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ABSTRACT OF THESIS 

{ǳōƳƛǘǘŜŘ ōȅ ±ƛŎǘƻǊƛŀ tŀƭƛƴ ŦƻǊ ǘƘŜ ŘŜƎǊŜŜ ƻŦ tƘ5 ŀƴŘ ŜƴǘƛǘƭŜŘ ΨGlucose sensing by the 
placenta ς the role of the hexosamine biosynthetic pathway in pregnancies 
complicated by maternal diabetesΩΤ !ǇǊƛƭ нлмт 

The hexosamine biosynthetic pathway (HBP) utilises glucose to produce uridine 
diphosphate N-acetylglucosamine for post-translational addition to side chain hydroxyl (O-
GlcNAc) on serine (S) or threonine (T), altering protein function. Pregnancies complicated 
by maternal diabetes are associated with poor maternal and fetal outcomes, such as 
overgrowth (macrosomia), trauma at birth and an increased likelihood of developing 
metabolic syndrome in adult life. Maternal hyperglycaemia is thought to exert its effects in 
part by altering placental function, but the mechanisms are not well understood. This 
project investigated the hypothesis that hyperglycaemia changes placental hexosamine 
metabolism, thereby altering the functions controlled by this nutrient-sensitive molecular 
switch. Such changes may contribute to aberrant placental action and impaired fetal 
health.  
 
The first aim was to compare O-GlcNAc-modified proteins from normal pregnancies and 
those complicated by maternal diabetes. O-GlcNAc-proteomes were obtained from 
placentas of mothers with type 1 diabetes (n=6; T1DM), type 2 diabetes (n=6; T2DM), 
obesity (maternal body mass index (BMI) 30-35kg/m2, n=6; obese control) or no 
complications (BMI 20-25kg/m2, n=5; normal control). Ingenuity pathway analysis 
identified canonical pathways affected by alterations to the O-GlcNAc-omes, including 
clathrin-mediated endocytosis (CME). The functional relevance of this finding was 
investigated by assessing uptake of the classical CME ligand transferrin (TF) using flow 
cytometry. Stimulating protein O-GlcNAcylation using glucosamine (2.5mM) increased the 
rate of TF endocytosis in the trophoblast cell line BeWo (p=0.02). Furthermore, 
ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ƛǊƻƴΣ ǘǊŀƴǎŦŜǊǊƛƴΩǎ in vivo cargo, was significantly increased in term 
placenta from mothers with T2DM (p=0.01).  
 
The effect of glucosamine-induced O-GlcNAcylation on signalling pathways activated by 
three growth factors (GF) was investigated. Glucosamine treatment diminished GF-
stimulated receptor tyrosine kinase (RTK) autophosphorylation, reduced phosphorylation 
ƻŦ ǘƘŜ ŎȅǘƻǇƭŀǎƳƛŎ ǘȅǊƻǎƛƴŜ ǇƘƻǎǇƘŀǘŀǎŜ {Itн ŀǘ ¸рул ŀƴŘ ǊŜŘǳŎŜŘ ǘƘŜ ŎŜƭƭǎΩ ǊŀǘŜ ƻŦ 
transition into S phase. The O-GlcNAcylation status of downstream signalling proteins AKT 
and SHP2 was confirmed in trophoblast and two serine residues in the Src homology (SH2-
1 & SH2-2) regions of SHP2 that are important for binding of phosphorylated RTKs were 
identified as O-GlcNAc targets. 

This study, the first analysis of the placental GlcNAc-ome, adds to our understanding of the 
molecular mechanisms governing placental function. Components of the CME pathway are 
differentially GlcNAcylated in T2DM, leading to altered membrane dynamics in 
endocytosis and increased accumulation of iron. O-GlcNAcylation of proteins involved in 
GF-signalling changes signal transduction across the plasma membrane, altering control of 
the cell cycle.  

O-GlcNAcylation may be attractive as a target pathway for therapies to aid pregnancies 
complicated by maternal diabetes. 
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1.0 Introduction 

! ǇǊƻǘŜƛƴΩǎ ŦǳƴŎǘƛƻƴ ƛǎ ǘƛƎƘǘƭȅ ŎƻƴǘǊƻƭƭŜŘ ǿƛǘƘƛƴ ŀ ŎŜƭƭΦ ! ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŎŜƭƭΩǎ ŜƴǾƛǊƻƴƳŜƴǘ 

can activate intracellular signalling pathways that results in post-translational 

modifications (PTM) of specific proteins, stimulating a change in their function by 

enhancing, silencing or altering the original function (Karve and Cheema, 2011). 

Consequently, PTM play a key role in  maintaining cell homeostasis and cell survival and 

there is now much interest in the dysregulation of PTM in relation to disease (Karve and 

Cheema, 2011).  

