetes

, STZ |
Streptozotocin

N\

Figure 7. Major developmental timeline (top) overlapped with treatment timeline (bottom).
The timeline for STZ treatment, major placenta development, and PCSK6 expression in the
whole placenta are overlapped. Created with BioRender.com.
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Experimental design-treatment groups

With the breeding and treatment plan, eight possible groups were generated (Table 1). In

this thesis, analysis was done on four groups: WING, KONG, WTHG, and KOHG. We

compared amongst these four groups to investigate the effects of PCSK6 KO and/or

hyperglycemic pregnancies. Mouse experiments were conducted according to a protocol

reviewed and approved by the Institutional Animal Care and Use Committee of Texas A&M

University. Our protocol is in compliance with the USA Public Health Service Policy on

Humane Care and Use of Laboratory Animals.

Table 1. Summary of all sample groups generated from genetic and glucose conditions.

Breeder genotype Dams genotype | Treatment Fetal genotype Placenta Group
WwT WT|WTING
PCSK6™- PCSK6"T NG PCSKG PCSKG
PCSK6*" PCSK@"T+-ING
PCSK6*" PCSK6XO+-ING
PCSK6*" PCSK6X0 NG
PCSK6™ PCSKGKOIKOING
PCSK6"" PCSK@"TWIHG
PCSK6*" PCSK6"" HG
PCSK6%" PCSK@"T+-HG
PCSK6*" PCSK6XO+-HG
PCSK6*" PCSK6X9 HG
PCSK6™ PCSKGKOIKOHG

Human placenta sample

Paraffin slides of full-term placenta of normal or patients diagnosed with gestational

diabetes (n=10) were obtained from Dr. Lanjing Zhang (Princeton Medical Center and Rutgers

University). The slides were used to assess the expression of PCSK6 in placenta.
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Placenta collection

Placenta samples were collected at E14.5 and micro-dissected into two sagittal halves:
one side for molecular experiments and the other half for histology purposes. As described in the
introduction section, the mouse placenta has layers known for different developmental processes,
gradients and distribution of growth factors and receptors. To this extent, when analyzing
different developmental processes on a molecular level, the placentas were micro-dissected into
two main layers: Lab and Jz+Db.

Histology

Different histology techniques were used to investigate the effect of PCSK6 KO and/or

hyperglycemia on overall placenta morphology, SpA remodeling, and angiogenesis processes.
Tissue processing, embedding, sectioning, and deparaffinization

The collected placentas were fixed in formalin for two days, stored in 70% EtOH, and
then processed in an automated tissue processor with the following program:
For E10.5 placenta:

70% EtOH (20 mins), 80% EtOH (10 mins), 95% EtOH-1 (10 mins), 95% EtOH -2(8

mins), 100% EtOH-1 (5 mins), 100% EtOH-2 (5 mins), 100% EtOH-3 (6 mins), xylene-1

(8 mins), xylene -2(7 mins), xylene-3 (15 mins), paraffin-1 (30 mins), and paraffin-2 (40

mins).
For E12.5, E14.5, and E16.5 placenta:

70% EtOH (50 mins), 80% EtOH (25 mins), 95% EtOH-1 (25 mins), 95% EtOH-2 (25

mins), 100% EtOH-1 (10 mins), 100% EtOH-2 (10 mins), 100%EtOH-3 (20 mins),

xylene-1 (10 mins), xylene-2 (15 mins), xylene-3 (25 mins), paraffin-1 (40 mins), and

paraffin-2 (120 mins).
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After tissue processing, the placentas were then embedded in paraffin, and stored at room
temperature until sectioned. The sectioning of the placenta was done in 5 pum sagittal cuts.
Sectioned placenta slides were deparaffinized by incubating at 60 °C for 30 mins, xylene-1(10
mins), xylene-2 (10 mins), 100% Flex-1 (1 min), 100% Flex-2 (1 mins), 95% Flex-1 (1 min),
80% Flex, 50% Flex (1 min), washed under running tap water (5 mins), and then underwent
chemical staining or antigen retrieval for immune-staining.
Hematoxylin & eosin staining

One of the assessments we did on SpA remodeling was measuring the length of the
shorter diameter of the inner and outer lumens of the SpA in the distal portion of the Db.
Hematoxylin and eosin (HE) staining were used to visualize the stroma of the SpAs.
Deparaffinized slides were then placed in hematoxylin (1.5 mins), running tap (3 mins), 1%
acidic alcohol solution (dip), running tap (2 mins), 1% ammonium hydroxide (1 min), 70%
EtOH (2 min), Eosin-Y (1 min), and running tap (1 min). The stained slides were then placed in
a 60 °C oven for 20 mins, cooled to room temperature, and then mounted with paramount.

Periodic acid-Schiff staining

Glycogen granules were stained with Periodic acid-Schiff (PAS) staining which allows
for differentiation of the Jz from the Lab and Db, and GlyTs from the SpTs within the Jz.
Deparaffinized slides were incubated in periodic acid solution (5 mins, Sigma-Aldrich catalog
No. 3951, 1g /dL) at room temperature, dH>O (3 times, 2 mins each), Schiff’s reagent (15 mins,
Sigma-Aldrich catalog N0.3952), running tap (5 mins), counterstain with hematoxylin (1.5
mins), running tap (5 mins), dipped in Scott’s tap water (1L dH->O, 2g NaHCO3, 20g
MgS0O4*7H>0), and running tap (1 min). The stained slides were then placed in a 60 °C oven for

20 mins, cooled to room temperature, and then mounted with paramount. PAS-stained slides
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were scanned at 400x using Aperio Slide Scanner and analyzed using ImageScope. Using the
free-hand tracing tool, the whole placenta (excluding the myometrium), Jz, and Lab were traced.
Within the Jz, the space and GlyT areas were traced. SpT area was calculated as follows:
SpT area = Jz — Space — GlyT
Sirius red staining

Placentas were stained with Sirius red to investigate for fibrosis, a common pathological
feature of preeclamptic placentas.®® The deparaffinized placentas were incubated with Sirius red
solution (60 mins, ab150681). Then, the slides were dipped in 2 changes of 0.5% acetic acid
solution (diluted from Sigma-Aldrich 338826) and 3 changes in absolute alcohol. The stained
slides were then placed in a 60 °C oven for 20 mins, cooled to room temperature, and then
mounted with paramount.

Antigen-retrieval and immunostaining

For antigen retrieval, deparaffinized slides were placed in 50 mL of dH2O coplin jar with
500 pL of concentrated antigen retrieval buffer and steamed (20 mins), cooled (10 mins), and
rinsed in running tap (5 mins).

For immunofluorescent staining, slides were incubated in TrueBlack (Fisher catalog
No.NC1125051) to reduce unspecific staining and blocked in 2% goat serum (30 mins), and then
incubated with 1° antibody diluted with 2% goat serum for 18 hours. The slides were then
washed with PBS (2 times, 3 mins each) and incubated with 2° antibody diluted with 2% goat
serum for 30 mins. The slides were washed again with PBS (2 changes, 3 mins each) and then
mounted with Flo Dapi.