During pregnancy, mechanisms within placental cells monitor and obtain a variety of fuels 

within the circulating maternal blood for the maintenance, growth and survival of the 

placental tissue and the developing fetus (Desforges and Sibley, 2010). Uptake and 

delivery of nutrients to the fetal environment can be modified in response to periods of 

low or high availability, allowing a controlled, continuous supply of materials for steady 

development and growth (Aldoretta and Hay, 1995). The understanding of placental 

nutrient sensing and signalling to alter protein function following a change in substrate 

availability, is limited. Investigations to identify the precise signalling pathways present, 

which proteins are modified and the downstream effects these PTMs have on cellular 

function are required (Jones et al., 2007). In turn, these may identify treatment strategies 

for pathological pregnancies, where the placenta is in an unfavourable nutritional 

environment. Insult in utero not only affects the programming of the placenta but also the 

development of the fetus (Lucas, 1991). Should the fetus survive pregnancy compromised 

by disrupted placental function, the child may be subject to poor health in infancy and is 

often predisposed to diseases in adulthood (Barker, 1995).  

1.1 Adaptions of maternal metabolism in pregnancy 

Various maternal metabolic changes occur during pregnancy. The concentrations of 

cholesterol, lipoproteins and triglycerides increase in the maternal circulation (Bartels and 

O'Donoghue, 2011, Huda et al., 2009), as a result of hormonal influences, such as  human 

placental lactogen (hPL) and altered lipolysis in maternal adipose tissue (Freinkel, 1980). 

The mother also experiences raised fasting blood glucose levels and hyperglycaemia 

following meals (Buchanan, 1991). This occurs through insulin resistance within peripheral 

tissues (Butte, 2000) induced by hormones such as cortisol and progesterone and to some 

extent hPL, prolactin and leptin, which reduce the sensitivity of insulin receptors to insulin 

(Carr, 1998), making glucose readily available for the development and function of the 

placenta and fetus. 
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The metabolic adaptations of normal pregnancy are similar to that of metabolic 

syndromes, where women have increased adiposity, hyperinsulinaemia, hyperlipidaemia 

as well as insulin resistance (Buchanan, 1991, Reece et al., 1994, von Versen-Hoeynck and 

Powers, 2007). If these naturally occurring adaptations are excessive, mothers can develop 

gestational diabetes (GDM), causing severe insulin resistance and an elevated blood 

glucose concentration similar to that of a non-pregnant individual with diabetes (Reece et 

al., 1994). These adaptations are reversible following delivery; however, some adaptive 

mechanisms of pregnancy can become permanent, leaving the mothers at risk of 

developing GDM in subsequent pregnancies and at much greater risk (7-fold) of 

developing type two diabetes mellitus (T2DM) after pregnancy (Bian et al., 2000, Kim, 

2014).  

1.2 Diabetes in pregnancy 

In pregnancies affected by type one diabetes mellitus (T1DM)Σ ǘƘŜ ƳŀǘŜǊƴŀƭ ǇŀƴŎǊŜŀǘƛŎ ʲ-

cells cannot produce insulin, whereas mothers with T2DM or GDM experience persistent, 

exacerbated insulin resistance (Buchanan, 2001, American Diabetes, 2009). The World 

Health Organisation defines diabetes in pregnancy as patients exhibiting a fasting blood 

ƎƭǳŎƻǎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ җтΦл Ƴmol/l (American Diabetes, 2009, WHO, 2013).  

It has been estimated that in 1996, just 1.4 million people in the UK had T1DM or T2DM, 

whereas in 2015, 3.8 million people were thought to have diabetes, mostly (90%) T2DM 

(NHSDigital, 2016b). However, a large proportion of people are thought to be living with 

diabetes, undiagnosed. These data suggest that one in every sixteen people in the UK have 

diabetes, which equates to 4.5 million cases (DiabetesUK, 2015). Globally, approximately 

12% of pregnancies are affected by diabetes (Hunt and Schuller, 2007). Of the 

approximate 700,000 live births in the UK each year, 5% are to women that either have 

pre-existing diabetes or develop GDM (NICE, 2015), compared to 4% in 2001 (Virjee et al., 

2001).   

Obesity (defined as having a ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄ ό.aLύ җол ƪƎκƳ2) is associated with the 

development of diabetes (Abdullah et al., 2010); currently more than 58% of women in the 

UK are overweight or obese (NHSDigital, 2016a), causing an increase in the incidence of 

overweight mothers with diabetes in pregnancy. As the risk of diabetes also increases with 

age (Choi and Shi, 2001), the increased prevalence of pregnancies affected by diabetes 

may also be, in part, a result of the increase in average childbearing age of first time 

mothers, which rose from 28.5 years in 2000 to 30.3 years in 2015 (www.ons.gov.uk, 

2015).  
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1.2.1 Complications of pregnancy affected by DM 

The natural, physiological maternal adaptations that occur to support pregnancy (section 

1.1) mean that it is difficult for a pregnant mother with diabetes to maintain blood glucose 

control throughout gestation. As a consequence, the mother is at greater risk of damage 

to kidney and nerve function and of developing vascular diseases such as hypertension, 

which, if severe, can develop into preeclampsia (Heckbert et al., 1988). 

There is an increased risk of miscarriage for pregnancies complicated by pre-existing T1 or 

T2 DM (Jovanovic et al., 2015). Persistent episodes of maternal hyperglycaemia during 

gestation can lead to fetal acidaemia, causing unexpected in utero deaths (McLaughlin and 

McCance, 2010). Early fetal death in pregnancies complicated by maternal diabetes are 

double that of the general population (Hawdon, 2010) and pregnancies complicated by 

T1DM or T2DM are five times more likely to result in late fetal death or stillbirth compared 

to uncomplicated pregnancies (CEMACH, 2005).  

 
The successful pregnancies are at further risk of obstetric complications, affecting the well-

being of both mother and child at and after delivery (Simmons, 2010). A prolonged 

exposure to glucose in utero has been associated with accelerated fetal growth. Infants are 

often large for gestational age (LGA; a fetus that measures larger than expected for its age 

and gender, over 90th centile) or macrosomic (weighing >4kg; and over 90th centile) 

(Barker, 1998, Lindsay et al., 2007, Girling and Dixit, 2010). The Confidential Enquiry into 

Maternal and Child Health (CEMACH) noted that in all pregnancies complicated by 

diabetes, 21% of livebirths weighed >4kg compared to 11% in the non-diabetic population 

(CEMACH, 2005). Increased growth is associated with complications at birth, such as 

difficulties in delivery and shoulder dystocia (Simmons, 2010, CEMACH, 2005). This being 

so, mothers are advised to have a caesarean delivery at 38 weeks (NICE, 2015, Jovanovic et 

al., 2015). Immediately following a successful delivery, the infant is of greater risk of 

developing hyperinsulinaemia, hypoglycaemia (Fraser and Bruce, 1999), jaundice, cardiac 

complications, polycythaemia, respiratory distress and signs of neonatal encephalopathy, 

all as a result of complications that arise following increased maternal glycaemia, lipidemia 

and glycated haemoglobin (HbA1c) levels (NICE, 2015). To reduce this risk, women with 

diabetes need to feed their babies regularly following delivery, until the infant can 

maintain a sufficient pre-feeding blood glucose concentration (2.0 mmol/L) (NICE, 2015). 

Neonates can therefore require intravenous fluids or tube feeding in special care baby 

units to maintain blood glucose as a result of increased insulin production in utero 

(McLaughlin and McCance, 2010).   
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Other complications include cardiac, neuronal, gastrointestinal and musculoskeletal 

congenital malformations (NICE, 2015, Jovanovic et al., 2015). These malformations have a 

greater prevalence in preconceptional diabetes (Jovanovic et al., 2015, Mathiesen and 

Damm, 2010, Heckbert et al., 1988, Simmons, 2010), suggesting that exposure to a 

hyperglycaemic environment during early development affects organogenesis (2-8 weeks 

gestation) (Kucera, 1971, Mathiesen and Damm, 2010).  

 
Maternal diabetes also has long-term implications with respect ǘƻ ǘƘŜ ŎƘƛƭŘΩǎ ƘŜŀƭǘƘ ƛƴ 

infancy through to adulthood (Barker, 1995, Barker, 1998). Infants often experience 

hyperglycaemia and impaired glucose tolerance as a result of altered insulin sensitivity and 

increased insulin resistance (Plagemann et al., 1997, Dabelea et al., 2000) throughout 

childhood (Barker, 1998). There is also an increased risk of childhood adiposity, which is 

also associated with an increased risk of developing hypertension and cardiovascular 

diseases in adulthood (Reaven, 1988). Similarly, infants of pregnancies affected by 

diabetes are more likely to develop T2DM in later life compared to unexposed control 

subjects (Holder et al., 2014, Boyd et al., 1983).  

1.2.2 Pedersen hypothesis:  

The development of fetal complications in pregnancies affected by maternal diabetes is 

mainly associated with the development of fetal macrosomia (Ornoy, 2011). The cause of 

macrosomia is not yet fully understood, but research supports the Pedersen hypothesis 

which suggests that the excessive levels of maternal glucose pass freely through the 

placenta and into the fetal environment, causing ƻǾŜǊ ǎǘƛƳǳƭŀǘƛƻƴ ƻŦ ŦŜǘŀƭ ǇŀƴŎǊŜŀǘƛŎ ʲ-

cells and an increase in fetal insulin production, which increases adipose deposition, fetal 

growth and macrosomia (Pedersen, 1952, Macfarlane and Tsakalakos, 1988, Catalano and 

Hauguel-De Mouzon, 2011).  

In normal pregnancies, the placenta must adapt to maintain control of nutrient transfer 

for optimal growth (Aldoretta and Hay, 1995). Birthweight generally correlates with 

placental weight (Clarson et al., 1989). Much evidence suggests that a growth restricted 

fetus (FGR) occurs as a result of poor placental adaptation and reduced nutrient transfer 

(Glazier et al., 1997, Desforges and Sibley, 2010). In contrast, increased nutrient transfer in 

pregnancies of women with an increasing BMI and/or hyperglycaemia, are at risk of 

delivering an infant LGA or macrosomic (Hillier et al., 2008). However, the Pedersen 

hypothesis is now thought to be too simplistic, as pregnancies complicated by maternal 

diabetes, with good glycaemic control, can still result in fetal macrosomia (Martis et al., 
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2016). There is insufficient knowledge of how insults in utero affect the development of 

the placenta, so a greater knowledge of intrinsic regulatory control mechanisms is 

essential to understand how this adaptive response may become deregulated in response 

to high glucose and maternal diabetes. 

 

1.3 The Placenta 

The placenta is a fetal-derived, temporary organ that forms the only connection between 

the mother and fetus during pregnancy (Huppertz, 2008). It has multiple roles, acting as 

the main supply line of nutrients and oxygen to the fetus, whilst removing waste products 

from fetal circulation (Burton and Fowden, 2015). Growth and survival of the fetus 

therefore depends on a healthy functioning placenta (Fall et al., 2003).  