For immunohistochemistry, deparaffinized slides were incubated in 3% H>O; (10 mins)

and PBS (3 times, 2 mins each), blocked in 2% goat serum (30 mins), and then incubated with 1°
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antibody diluted with 2% goat serum for 18 hours. The slides were rinsed with PBS (2 changes,
3 mins), biotinylated secondary antibody (30 mins, VECTASTAIN® ABC-HRP Kit, Peroxidase
(Rabbit IgG) PK-4001), ABC (30 mins, VECTASTAIN® ABC-HRP Kit, Peroxidase (Rabbit
IgG) PK-4001), DAB (until color develops, InmPACT® DAB Substrate, Peroxidase (HRP) SK-
4105)), and counterstained with hematoxylin (10 secs, Hematoxylin QS Counterstain H-3404).
The slides were rinsed under running tap for 5 mins and then placed in a 60 °C oven for 20 mins,
cooled to room temperature, and then mounted with paramount. The following antibodies were

used (Table 2).

Table 2. Antibodies used for histology.

Type | 1° Antibody Analysis Purpose
Identify cells with + PCSK

IHC | PCSK6 (ab140934) dén ‘1 y cells wi CSK6
staining profile

t cells with T + VT cell

IF Tpbpa (ab104401) CO}IQ cells with Tpbpa GlyT ce
staining count

IF p-H3S10 (ab5176) Count cell pH3S10+ cells Proliferation

Cytokeratin 18 (ab668): SpA-TGCs, Degree of Cytok+ TGCs SpA

-IF . .
Co PECAM (Cell77699): endothelial cells | present on SpAs in distal Db | remodeling

M fetal ternal | D £
PECAM (Cell77699): endothelial cells easure fetal and materna cgree o

. ‘ blood space vascularity
Co-IF gyt(}kiat$ (‘f} (ab668): SynT-1, Measure distance from fetal | Thickness of
yai=. s 5 to maternal blood space IHM
. Degree of
: thelial cell
Co-IF PECAM (Cell77699) ‘endo CHAECENS | Count a-SMA+ profiles vascular
a-SMA (ab7817): pericytes )

maturity

IF or Co-IF: 2° Antibody Host of 1° Antibody

Alexa Flour 488 goat anti-rabbit (A11008) Rabbit

Alexa Flour R 594 donkey anti-mouse Mouse

(A21203)

Alexa Flour 594 goat anti-rat (A11007) Rat
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Analysis of SpA-TGC association with SpAs

The association of TGCs with SpAs in the distal Db was measured using a co-IF staining
of PECAM and Cytok (Table 2). Identified SpAs in the distal portion of the Db were classified
into three categories based on Cytok lining: fully associated (over 75%), partially associated
(25~50%), and non-associated (less than 25%). If more than 50% of its SpAs were either
partially or fully associated with TGCs, a placenta sample was counted as a “TGC-associated”
sample. If less than 50% of it was either partially or fully associated, then the sample was
counted as an “not associated” sample. Based on this per placenta sample categorization, simple
linear regression and Chi-Square tests were performed.

Analysis of fetal and maternal blood space

The fetal and maternal blood space area were measured using PECAM and Cytok
similarly to what has previously been performed (Table 2).%¢ Images were taken at 200x. With
PECAM staining for fetal endothelial cells, we traced the outer lining of fetal capillaries defined
by PECAM+ staining. Cytok stains for all trophoblast cells in the Lab. Therefore, maternal
lacunae area (MLA) was defined by spaces not stained by PECAM, Dapi, nor Cytok. Due to the
skewed nature of the sizes of area measurements, the total sum of the log transformed values of
all fetal capillary area (FCA) selections was calculated for each placenta to be used for statistical
analysis. The same was done for MLA. The surface area (=mean of total FCA and total MLA)
were calculated for each sample. We used ImagelJ for analyzing the images.

Analysis of IHM thickness

The IHM thickness is the distance between fetal and maternal blood space. Using the Co-

IF staining of PECAM and Cytok imaged at 200x, 20 locations of IHM were measured using

ImagelJ. IHM thickness and the mean surface areas of the fetal capillary area and maternal
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lacunae area allowed for the estimating of theoretical diffusion capacity of the Lab using the

following equation:

(mean surface area)
IHMthickness

D =K x

In the aforementioned equation, D stands for diffusion capacity, and K stands for Krough
diffusion coefficient for oxygen (17.3 x 10~® cm? min~! kPa™!). This equation was described in a
paper that analyzed the morphometric diffusing capacity using mean surface area and IHM
thickness obtained from different methods.?* However, as the measurements should theoretically
represent the same thing, the above equation was used.

Analysis of pericyte development

Pericyte development was measured to assess the maturation of the Lab angiogenesis.
The pericytes were stained using a-SMA (Table 2). The number of pericytes profiles over
counted area was measured using ImagelJ.

Molecular Assays
Western blot

Proteins were extracted from either the whole placenta or the separated layers of Lab or

Jz+Db. Once boiled with SDS, each well was loaded with 20 ng of protein. Proteins were

transferred to membranes and blocked for 2 hours in 5% milk in TBST. Membranes were

incubated overnight with 1° antibody overnight (18 hours) (Table 3).
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Table 3. Antibodies used for WB.

1° Antibody Concentration | Tested Analysis Purpose
layer
1:1000 Whole, Identify cha.nge in PCSK6
PCSK6 (ab140934) Lab, Pcsk6 overtime
Jz+Dz and under HG profile
) 1:1000 Jz+Dz . . SpA
Phospho-f-catenin (ab9561) Wnt siganling remodeling
) ) 1:1000 Jz+Dz ) . SpA
B-catenin (CellSig8480) Whnt signaling remodeling
TGF-B1 (CellSig3709) 1:1000 12Dz 1 GFp signaling rsfrfo deling
) ) ) 1:1000 Jz+Dz . Loading
Vinculin (CellSig13901) Housekeeping control
) 1:5000 Lab, . Loading
Gapdh (CellSig2118) 124Dz Housekeeping control
2° Antibody Concentration
Anti-Ms IgG HRP-linked 1:3000
Antibody (CellSig 7076)
Anti-Rb IgG HRP-linked 1:3000
Antibody (CellSig7064)

Statistical analysis
All statistical analyses and graph generations were performed on GraphPad Prism version
9 for macOS. Treatment effects such as hyperglycemia, PCSK6 KO, and their interaction were
assessed via two-way ANOVA or simple logistic regression. Based on the two-way ANOVA
results, follow-up Fisher LSD results are shown on the graphs. Simple logistic regression’s
likelihood test was followed up with §2 test. P-values are noted as *(p<0.05), **(p<0.01),
*H%(p<0.001), ****(p<0.0001). Number of samples (embryos, placentas) used for the study are

noted as n = (x). The numbers of pregnancies the samples were sampled from are noted as m =

(%).
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CHAPTER III
RESULTS
PCSKG6 expression in mouse placenta and human placenta under NG

Expression of PCSK6 in mouse and human placentas was visualized by IHC staining (Fig
8). In the E14.5 Ms placenta, PCSK6 was identified mostly in the Jz and Db area specifically in
the GlyTs (Fig 8A). There were few clusters of PCSK6 expressing cells in the Lab, but these
were mostly ectopic GlyT clusters (Fig 8A). In the term human placenta, PCSK6 was identified
in the SynT toward the basal plate, mesenchymal stromal cells, and stromal and decidual cells of
the basal plate (Fig 8B).