1.3.1 Anatomy of the placenta 

At term, the placenta is discoid in shape, approximately 18-25cm wide and 2.5cm deep 

(Baergen, 1997). The placenta has two distinct surfaces, the maternal and fetal surface 

(Figure 1). The maternal surface, also referred to as the basal plate or decidua basalis 

(Gude et al., 2004, Schuenke and Schulte, 2010), is orientated towards the wall of the 

uterus in situ and attaches by means of the invading trophoblast cells, which embed deep 

into the uterine wall (Figure 1:1) to form anchoring columns. The basal plate is divided into 

approximately 20 lobules also known as placental cotyledons, which contain main stem 

villi and their smaller subset branches (Varney, 2004) (Figure 1:1).  

The fetal surface of the placenta, known as the chorionic plate, lies within the 

amniochorionic membranes and is orientated towards the fetus in situ (Gude et al., 2004). 

The umbilical cord generally attaches to the central region of the plate, where the fetal 

arteries and vein of the cord branch and traverse across the chorionic plate surface (Gude 

et al., 2004) (Figure 1:1). These major vessels branch, forming smaller vessels which then 

divide to vascularise the intermediate villi, before branching again to form capillaries 

within terminal villi within cotyledon clusters (Kaufmann et al., 2003). It is at the terminal 

region of these villi, rich in sinusoidal fetal capillaries, where most of the maternal-fetal 

exchange takes place (Gude et al., 2004, Kaufmann et al., 2003). The umbilical vein 

supplies the fetal circulation with oxygenated, nutrient-rich blood, whereas deoxygenated 

blood and metabolic waste products are removed from the fetal circulation through the 

umbilical arteries, across the chorionic plate, back through the placenta to the maternal 

blood for excretion (Baergen, 1997).   
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Figure 1:1 The structure of a term placenta. A schematic drawing of a transverse section showing the 
maternal and fetal surfaces. 

 

1.3.2 Development of the placenta 

The blastocyst contains the inner cell mass, the blastocyst cavity and an outer layer of 

trophoblast cells called the trophectoderm (Norwitz et al., 2001). The inner cell mass 

develops into the embryo and will continue to grow and mature into a fetus throughout 

gestation.  

In early development, the trophectoderm of the blastocyst attaches and invades the 

endometrium of the uterine wall (day 6 post fertilisation). Trophoblast cells of the 

trophectoderm proliferate and differentiate into two distinctive layers of the placenta 

(Norwitz et al., 2001, Gude et al., 2004). The outer layer of trophoblast consists of a 

multinucleated syncytiotrophoblast (STB), created by a process described as syncytial 

fusion (Potgens et al., 2002, Huppertz, 2008). The inner proliferative cell layer of the 

trophectoderm, the cytotrophoblast (CTB), lies below the STB and continuously 

proliferates to produce daughter cells, one of which fuses with the overlying syncytium for 

renewal and expansion of the placenta (Potgens et al., 2002). The trophoblast covers the 

outer surface of the terminal villi and lies on a basal lamina, beneath which are situated 

the fetal capillaries surrounded by a collagenous matrix, or stroma. The apical syncytial 

microvillous membrane, which is heavily glycosylated, is in direct contact with the 
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maternal blood and there is a close approximation (2-3 cells deep) between the maternal 

and fetal blood without cross contamination; the human placenta therefore has a 

haemochorial utero-placental circulation (Figure 1:2).  

In early development, a population of cytotrophoblasts from the tips of the villi in contact 

with the uterus invade the endometrium to form anchoring points within the uterine wall 

(Figure 1:2), securely attaching the placenta. Some of these extravillous trophoblasts (EVT) 

further invade the spiral arterioles of the uterine wall (Kaufmann et al., 2003) creating a 

plug which only allows maternal plasma to enter the intervillous space.  At around 12 

weeks gestation, these plugs are removed allowing maternal blood to flow, bathing the 

villous tissue. Other perivascular interstitial cytotrophoblasts invade the walls of the spiral 

arteries up to the inner third of the myometrium, breaking down the smooth muscle cells 

(SMC) and endothelium creating large diameter structures with low resistance; endothelial 

cells are eventually replaced by trophoblast expressing  endothelial cell markers (Lyall et 

al., 2001). Successful EVT invasion is vital for obtaining an adequate nutrient supply 

(Schuenke and Schulte, 2010) (Figure 1:2).  

 
Figure 1:2: The human placenta in situ and fetus.  
Magnified section shows detailed structure of the villous tree including floating villi (FV), anchoring villi 

(AV) and multinuclear syncytiotrophoblast (SynT) in contact with maternal blood. Also showing the 

microvillous membrane (MVM) and the basal membrane (BM) of the syncytium. The underlying 

mononuclear villous cytotrophoblast cells (vCTB) are shown with the invading cytotrophoblast cells 

(iCTB) that differentiate and anchor the villi within the uterine wall, invading the maternal spiral 

arterioles and perform remodelling. Adapted from: (Maltepe et al., 2010). 