When PCSK6 was stained in mouse placentas collected over time, we observed a shift in
location. Originally, PCSK6 expression was very low and started near the ectopic cone (Fig 8C).
Then by E12.5, PCSK6 expression increased in the GlyTs of the developing Jz (Fig 8C). By
E14.5, PCSK6 expressing GlyTs had begun to migrate towards the Db (Fig 8C). When
expression levels of PCSK6 in whole placenta lysates were detected, PCSK6 had a transient
expression between E10.5 and E16.5 with the highest at E12.5 (Fig 8D, E). The PCSK6
expression with IHC shows that the expression of PCSK6 along with the GlyT population
appears to increase over time. This is not consistent with the PCSK6 protein levels from the
whole placenta lysate showing a peak at E12.5. This discrepancy may be due to the western blot
using the whole placenta lysate which would not reflect the PCSK6 protein levels localized in
the Jz and Db. Nevertheless, on a histology level, the IHC staining of PCSK6 shows a high

expression which persists from E14.5 and into E16.5.
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Figure 8. PCSK6 is dynamically regulated in the mouse placenta. (A) Mouse (Ms) placenta
at E14.5 with PCSK6 visualized with DAB. (B) Term human (Hm) placenta with PCSK6
visualized with DAB. (C) PCSKG6 visualized with DAB overtime. (D) Transient PCSK6
expression in whole Ms placenta lysate detected via WB. (E) Analysis of PCSK6 expression in
Ms placenta detected by WB (n=3-4 per group, One-way ANOVA p=0.0046, Brown-Forsyth test
p=0.1815). Created with BioRender.com.
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PCSKG6 expression in mouse placenta decreased under HG
STZ-induced hyperglycemic mouse placentas from E14.5 were micro-dissected to
separate Lab and Jz+Db. These tissue samples were used for western blot detection of PCSK6. In
hyperglycemic placentas, PCSK6 expression decreased in both the Lab and Jz+Db placenta

lysates (Fig 9A-C).
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Figure 9. PCSK6 protein expression decreases in both the Lab and Jz+Db layer of
hyperglycemic placenta. (A,C) WB results of PCSK6 expression in hyperglycemic Jz+Db
tissue sample. (B,D) WB results of PCSK6 expression in hyperglycemic Lab tissue sample. n=5
group. Created with BioRender.com.
PCSK6 KO decreased embryo weight, and its interaction with hyperglycemia decreased
placenta weight
The maternal age and weight at mating were similar across all groups (Fig 10A,B). STZ

treatment successfully induced GDM by raising blood glucose to hyperglycemic levels after

mating (Fig 10C). Maternal blood glucose became significantly higher by E7.5 and remained at
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high levels until sacrifice at E14.5 in the STZ groups compared to their euglycemic counterparts
(Fig 10C). At E14.5, the blood glucose of maternal KO-H group became significantly higher
than that of the WT-H group (Fig 10C). At collection, amniotic fluid glucose levels were
measured. Two-way ANOVA revealed that STZ-treatment, PCSK6 KO, and their interaction
significantly altered the amniotic fluid glucose levels (Table 4). Consistent with the maternal
blood glucose, the STZ-treated HG embryo groups—WT-H and KO-H, had significantly higher
glucose concentrations in their amniotic fluid compared to their NG counterparts (Fig 10D). The
KO-H embryos had significantly higher glucose levels compared to the WT-H embryos (Fig
10D).

Two-way ANOVA analysis revealed that the litter size was not significantly affected by
hyperglycemia or PCSK6 KO alone, but was influenced by the interaction of the two factors
(Table 4). The litter size was marginally increased in the KO-H litter compared to the KO litter
(Fig 10E). The embryo weight at E14.5 was affected by hyperglycemia and PCSK6 KO (Table
4). Embryo weight was lower in the hyperglycemic groups and was the lowest in the KO-H
group (Fig 10F). Hyperglycemia and its interaction with PCSK6 KO influenced placenta weight
(Table 4). While the KO group had increased placenta weight, that of the KO-H group decreased

(Fig 10G).

30



>
o
o

- 800~ WT vs WT-H***
M - = o WT
> 150 3 304 KOvs KOH™™ o
z 2 _ WT-H vs KO-H*
2 2 3 WT vs KO-H=* & WT-H
£ 100 € 204 35 600+ ¥ KO-H
£ ® £ WT vs WT-H****
® £ @ KO vs KO-H****
3 ¥ 8 WT vs KO-H****
c 50 S 10 S 400
E E 5
5 5 :
= 0 2 o £ 200
WT KO WT-H KO-H WT KO WTHKO-H & 2003
WT vs WT-H*
WT-H vs KO-H0.09%6
o=
0 5 10 15 20
Timeline (E#)
sokokok
I kb |
1
skokokok
o [ %k | *okok
S 600 15 M= |
2 | o 0.4+
£ mE 0.0656 | *k
[ w _
§ 400 ® 10 _:E@os— I *
[
o G 2 0.2
‘5 o | °
2 200 N 5 2
] -3
L2 5 £ 0.1
k] E w
E o : = oA 0.0
< WT KO WT-H KO-H WT KO WT-H KO-H WT KO WT-H KO-H
%ok
sokok
0.15- * ]
5 |_' *
5, 0.10 I
'S
2
8
& 0.054
o
8
o
0.00-

WT KO WT-H KO-H

Figure 10. PCSK6 KO decreased embryo weight, and its interaction with hyperglycemia
decreased placenta weight. (A) Maternal age at mating (m=3-7 per group). (B) Maternal weight
at mating (m=3-7 per group). (C) Maternal glucose change overtime from mating, E7.5, and
E14.5 at the time of sacrifice (m=2-7 per group). (D) Amniotic fluid glucose concentration at the
time of collection (m=7 per group). (E) Litter size of embryos alive at E14.5 (m=3-7 per group).
(F). Embryo weight at E14.5 (m=3-7 per group). (G) Placenta weight at E14.5. Fisher LSD’s p-
values are noted as *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001). Created with

BioRender.com.
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Table 4. Two-way ANOVA results for pregnancy data. Results of the test are reported as p-
values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

Amniotic fluid Litter Embryo
2-way ANOVA glucose size weight Placenta weight
Hyperglycemia effect hotkx ns otk otk
PCSK6 KO effect * ns *x ns
Interaction * * ns ok

Embryos from PCSK6 KO-H pregnancies had a lower genotype frequency of PCSK6 KO
Our mouse model consisted of a PCSK6+/- crossed with either PCSK6 WT or KO.
Therefore, all offspring genotype prevalence from any of the pregnancy group should be around
50% each. Genotyping of the embryos revealed that the proportion of PCSK6 KO embryo
genotype is significantly lower compared to other genotype proportions (Table 5). However, we
also observed that KO-H pregnancies had a larger litter size (alive at E14.5). This inconsistency
may be due to the KO-H group being sampled from only three pregnancies (KO-H m=3).
Table 5. The proportion of PCSK6 KO embryos was lower compared to genotype

proportion of other litters. Results of the %2 test are reported as p-values noted as ns (p>0.1),
*(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