24 
 

The STB bears a maternal-facing microvillous membrane (MVM) while the fetal-facing 

basal membrane (BM) abuts the cytotrophoblast or basal lamina (Desforges and Sibley, 

2010) (Figure 1:2). Bi-directional transport across these membranes is essential for 

substances to enter the fetal circulation; consequently they are rich in receptors, 

transporters and enzymes (Gaccioli et al., 2013a, Hiden and Desoye, 2010). The CTB lie on 

the basal lamina beneath which is the villous core composed of connective tissue or 

stroma containing the fetal capillaries lined by endothelium (Burton et al., 2009) and 

Hofbauer cells, the placental mononuclear phagocytes (Kaufmann et al., 1977, Wood, 

1980).  

1.3.3 Placental function 

The placenta is a complex organ, functioning as the lungs, gastrointestinal tract, kidneys 

and liver for the developing fetus (Desforges and Sibley, 2010, Burton and Fowden, 2015). 

The three key functions of the villous placenta are:  

(1) Transport: the specialised microstructural development of the placenta provides for an 

optimal exchange of nutrients and gases to meet the demands of both placenta and 

fetal growth throughout gestation whilst also removing waste products (Kaufmann et 

al., 2003, Aplin, 1991). 

(2) Peptide and hormone biosynthesis: the placenta has an endocrine function, producing 

and secreting vast amounts of hormones or cytokines that have autocrine and 

paracrine actions, regulating placental and fetal growth, parturition and more (Gude et 

al., 2004).  

(3) Protection for the fetus and its environment: the placenta acts as a protective 

immunological barrier, preventing entry of harmful substances whilst driving unsafe 

material back into maternal circulation (Gude et al., 2004). The placenta also provides 

the fetus with passive immunity utilising antibodies from maternal blood; but at the 

same time protecting the fetus from recognition by the maternal immune system as a 

foreign entity (Ishida et al., 2011).  

These functions largely occur in the trophoblast exchange membranes, so it is reasonable 

to assume any disruption to trophoblast function will have detrimental effects on the 

healthy growth and overall function of the placenta; and consequently that of the fetus.  
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1.4 Transport across the placental exchange membranes   

The diffusion of respiratory gases occurs rapidly as the placenta is highly permeable to 

oxygen and rapidly removes carbon dioxide from fetal circulation (Gude et al., 2004). The 

activity and distribution of nutrient transporters within the apical and basal STB 

membranes protect the fetal environment by controlling the rate of transport, permitting 

only the amount of nutrients required to meet the demands of the fetus to cross the 

membranes (Desforges and Sibley, 2010). The variety of mechanisms utilised for placental 

nutrient transport are summarised in Table 1:1, which also includes a few select examples 

of solutes transported via these mechanisms. Some substances, such as water and small 

molecules can freely cross the cell membrane; however larger substances are bought into 

a cell via an energy requiring process known as endocytosis (Ivanov, 2008). Substances are 

enclosed by a small proportion of the cell membrane, which first invaginates, then pinches 

off to internalise the cargo within an endocytic vesicle (Alberts, 2002). It is thought the 

endocytosis of various transport systems can regulate their expression at the membrane 

and therefore uptake of substrates.  

Table 1:1: Transport mechanisms and transporters of the placenta. Data summary compiled from 
(Desforges and Sibley, 2010). 

Transport Mechanism Examples of Solute Transported 
Ion Channels Potassium (K

+
), Sodium (Na

+
) 

Calcium (Ca
+
), Chlorine (CL-) 

Simple Diffusion Oxygen (O2), Carbon Dioxide (CO2) 
Facilitated diffusion Glucose, Fatty acids  
Co-transporter 
-e.g. system L 

 
Neutral amino Acids 

Exchange transporter   Na
+
/H

+
 exchanger 

Active Transport Na
+
/K

+
/ATPase transporter 

Endocytosis: e.g. clathrin-
dependent 

Immunoglobulin G (IgG),  
Transferrin, Low-density-lipoproteins (LDL) 

 

1.4.1 Fatty acids and triglycerides   

Energy can be provided to the developing feto-placental unit from the transfer of fatty 

acids (Lager and Powell, 2012). Fatty acid transport by the placenta come from two main 

sources in the maternal circulation, esterified fatty acids (also known as triglycerides) that 

are transported by lipoproteins, such as high- or low- density lipoproteins (HDL, LDL) and 

non-esterified fatty acids (Lager and Powell, 2012). The MVM expressed lipases convert 

triglycerides into non-esterified fatty acids to facilitate their entry and release in placenta 

(Magnusson et al., 2004). Transfer of fatty acids is driven by a maternal to fetal 

concentration gradient and fatty acids can cross the STBs lipid biolayer by simple diffusion 

(Duggan et al., 2008). However increased transport is facilitated by fatty acid binding 
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proteins (FABP, localised to both the MVM) and fatty acid-transfer proteins (FAT/FATP, 

localised to both the MVM and BM of the STB) (Haggarty, 2010). Once transported, fatty 

acids are used to synthesise triglycerides, for biosynthesis of the membrane, cholesterol 

esterification, oxidation or for direct transfer to the fetus (Duggan et al., 2008). Fatty acids 

are also synthesised in the placenta and can be transferred to the fetal environment 

(Duggan et al., 2008).  