Embryo genotype
Mother Group PCSKG +/- PCSK6 WT %2 test p-value
WT 30 30
WT-H 21 23 ns (vs WT)
PCSK6 +/- PCSK6 KO
KO 21 20 ns (vs WT)
0.0587 (vs WT)
KO-H 20 8 0.0932 (vs KO)
* (vs WT-H)

Incidence of neural tube & craniofacial defects increased in PCSK6 KO-H embryos
Embryos were assessed for neural tube and craniofacial defects. All WT samples

appeared to be normal (Fig 11A and C), while the KO and KO-H group had embryos with neural
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tube (Fig 11 E,G,H) and craniofacial defects (Fig 11E-H). Simple logistic regression showed that
neural tube and craniofacial defect rate was affected by the interaction between PCSK6 KO and
hyperglycemia (Table 6). The same test showed that PCSK6 KO and hyperglycemia,
independently, do not affect the incidence of neural tube and craniofacial defects. Based on the
%2 test, only the KO-H group was deemed to increase the incidence of neural tube and
craniofacial defects compared to the WT group (Table 7). Note that the embryos from the KO
and KO-H group have no pigment in their eyes (Fig 11 B,D,E-H), which is a specific phenotype

of PCSK6 KO mice. There were no limb defects observed amongst any of the groups.
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Figure 11. PCSK6 KO resulted in cases of neural tube and craniofacial defects and its
interaction with hyperglycemia significantly increased its incidence. (A-D) Embryos with
normal appearances. (E,G,H) Embryos with neural tube defects indicated by red arrows. (E-H)
Embryos with craniofacial defects indicated by blue arrows. NOTE: Image G was taken at 1.0x
while others were taken at 0.73x. Created with BioRender.com.
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Table 6. Simple logistic regression test on the effect of hyperglycemia, PCSK6 KO, and their
interaction on neural tube and craniofacial defects. Likelihood ratio test was performed, and
results were listed as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

Slmﬁt;;;f::(:;:;%;i?;fn 4 Craniofacial Neural tube
Hyperglycemia effect ns ns
PCSK6 KO effect ns ns
Interaction effect ® *

Table 7. Summary of defects and 2 test results of assessed defects. Results of the test are
reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

Neural tube Craniofacial
Embryo
Group | Defect | Normal | y2 test p-value Defect | Normal ¥2 test p-value
WT 0 30 0 30
KO 1 19 ns (vs WT) 2 19 0.0771 (vs WT)
WT-H 0 23 ns (vs WT) 0 23 ns (vs WT)
**(vs WT) **(vs WT)
ns (vs KO) ns (vs KO)
KO-H 2 5 *(WT-H) 2 5 *(vs WT-H)

Hyperglycemia increased the incident of outflow tract defects

Embryo hearts were sectioned and analyzed for impression of left ventricle hyper-
trabeculation and presence of outflow tract (OFT) defects, such as overriding aorta (OA) and
double outlet right ventricle (DORV). The interaction between PCSK6 KO and hyperglycemia
was found to affect the incidence of DORV and combined OFT defects (Table 8). OA was
observed in WT-H and KO-H groups, but was not considered a significant increase in its
incidence (Fig 12H,L and Table 9). DORV was observed in WT-H and KO-H groups but was
considered a marginal increase only for KO-H (Fig 12I,M). OFT defects combined, the WT-H
group had a marginal increase compared to WT while the KO-H group had a significant increase

in incident compared to both WT and KO groups (Table 9).
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Figure 12. Hyperglycemia increased the incident of outflow tract defects. (A,C,F,J) view
used for classification of hyper-trabeculation. (B,D,G,K) Images of normal aorta. (H,L) Image of
OA indicated by yellow arrows. (I,M) Images of DORV indicated by red arrows. AO = aorta.
Created with BioRender.com.

Table 8. Simple logistic regression test on the effect of hyperglycemia on out flow tract
defects. Likelihood ratio test was performed, and results were listed as ns (p>0.1), *(p<0.05),
*#(p<0.01), ***(p<0.001), ****(p<0.0001).

Simple logistic regression / LYV hyper- OFT
I?ikelil%ood ratgio test trabeciﬁlﬁon U DORY combined
Hyperglycemia effect ns ns ns ns

PCSK6 KO effect ns ns ns ns
Interaction effect ns ns 0.0989 0.0548
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Table 9. Recorded incidence of heart defects. 2 test was performed and results were listed as
ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

x2 test LV hyper-trabeculation OA
Ecr}r; Efl}l;o traIb{eycFl)lelgte d Normal p-value Defect Normal p-value
WT 4 2 0 6
KO 3 4 ns (vs WT) 0 7 ns (vs WT)
WT-H 4 1 1 4 ns (vs WT)
ns (vs WT) ns (vs WT)
KO-H 3 3 ns (vs KO) 1 5 ns (vs KO)
ns (vs WT-H) ns (vs WT-H)
x2 test DORYV OFT combined
Embryo Defect Normal p-value Defect Normal p-value
Group
WT 0 6 0 6
KO 0 7 ns (vs WT) 0 7 ns (vs WT)
WT-H 1 4 ns (vs WT) 2 3 O‘Of,f%(vs
ns (vs WT) * (vs WT)
KO-H 2 4 0.0968 (vs KO) 3 3 * (vs KO)
ns (vs WT-H) ns (vs WT-H)

Overall placenta morphology
Hyperglycemia, but not PCSK6 KO, increased GlyT area within Jz

The placenta layer distribution was analyzed on PAS staining (Fig 13A). Hyperglycemia
affected Db size, and marginally and significantly increased the size of Db layer in both WT and
PCSK6 KO placenta, respectively (Fig 13B, Table 10). Jz and Lab size, and Lab / Jz ratio was
not affected by hyperglycemia, PCSK6 KO, nor their interaction (Fig 13C-E).

Within the Jz, free-hand selections of areas comprising of different cell types were made.
The GlyT areas were selected based on ballooning and/or clusters of cells heavily pigmented
with PAS-stained glycogen granules. The two-way ANOVA test revealed that hyperglycemia

impacts the ratio of GlyT area within the Jz with no significant effect on the SpT area (Table 10).
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Fisher LSD revealed that GlyT area increased in WT-H and KO-H compared to their
normo-glycemic counterparts (Fig 13F). SpT area was not affected by hyperglycemia, PCSK6
KO, nor their interaction (Table 10, Fig 13G). Overall, hyperglycemia, but not PCSK6 KO,

increased the GlyT area within the Jz (Table 10).
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Figure 13. Hyperglycemia, but not PCSK6 KO, increased GlyT area relative to Jz. (A) PAS
staining. (B) Db area / whole placenta area. (C) Jz area / whole placenta area. (D) Lab area /
whole placenta area. (E) Lab area relative to Jz area. (F) Total area of GlyTs in the Jz. (G) SpT
area in the Jz. Fisher LSD’s p-values are noted as *(p<0.05), **(p<0.01), ***(p<0.001),
*EXE(p<0.0001). n=5-6 from m=3-5 per group. Created with BioRender.com.
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Table 10. Two-way ANOVA results for placenta morphometric measurements. Results of
the test are reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001),