1.4.2 Amino acids 

Fetal growth largely depends on the supply of amino acids. Maternal serum concentration 

of amino acid is lower than that of fetus, suggesting a process of active transport for 

amino acids transfer (Duggan et al., 2008). The placenta is rich in taurine, glutamate and 

aspartate, as well as alanine, glycine, serine, glutamine and threonine (Philipps et al., 1978, 

Duggan et al., 2008). Five types of amino acids transport systems have been described in 

the human placenta for the transport of neutral, anionic and cationic amino acids, named 

by the substrate specificity and where the uptake is sodium-dependent (Jansson, 2001, 

Carter, 2012). Neutral amino acids are transported via different transport systems present 

on both the MVM and BM of syncytiotrophoblast in the human placenta, with greater 

transport capacity at the MVM (Johnson and Smith, 1988, Jansson, 2001). The sodium-

coupled system A transporter, transports small amino acids such as alanine, serine proline 

and glycine, whereas system ASC transports anionic amino acids such as, alanine, serine 

and cysteine (Jansson, 2001, Duggan et al., 2008). The ̡ -transport system can transport ̡-

amino acids, such as taurine (Jansson, 2001), the most abundant amino acid in the human 

placenta (Philipps et al., 1978). The sodium-dependent uptake of taurine and other ̡-

amino acids is highly expressed at the MVM (Johnson and Smith, 1988), suggesting a large 

role in STB function. The sodium-independent exchange of system L transporters have a 

high affinity for leucine and other branched-chain amino acids (Yudilevich and Sweiry, 

1985). The placenta contains enzymes related to amino acid metabolism and requires a 

large proportion of amino acids for function and growth. Amino acid transport systems are 

present in placental endothelium to supply to the fetus for support of development 

(Duggan et al., 2008).  

1.4.3 Glucose  

In healthy pregnancies, glucose is utilised to fulfil a large portion of the placental and fetal 

energy requirement (Aldoretta and Hay, 1995, Ishida et al., 2011, Lager and Powell, 2012). 

Glucose can cross the placental barrier by simple diffusion down a concentration gradient; 

however this mechanism is not adequate to supply the fetus with the glucose level it 
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requires (Butte, 2000). Consequently, the placenta also actively transports glucose from 

the maternal environment, particularly when the concentration in maternal blood is lower 

than that of the villous tissue (e.g., between meals) (Knipp et al., 1999). Placental transfer 

of glucose is dependent on glucose transporters (GLUTs), predominantly GLUT1 and 

GLUT3, but placental tissue also expresses GLUT4 and GLUT 9 (Stanirowski et al., 2017). 

GLUT1 and 3 are non-insulin sensitive transporters, so the majority of glucose transport is 

passive. GLUT1, which is abundant throughout gestation, is present on the MVM and BM 

(Takata and Hirano, 1997), the CTB cells, as well as endothelial cells of the fetal capillaries 

(Tadokoro et al., 1996). GLUT1 expression is 3-fold greater in the MVM, than the BM 

(Jansson et al., 1993). However, its expression is thought to adapt to its environment, 

increasing in low glucose conditions and decreasing its expression when glucose levels are 

high (Takata et al., 1992), presumably to maintain a steady flow of glucose into the 

placenta-fetal environment. GLUT3 is a high-affinity transporter, allowing transport of 

glucose when availability is low. Some reports suggest that GLUT3 is localised to the CTB 

and at term the endothelium of the vessels, suggesting a role in the transport of glucose to 

the fetal environment (Illsley, 2000), whilst others propose that GLUT3 expression is 

localised to dividing trophoblast cells and has a distinctive role in helping to maintain 

placental growth over placental-to-fetal transfer of glucose (Clarson et al., 1997). The 

evidence regarding GLUT9 expression is limited; however some evidence suggests GLUT9 

expression is splice dependent, with one splice variant (GLUT9a) localised to the BM of the 

STB and another (GLUT9b) localised to the MVM (Bibee et al., 2011), suggesting splicing-

associated roles for GLUT transporters in the placenta. In contrast, GLUT4 is insulin 

sensitive and is expressed in stromal cells of the term placenta, co-localised with insulin 

receptors (Xing et al., 1998). Some evidence also suggests GLUT4 is expressed in STB 

during the first trimester, but lost at term (Ericsson et al., 2005). Due to discrepancies in its 

location, the precise role of placental GLUT4 is, however, unclear (Xing et al., 1998, 

Ericsson et al., 2005). The placenta expresses insulin receptors in the MVM, but this 

decreases at term (Desoye et al., 1994) and studies have failed to show an increase in 

insulin-stimulated glucose transport by placental cells (Boileau et al., 2001). 

 

1.5 Hormone regulation of placental growth  

As well as transfer of nutrients, the placenta can respond to hormonal or cytokine action 

to regulate both placental and fetal growth throughout gestation (Gude et al., 2004). 