*HEE(p<0.0001).
. Jz area/ | Lab area | Lab/
2-way ANOVA area / GlyT /Jz SpT /Jz
whole / whole Jz
whole

Hyperglycemia effect * ns ns ns *x ns
PCSK6 KO effect ns ns ns ns ns ns
Interaction ns ns ns ns ns ns

The observed increase in GlyT area within the Jz of hyperglycemic groups in the PAS
staining was further investigated by performing an IF staining of trophoblast-specific protein o
(Tpbpa). Tpbpa stains cells of the Jz with the greatest intensity in the SpT and a rather faint
staining in GlyTs (Fig 14A). Using the Image J software, the Jz area and GlyT occupying areas
were selected and used to quantify the cell number in each of those respective areas. The total
area occupied by GlyTs in the Jz area showed an increase caused by hyperglycemia (Table 11).
This result was consistent with that of the PAS staining (Fig 13F and Fig 14B). Within the
selected GlyT areas, Dapi stained nuclei were counted and compared to the total cell count
within the Jz. Hyperglycemia, but not PCSK6 deletion, increased the GlyT cell count relative to
all cell types in the Jz (Fig 14C, Table 11). Then, we took the total area of the GlyT area
selections and divided it with the GlyT nuclei count to calculate the GlyT cell size. This
calculated GlyT cell size itself did not change (Fig 14D, Table 11). In addition to the absence of
change in GlyT cell size, the total cell # of the Jz did not change (Fig 14E). Therefore, it can
further be suggested that the increased GlyT number comes from increased differentiation of

Tpbpo+ cells into GlyTs.
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Figure 14. Increase in GlyT area is caused by increased GlyT cell ratio. (A) Tpbpa staining
visualizes the Jz and different cell types within. The intense staining represents SpTs, while
relatively faint areas represent GlyTs. (B) GlyT area over Jz area. (C) Number of GlyTs to total
cell count in Jz. (D) GlyT cell size. (E) Number of all cells in the Jz divided by Jz area. Fisher
LSD’s p-values are noted as *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001). (n=3 from
m=3 per group). Created with BioRender.com.

Table 11. Two-way ANOVA results for parameters analyzed on Tpbpa images. Results of
the test are reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001),
XX (p<0.0001).

vy vova | Orere T CHTEC G [ GRTT [ F ook
Hyperglycemia effect ok ok ns ns
PCSK6 KO effect ns ns ns ns
Interaction ns ns ns ns
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Placenta fibrosis and cell proliferation at E14.5 were not affected by PCSK6 KO or
hyperglycemia
Sirius Red staining did not show any noticeable sign of fibrosis in any of the groups (Fig
15A). On E14.5 placentas, p-H3S10+ cell count was very low, and, if present, were found mostly

in the Lab region with little or none in the Jz and Db (Fig 15B). The count of the p-H3S10+ cells

was too small to have any biological significance.
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Figure 15. Placenta fibrosis and proliferation are not affected by PCSKé6 KO,

hyperglycemia, or its interaction. (A) Sirius Red staining. (B) p-H3S10 IF of Lab. Created with
BioRender.com.
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PCSK6 KO hindered the SpA remodeling process
PCSK6 KO decreased SpA LD and LD / OD ratio

SpA remodeling was assessed in two methods: by looking at the SpA diameter and
looking at TGC association with the SpA itself. From the HE staining, we investigated the size of
SpA lumen (LD) and outer diameter (OD) (Fig 16A). The two-way ANOVA analysis showed
that LD was significantly affected by PCSK6 KO and marginally affected by its interaction with
hyperglycemia (Table 12). LD was significantly shorter in KO placentas and marginally so in
KO-H placentas compared to WT (Fig 16B). The degree of SpA vascular remodeling was
determined by LD to OD ratio. PCSK6 KO and its interaction with hyperglycemia affected
LD/OD ratio which resulted in decreased LD/OD ratio in the KO and KO-H placentas compared

to the WT placentas (Table 12, Fig 16C).
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Figure 16. PCSK6 KO decreased SpA LD and LD / OD ratio. (A) HE staining of SpAs
residing in the distal portion of Db layer. (B) SpA lumen diameter. (C) SpA vascular remodel-
ness of SpA indicated by LD / OD ratio. Fisher LSD’s p-values are noted as *(p<0.05),
**(p<0.01), ***(p<0.001), ****(p<0.0001). n=4-7 from m=3-5 per group. Created with
BioRender.com.
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Table 12. Two-way ANOVA results for SpA LD and LD / OD ratio. Results of the test are
reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

2-way ANOVA SpA LD SpA LD/ OD
Hyperglycemia effect ns ns
PCSK6 KO effect * *ox
Interaction 0.0534 *

PCSK6 KO decreased TGC association with SpAs

TGC association was assessed, single-blinded, using Co-IF staining of Cytok and

PECAM. Cytok stains all trophoblast cells including the TGCs, and PECAM stains the

endothelial cells of the SpA (Fig 17). Each SpA was given a category based on the degree of

TGC association: full (75%=<), partial (25~75%), or none. If more than 50% of the SpAs in a

single placenta had either full or partial TGC association, that placenta was given a category of

“TGC-associated”. TGC association was affected by PCSK6 KO (Table 13). The %2 test revealed

that the KO and KO-H groups had decreased TGC association compared to the WT group (Table

14).
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Figure 17. PCSK6 KO and hyperglycemia decreased TGC association with SpAs in the
distal Db. (A) Image of SpAs with TGCs visualized with cytok. (B) Graph visualizing the
classification of TGC association. n=5-6 from m=3-5 per group. White arrows indicate full
association. Yellow arrows indicate partial association. Orange arrows indicate non-associated
SpAs. Created with BioRender.com.
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Table 13. Simple logistic regression test on the effect of hyperglycemia, PCSK6 KO, and
their interaction on SpA-TGC association. Likelihood ratio test was performed, and results
were listed as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

Simple logistic regression /

Likelihood ratio test p-value SPA-TGC association

Hyperglycemia effect ns
PCSK6 KO effect *
Interaction effect ns

43



Table 14. Classification of TGC association. y2 test was performed and results were listed as

ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

%2 test TGC-associated not associated SpA-TGC association
WT 5 1
KO 1 4 * (vs WT)
WT-H 2 3 ns (vs WT)
* (vs WT)
KO-H 1 4 ns (vs KO)
ns (vs WT-H)

Hyperglycemia suppressed the secretion of latent TGFBI while both hyperglycemia and PCSK6

KO decreased mature TGFPI levels

We then performed WB to see if expression of proteins regulating TGC migration and

invasion were altered by PCSK6 KO, hyperglycemia, or their interaction. TGF1 is an inhibitor

of cell migration in multiple placenta cell line studies.?*-* Two-way ANOVA tests suggested that

hyperglycemia affected both mature and latent TGFB1, while PCSK6 KO only affected mature

TGEFpI levels (Table 15). Both mature and latent TGF1 were down-regulated in the WT-H, and

KO-H placentas compared to that of WT group (Fig 18). KO-H group also had significantly

downregulated mature and latent TGFB1 compared to the KO group (Fig 18). The KO-H

placentas had marginally decreased mature TGFB1 compared to the WT-H placenta (Fig 18).
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Figure 18. Latent TGFp1 secretion is decreased in hyperglycemic groups while the
suppression of mature TGFp1 is greatest in the KO-H. Fisher LSD’s p-values are noted as
*(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001). n=3-4 from m=3-4 per group. Created
with BioRender.com.

Table 15. Two-way ANOVA results for TGFB1 protein expression. Results of the test are
reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

2-way ANOVA mature TGFp1 latent TGFp1
Hyperglycemia effect Rk kK
PCSK6 KO effect ok ns
Interaction ns ns

PCSK6 KO increased phosphorylation of B-catenin
The impact of PCSK6 KO and hyperglycemia was also investigated on the canonical Wnt
signaling proteins. Increased -catenin levels have been implicated with migratory gene
expressions.’’”*® Two-way ANOVA suggested that PCSK6 KO significantly affects the
phospho(p)-B-catenin to total-B-catenin ratio (Fig 19, Table 16). Reflectively, the ratio of p-f3-

catenin to total-p-catenin levels were marginally and significantly increased in the KO and KO-
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H, respectively (Fig 19). The total B-catenin levels were not significantly altered in any of the

treatment groups (Fig 19). These results suggest an increase in the phosphorylation of B-catenin.
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Figure 19. PCSK6 KO increased phosphorylation of B-catenin. Fisher LSD’s p-values are
noted as *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001). n=3-4 from m=3-4 per group.

Created with BioRender.com.

Table 16. Two-way ANOVA results for B-catenin protein expression. Results of the test are
reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

2-way ANOVA p-B-catenin / total-B-catenin total-B-catenin
Hyperglycemia effect ns ns
PCSK6 KO effect kx ns
Interaction ns ns

PCSK6 KO resulted in opposite angiogenic response based on glucose conditions

Next, the Lab angiogenesis was assessed in two ways: blood space and pericyte

development. The blood space analysis allowed for investigating the degree of branching during

angiogenesis while the pericyte assessment provided insights into the maturation of the fetal

vessels in the placenta.
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PCSK6 KO increased diffusion capacity under NG while the opposite occurred under
hyperglycemia

Blood space was analyzed by tracing the fetal capillary and the maternal lacunae space.
The PECAM stained the fetal capillaries and the Cytok stained all trophoblast cells in the Lab.
Therefore, the maternal space was traced in areas that were enclosed by Cytok (Fig 20A). Each
measurement of fetal capillary area (FCA) and maternal lacunae area (MLA) from an image was
log-transformed before adding them up to get the sum to make the distribution closer to normal
and minimize influence of outlier area sizes. This sum of log-transformed measurements was
used to represent one sample and was statistically analyzed for the FCA and MLA graphs (Fig
20B-D). The blood space graphs were plotted with the sum of absolute measurements with
significant marks from statistical tests performed on the log values. Two-way ANOVA
suggested that FCA is influenced by PCSK6 KO, but Fisher LSD did not show significant
differences between WT and KO under NG and HG (Table 17, Fig 20B). Two-way ANOVA
revealed that MLA is affected by hyperglycemia, which showed as a significant difference
between KO and KO-H with the Fisher LSD test (Table 17, Fig 20C). Total blood surface area,
defined by the mean of FCA and MLA, was significantly affected by hyperglycemia (Table 17).
Total blood surface area was marginally decreased in the KO-H group compared to the normo-
glycemic KO group (Fig 20D).

IHM thickness was significantly affected by hyperglycemia and its interaction with
PCSK6 KO, and was marginally affected by PCSK6 KO (Table 17). The Fisher LSD showed that
KO-H placentas had thicker IHM compared to all other groups (Fig 20E). The calculated
diffusion capacity was influenced by hyperglycemia and its interaction with PCSK6 KO (Table

17). Fisher LSD revealed that the diffusion capacity was decreased in KO-H compared to WT,
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KO, and WT-H placentas (Fig 20F). In contrast, PCSK6 KO under normal glucose condition had

increased diffusion capacity compared to the WT placentas (Fig 20F).
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Figure 20. Blood space analysis revealed a glucose dependent angiogenesis among PCSK6
KO groups. (A) Co-IF of PECAM and Cytok in the Lab taken at 200x. (B-D) Area
measurements of FCA, MLA, and the mean of FCA and MLA, respectively. (E) Thickness of
IHM. (F) Calculated diffusion capacity. Fisher LSD’s p-values are noted as *(p<0.05),



**(p<0.01), ***(p<0.001), ****(p<0.0001). n=5 from m=3-5 per group. Created with
BioRender.com.

Table 17. Two-way ANOVA results for blood space measurements. Results of the test are
reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

. Mean FCA . .
2-way ANOVA Fetal capillary | Maternal and MLA THM lefusfon
area lacunae area area capacity
Hyperglycemia effect ns * * * ook ok
PCSK6 KO effect * ns ns 0.0591 ns
Interaction ns ns ns kK ok ke

PCSK6 KO-H Labyrinths have decreased expression of various angiogenic markers
Two-way ANOVA showed that PCSK6 KO affects insulin-like growth factor 1 receptor
(IGFIR) expression while its interaction with hyperglycemia marginally affects VEGFA
expression (Table 18). Hyperglycemia was shown to influence VEGFB, VEGFR1, VEGFR2,
PDGFA, and PDGFC, PDGFRA, and PDGFRB mRNA expression in the Lab (Table 18). Except
for VEGFR2, KO-H Labs had decreased expression of many angiogenic genes such as VEGFA,

VEGFB, PDGFA, PDGFC, PDGFRB, and IGF1R (Fig 21).

Angiogenesis markers [ KO
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Figure 21. PCSK6 KO-H group had various angiogenic markers decreased due to
hyperglycemia and/or PCSK6 KO. Fisher LSD’s p-values are noted as *(p<0.05), **(p<0.01),
*H%(p<0.001), ****(p<0.0001). n=3-4 from m=3-4 per group.
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Table 18. Two-way ANOVA results for angiogenic marker mRNA expression. Results of the
test are reported as p-values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001),
A% (p<0.0001).