These hormones include multiple growth factors (GFs), which act via tyrosine kinase 
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receptors. Maternal circulating and placentally produced GFs can influence placental 

morphogenesis and  expansion (Forbes and Westwood, 2010, Ong et al., 2000), for 

example, in normal pregnancies maternal insulin-like growth factor I (IGF-I) levels were 

found to correlate with fetal birth weight (Caufriez et al., 1994). Other GFs such as IGF-II, 

platelet-derived growth factor (PDGF), epidermal growth factor (EGF) and fibroblast 

growth factors (FGF) increase in the maternal circulation throughout gestation, suggesting 

maternal GFs have the potential to influence placental growth (Evain-Brion, 1994, Forbes 

and Westwood, 2010, Rab et al., 2013). This is supported experimentally through studies 

of human first trimester placental explants which exhibited increased cytotrophoblast 

proliferation when supplemented with exogenous IGF-I or IGF-II (Forbes et al., 2008). 

Exogenous IGF-I also increased both placental and fetal size and nutrient uptake in the 

guinea pig (Sferruzzi-Perri et al., 2007). 

The insulin-like growth factor (IGF) system, comprising the ligands insulin, IGF-I and IGF-II, 

has a critical role in placental and fetal growth (Gicquel and Le Bouc, 2006, Hiden and 

Desoye, 2010). The insulin receptor (IR) and the IGF type 1 receptor (IGF-IR) are similar in 

structure, so consequently there is cross over in the stimulation of downstream signalling 

pathways, such as the extracellular signal regulated kinase (ERK) 1/2 pathway or the 

phosphoinsitide 3-kinase (PI3K)/protein kinase B (AKT) pathway. Activation leads to 

increased proliferation and modulation of metabolic function, respectively (Hiden et al., 

2009).  Insulin is thought to have mainly metabolic actions, particularly in skeletal muscle 

and adipose tissues, whereas IGFs affect mitotic rates and have a role in the progression of 

the cell cycle (Werner and LeRoith, 2014). IR is expressed in trophoblasts in early 

pregnancy, but restricted to endothelium at term (Hiden et al., 2009). Some studies have 

observed co-localise of the IR with Ki67 (a cell-cycle dependent protein), suggesting insulin 

signalling can also have a role in stimulating proliferation (Desoye et al., 1997).  

In human pregnancy, the IGF-I protein is expressed throughout all placental cell types 

(Dalcik et al., 2001), whereas IGF-IR is mainly expressed in the MVM of the STB and to 

some extent the BM (Fang et al., 1997, Hayati et al., 2007). The IGF-IIR is also present at 

the MVM, but this expression is thought to represent the unoccupied receptors. When 

stimulated IGF-IIR is localised to the BM (Fang et al., 1997). The IGF-II protein expression is 

however localised to villous trophoblasts and EVTs in first trimester, but becomes 

undetectable at term (Hiden et al., 2009). Together these data suggest that IGF system can 

stimulate both trophoblast mitosis and the placental metabolic functions in response to 

placentally and maternally produced insulin and IGFs. A normal functioning IGF system is 
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therefore necessary to maintain adequate placental and fetal growth. This is emphasised 

by the fact that total IGF-I(-/ -) or IGF-II(-/ -) null mutated mice produce growth restricted 

pups (Baker et al., 1993, Gicquel and Le Bouc, 2006) and the placental-specific IGF-II(-/ -) 

(P0) mouse model resulted in severe growth restriction of both placenta and pups 

(Constancia et al., 2002).  

PDGF has two main receptors όʰ ŀƴŘ ʲύ and four ligand chains (A-D), making up PDGFR 

ligands: AA, AB, BB, CC, DD (Fredriksson et al., 2004). The classical PDGFs (A and B) mainly 

target mesenchymal or neurological cells; in humans, PDGF-A is highly expressed in heart 

and pancreas (Fredriksson et al., 2004) whereas PDGF-B, although expressed ubiquitously, 

is particularly abundant in the heart and placenta (Holmgren et al., 1991, Holmgren et al., 

1992). ¢ƘŜ t5DCwʲ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ƘŀǾŜ ŀ Ƴŀƛƴ ǊƻƭŜ ƛƴ ǎƛƎƴŀƭƭƛƴƎ ƳŜŎƘŀƴƛǎƳǎ ƛƴǾƻƭǾŜŘ ƛƴ 

blood vessel formation and haematopoiesis (the formation of new blood cells) (Andrae et 

al., 2008). In early embryogenesis, PDGF-! ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ ŀƴŘ t5DCwʰ ƛǎ 

expressed in the adjacent, underlying mesenchymal cells (Orr-Urtreger and Lonai, 1992). 

Similarly, embryo expression of PDGF-B is located to immature capillary and arterial 

ŜƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎ ŀƴŘ t5DCwʲ ǘƻ ǾŀǎŎǳƭŀǊ ǎƳƻƻǘƘ ƳǳǎŎƭŜκǇŜǊƛŎȅǘŜ ŎŜƭƭǎ (Hellstrom et al., 

1999). These data suggest that the PDGF system has the capacity to mediate signalling 

across different cell layers (Orr-Urtreger and Lonai, 1992, Holmgren et al., 1991). 

!ŘŘƛǘƛƻƴŀƭƭȅΣ ƳǳǘŀǘŜŘ t5DCwʲ ŀŦŦŜŎǘŜŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ƳƻǳǎŜ ǇƭŀŎŜƴǘŀΣ particularly 

in the labyrinth zone, causing disorganised vessel formation and hyperproliferation of 

smooth muscle and endothelial cells (Looman et al., 2007). These data suggest PDGR and 

its receptor have a major role in the early development and formation of the placental 

vasculature. 