— ~ < [==]
s 2| B | B |Z|Bl2ld|8 g
2-way ANOVA Q Q O O QIR BEIE|G|
S |8 g | 2 |E|E|E 2|87 ¢

> > = |~
Hyperglycemia | = s | 00839 | 00906 | ** | ns | * | * | %% | pg |

effect

PCSK6 KO effect ns ns ns ns ns | ns | ns | ns | ns | ns *
Interaction 0.0826 ns ns ns ns | ns | ns | ns | ns | ns | ns

PCSK6 KO-H labyrinths had decreased a-SMA+ profiles
Pericyte development on fetal capillaries was also investigated by co-IF staining of a-
SMA and PECAM (Fig 22A). Two-way ANOVA suggested that the a-SMA+ profile was
impacted by PCSK6 KO, which further interacted with hyperglycemia (Table 19). PCSK6
deletion did not affect the a-SMA+ profiles under NG (Fig 22B). However, they decreased under
HG (Fig 22B). Hyperglycemia significantly enlarged the a-SMA+ profiles in WT placenta, but
decreased a-SMA+ profiles in KO-H groups (Fig 22B). The a-SMA+ profile was ranked from

the highest to the lowest as the follows: WT-H ~KO=WT>KO-H (Fig 22B).
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Figure 22. PCSK6 KO-H has the least amount of pericyte development due to the influence
of PCSK6 KO and hyperglycemia. (A) Co-IF of a-SMA and PECAM in the Lab. (B) Number
of a-SMA+ profiles in the Lab. Profiles refer to any a-SMA+ particles regardless of size. Fisher
LSD’s p-values are noted as *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001). n=3 from
m=3 per group. Created with BioRender.com.

Table 19. Two-way ANOVA results for aSSMA+ profiles. Results of the test are reported as p-
values noted as ns (p>0.1), *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001).

2-way ANOVA aSMA profile
Hyperglycemia effect ns
PCSK6 KO effect *
Interaction kx
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CHAPTER IV
SUMMARY AND DISCUSSION
Hyperglycemia is known to interrupt the placenta development.®” We and others have
found that placental PCSK6 levels decreased under hyperglycemia.!” To address the important
role of PCSK6 and to understand how it interacts with hyperglycemia in placenta development,
phenotypes of PCSK6 WT and KO placentas involving GlyT differentiation, SpA remodeling,
and angiogenesis in normoglycemic and hyperglycemic pregnancies were evaluated. The
interaction between the environment factor—hyperglycemia, and the PCSK6 gene on placenta
development were assessed by two-way ANOVA and simple linear regression. In our study,
PCSK6 KO decreased embryo weight, and its interaction with hyperglycemia decreased placenta
weight. Hyperglycemia, but not PCSK6 KO or their interaction, increased the area of GlyTs
within the Jz by increasing differentiation into the GlyT cell type. Overall, PCSK6 KO itself
hindered SpA remodeling independent of hyperglycemia, evidenced by decreased LD, SpA
LD/OD ratio, and SpA-TGC association. PCSK6 KO also induced a glucose dependent
angiogenic response, contributing to increased diffusion capacity under normal glucose but

decreased diffusion capacity under hyperglycemia.
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Figure 23. Summary of results. Each trend of dependent variables indicated by plus or minus
signs are from the Fisher LSD test or y2 test. The listed trends under interaction are from Fisher
LSD results or %2 test that compared WT and KO-H. Created with BioRender.com.

In our study, STZ treatment successfully induced hyperglycemia after pregnancy, which
mimicked GDM conditions. Robust hyperglycemia was confirmed at E7.5, which allows us to
investigate the effect of hyperglycemia on SpA remodeling which happens around E7.5~E10.5.%!
GlyTs undergo a lytic phase around E17.5 to form large glycogen lacunae near vascular
sinuses.’® This structure suggests that GlyTs supply energy towards the end of term.38%°
Research is needed to understand the temporal and special role of GlyT in normal and gestational
diseases. GlyT in gestational diseases is very difficult to study with human placenta due to the

dynamic nature of GlyT content throughout the course of pregnancies.”® Therefore, mouse

models such as ours allow for evaluation of GlyT function during placenta development instead
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of human term placentas that have already undergone development. From the PAS and Tpbpa+
staining, we reported that hyperglycemia, but not PCSK6 KO, increases the GlyT cell area within
the Jz by increased differentiation. These changes in cell type distribution in the Jz could
potentially impact the growth of the placenta and embryo. The majority of genetic mouse models
found reduced glycogen content and/or GlyT phenotypes to be associated with fetal growth
restriction, although some found the opposite relationship.”® Interestingly, increased glycogen
stores in the placenta have been observed in preeclampsia and GDM.?!2 The presence of
aberrant GlyT phenotypes suggests GlyT to be involved in the etiology of both GDM and
preeclampsia. Given the hypothesized role of GlyT regulating growth hormones, such as insulin-

90.93-95 careful attention to GlyT’s role in

like growth factor 2 (IGF2), and supply of energy,
mediating glucose dependent angiogenesis and growth factor transcription could lead to more
information on GlyT function in the etiology of gestational diseases.

Defective SpA remodeling is implicated in early-onset preeclampsia and fetal growth
restriction.’! Normally, SpA remodeling by uNKs and EVT invasion ultimately makes the SpA
vessel wall thinner and widens the lumen.’® The PCSK6 KO groups had issues with the
remodeling of the SpA arterial wall, resulting in smaller LD and smaller LD to OD ratios that
indicate SpAs to be highly-resistant and low blood flow, characteristics seen in pathological
pregnancies.?® In our study, we further reported that PCSK6 KO hindered TGC association with
SpAs. Issues with migration of trophoblasts have been described in abnormal SpA remodeling,
as well as preeclampsia.”® Future cell studies with HTR-8/SVneo using PCSK6 siRNA, high
glucose medium, and their combination will provide insight into the role of PCSK6 on

expression of migratory genes and proteins on a cellular level. Additionally, wound healing and

trans-well assays can be performed to investigate the effect of PCSK6 KO, hyperglycemia, and
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their interaction on the ability of these cells to migrate and invade, respectively. As our model
showed, PCSK6 KO significantly hindered SpA remodeling, which suggests PCSK6 to play a
role in that process. Our results are exciting as further investigation of how PCSK6 KO led to
hindered SpA remodeling could potentially shed light to future prevention strategies of
pregnancy induced hypertension and preeclampsia.

The canonical Wnt signaling has been described to be involved in trophoblast
migration.®’ In this pathway, free, non-phosphorylated B-catenin translocate into the nucleus to
increase the transcription of migratory proteins.?”-3%4%4! When phosphorylated by GSK3, B-
catenin is marked for degradation and is unable to promote migration.>”# In our study, PCSK6
deletion significantly increased the phosphorylation of B-catenin, suggesting that there could be a
decrease in transcription of migratory genes such as MMP-9 and MT1-MMP which have been
independantly associated with the placenta and migratory cells.**#*>43 Changes in these gene
expressions will need to be investigated with qPCR. We also plan to investigate changes in
GSK3p levels, GSK3p phosphorylation, Wnt ligands, and AKT phosphorylation which will
allow for a fuller picture of how PCSK6 could be involved in regulating migratory factors.

TGFpB1 levels were found to be elevated in the plasma of preeclamptic women.*¢
Although some discrepancies exist, TGFB1 has mostly been described to inhibit cell migration.**
35 The difference observed in these cell studies could be due to the differences in SMAD?7 levels
caused by performing the experiments on cells grown for different passages.®® In our study,
mature and latent TGFf1 levels in Jz+Db lysates were decreased by hyperglycemia. Mature
TGFB1 levels were also decreased by PCSK6 KO in Jz+Db lysates. From the observation of

reduced SpA remodeling in PCSK6 KO groups, the reduction of TGFB1 in E14.5 PCSK6 KO

placentas could be a compensatory mechanism to reduce the inhibitory effect of TGFB1 on
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migration, in turn promoting TGC migration. Future studies will need to test this hypothesis.
Another possible explanation of how these altered TGFp1 levels could affect placenta
development is angiogenesis. TGFf1 signaling has been described to be crucial for normal
angiogenesis and vessel maturation in the Lab.”*° In the human placenta, TGFB1 is expressed in
the cytoplasm of both SynTs and cytotrophoblasts.!® However, given that TGFp1 is a secretory
protein,'®! the levels of TGFB1 protein detected in the Jz+Db lysate could have a role in Lab
angiogenesis. Given the role of TGFf1 in angiogenesis, a closer look into the molecular
pathways regarding TGFf1 signaling in the Lab affected by PCSK6 KO, hyperglycemia, and its
interaction is warranted.

Issues with the SpA VSMC breakdown, normally aided by uNKs, could also contribute to
abnormal SpA remodeling.*® From the human protein atlas data, PCSK6 was reported to be high
in NKs.!® In our current analysis, we investigated the effect of global PCSK6 KO in both the
placenta and maternal tissue. To further clarify if the changes we observed are due to placental
PCSK6 KO or maternal KO, additional experiments will be needed. Considering that placenta is
an organ composed of a mixture of cells derived from both mother and the fetus, and uNK cells
are of maternal origin, comparison of SpA remodeling between placentas of PCSK6+/- embryos
conceived by PCSK6 WT mothers and PCSK6+/- embryos conceived by PCSK6 KO mothers may
provide more insight whether the observed issues with SpA remodeling is caused by a
dysfunctional PCSK6 in uNK. Additionally, qPCR analysis of uNK cytokines in the Jz+Db layer
in earlier stages of development, such as E7.5 to E10.5 may be performed.

Poor placenta angiogenesis can lead to fetal growth restriction.!%? In our study, PCSK6
KO under NG had increased diffusion capacity while the opposite was observed under HG. Early

in the pregnancy, hypoxia stimulates the expression of angiogenic factors such as VEGF to
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promote endothelial cell proliferation.!%

In our study, the FCA, regardless of significance, had
the same trend as the VEGFA levels. FCA and VEGFA levels in KO placentas were slightly
increased but statistically not different from WT levels while KO-H placentas had decreased
levels (not significant) of FBS and VEGFA (marginally significant) compared to WT placentas.
Additionally, the IHM thickness was significantly increased in the KO-H placentas whereas KO
placentas did not see such change. With these factors combined, the diffusion capacity shows a
clear angiogenic response in PCSK6 KO groups that is glucose dependent. Considering the issues
in SpA remodeling caused by deletion of PCSKG®, it appears that under NG, there is a
compensatory angiogenic response, perhaps stimulated by hypoxia evidenced by normal VEGFA
levels. Hypervascularity, often observed in GDM, has been attributed to decreased VEGFR1 and
increased VEGFR2 expression.’® Indeed, VEGFR1 and VEGFR2 mRNA levels were decreased
and increased, respectively, in our hyperglycemic groups. The opposite angiogenic phenotype of
PCSK6 KO placentas under hyperglycemia suggests that the angiogenic response to PCSK6 KO-
induced hypoxia caused by poor SpA remodeling did not suffice to promote angiogenesis, and
rather hindered angiogenesis under the combined influenced with hyperglycemia.

In humans, diabetic pregnancies result in early growth retardation in the first trimester
(14 weeks).!* However, diabetic pregnancies also have increased risk of macrosomia due to
fetal growth acceleration that starts in the second trimester (18 weeks).!% In our study, samples
were collected at E14.5 which is equivalent to week 14 or the beginning of 2™ trimester.>! At
E14.5, embryo weight was decreased by hyperglycemia and PCSK6 KO. This decrease in
embryo weight seen among hyperglycemic groups is consistent with the early growth retardation
observed in early human diabetic pregnancies.'® We are the first to report on the early growth

restriction to be caused by PCSK6 KO. Additional sample collection at later stages of gestation is
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needed to evaluate how the growth pattern changes over time, as catch-up growth has been
observed among human diabetic pregnancies.'% In addition, Lab nutrient transporters for amino
acids, glucose, and fatty acids will also be detected with qPCR to further supplement the
understanding for placental and embryonic growth. Among the embryos collected, the PCSK6
KO groups had several neural tube and craniofacial defects. This result is consistent with a
previous study that also found craniofacial defects in PCSK6 KO embryos.!” The same study also
found that PCSK6 KO embryos had increased rates of DORV,!” which was not observed to a
significant level in our study possibly due to small sample size. Consistent with previous reports
that hyperglycemia increases risks of cardiac defects!?®, we observed more DORV in WT
embryos under hyperglycemia. Notably, significantly higher incidence of neural tube defects,
craniofacial defects and OFT defects were found in the KO-H embryos, suggesting a synergic
effect of PCSK6 deletion and hyperglycemia on birth defects.

Limitations of this study is that we utilized a germline PCSK6 KO mouse line which does
not allow us to pinpoint the cause of the observed phenotypes to the placental PCSK6 KO or
maternal PCSK6 KO. Specifically, one of the possible maternal symptoms that could affect
placenta development is hypertension caused by maternal PCSK6 KO. As PCSK6 KO has been
reported to cause salt-sensitive hypertension, maternal PCSK6 KO itself may cause hypertension
before and/or upon pregnancy.’? Clarification of the baseline and changes in clinical metrics of
preeclampsia such as blood pressure and urine protein will provide insight if the clinical features
are due to PCSK6 KO regardless of pregnancy or pregnancy-induced. From our data, PCSK6
was found to be specifically expressed in the GlyT of the Jz. Assessing placentas from crossing a
PCSK6-Flox with Tpbpa-cre mouse would allow us to investigate the role of PCSK6 specifically

in the Jz, and ultimately its role in placenta development independent of maternal PCSK6.
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Further investigation is needed to answer which specific substrates of PCSK6 affect SpA
remodeling and glucose-dependent angiogenesis. It is worth noting that most previous reports on
PCSKG6 action was reported to be in the ECM. However, some suggest that PCSK6 can also
temporality access intracellular substrates during transport because PCSK6 is secreted into the
ECM in a constitutive pathway.®%!%7 Therefore, it is important to not limit potential PCSK6
substrates to extracellular proteins. Candidates for PCSK6 substrates will be identified from
mass-spectrometry based proteomics. When new potential candidates for PCSK6 are identified,
WB for expression change, immunoprecipitation for interaction, and peptide cleavage assay for
protease activity will be performed. Future experiments using HTR-8/SVneo cell line to detect
changes in levels of candidate proteins and cell migration/invasion upon target gene siRNA
treatment, and phenotypes of transgenic mice with mutation in the candidate protein will be used
to study their functional role in placenta development.

To our knowledge, this study is the first to investigate the role of PCSK6 on the placenta
development in vivo. Literature on GlyT function in placenta development and gestational
diseases is scarce which makes the expression of PCSK6 in GlyT, and its role in SpA
remodeling, and glucose dependent angiogenesis a novel discovery. Our study will elucidate the
role of PCSK®6 in these processes which will contribute to the understanding of preeclampsia and

GDM pathogenesis and their etiology.
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