The epidermal growth factor and receptor (EGF-EGFR) translate extracellular stimuli 

through the protein kinase 1/2 (ERK 1/2) pathway and have a major role in placental 

growth and development (Evain-Brion and Alsat, 1994). In early gestation (4-5wk), EGF and 

its receptor are localised to CTBs, whereas in later gestation (6-12wk) both are localised to 

the STB (Maruo et al., 1995, Mochizuki et al., 1998), with strong staining for EGFR in the 

MVM and only faint staining in CTBs (Hofmann et al., 1992). On stimulating first trimester 

explants with EGF, receptor-mediated transcytosis of EGF is observed (5min), with 

increased BM staining; however at term EGF is localised to syncytial nuclei (Arnholdt et al., 

1991) demonstrating alternative signalling of EGF throughout gestation.  

EGF stimulates the initiation of cell division, including that of trophoblasts, as 

demonstrated by EGF induction of proliferation in cultured placental explants (Maruo et 
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al., 1995). EGF also stimulates the production of human chorionic gonadotrophin (hCG) 

and human placental lactogen (hPL) in human placenta (Maruo et al., 1995). These data 

suggest that EGF has both autocrine and paracrine roles in early implantation (Hofmann et 

al., 1992). There is some evidence that placental EGF expression is reduced (Rab et al., 

2013) and differentially activated (by phosphorylation) (Gabriel et al., 1994) in pregnancies 

that result in FGR, suggesting the precise action of placental EGF is vital for supporting 

normal fetal growth.   

Studies have shown that ƳŀǘŜǊƴŀƭ ǎŜǊǳƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ 9DCΣ t5DCʲ ŀƴŘ LDC-I are 

significantly higher in the third trimester of pregnancies complicated by diabetes and a 

macrosomic infant when compared to control pregnancies with an appropriately sized 

infant (Grissa et al., 2010). Additionally, the placental expression of mRNA for the GF 

ǊŜŎŜǇǘƻǊǎ t5DCwʲΣ 9DCw ŀƴŘ LDC-IR are raised in pregnancies complicated by diabetes 

(Jiang et al., 2009, Grissa et al., 2010), suggesting that the placenta can sense and adapt in 

response to a change in GF availability to maintain optimal growth, but aberrant GF 

availability may cause placental adaptations in function. If GF availability is altered for long 

periods, for example in pregnancies complicated by diabetes, inappropriate growth of the 

placenta or the placental compartments may occur.  

 

1.6 Placental adaptation in pregnancies complicated by diabetes  

Placentas from pregnancies complicated by maternal diabetes, particularly when 

glycaemic control is poor, are typically described as aberrantly formed, large, voluminous 

and hypervascularised (Mayhew et al., 1993, Boyd et al., 1986, Hod et al., 2016).   

1.6.1 Structural changes  

Increased placental volume and therefore weight are commonly reported in pregnancies 

complicated by maternal diabetes (Boyd et al., 1986, Taricco et al., 2003, Hod et al., 2016, 

Buhary et al., 2016, Nelson et al., 2008); however many other studies have found no 

significant change in placental weight in association with diabetes (Clarson et al., 1989, 

Mayhew et al., 1994). It is therefore unclear whether increased placental size is a 

compensatory mechanism to support a greater demand of nutrients for the larger fetus, or 

whether an increased placental size causes a comparable increase in fetal size (Vambergue 

and Fajardy, 2011). Nonetheless, accelerated growth of placenta and fetus are still a 

common phenomenon. A number of studies have documented thickening of the placental 

basal lamina in pregnancies complicated by diabetes, which may be a consequence of 

increased fibrin deposition at sites of damage (Mayhew and Sampson, 2003) or an 
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increased endothelial cell turnover resulting in basal lamina reduplication (Vracko and 

Benditt, 1972).  

 
Other observations of placentas from pregnancies complicated by diabetes have revealed 

increased lesions, fibrinoid necrosis, unspecialised immature villi as a result of hypoxia and 

a reduced fetal-placental weight ratio; suggesting placental insufficiency (Daskalakis et al., 

2008). The precise mechanisms underlying these placental changes in diabetes are 

unclear, but it is thought they may be a compensatory adaptation to the insults caused by 

increased glucose levels. 

1.6.2 Functional consequences   

Hypoxia, a condition where oxygen levels are below the metabolic demand, is a common 

phenomenon in placentas of pregnancies complicated by diabetes, mainly due to 

increased fetal glucose metabolism in the hyperglycaemic fetus (Cvitic et al., 2014). 

Increased fetal distress induced by hypoxia is evident by increased numbers of nucleated 

red blood cells observed in placenta and cord blood (Daskalakis et al., 2008). Placental 

hypoxia is thought to induce the synthesis of proangiogenic factors, mainly vascular 

endothelial growth factor (VEGF) and angiopoietin (ANGPT), but in addition, increased 

production of leptin, fibroblast growth factor 2 (FGF2), erythropoietin (EPA), adiponectin 

(ADIPOQ), placental growth factor (PlGF), insulin and IGFs (INS/IGF) (Cvitic et al., 2014) have 

been reported. As a result, placental angiogenesis increases, consistent with the reported 

hypervascular appearance (Cvitic et al., 2014). It is likely that pre-gestational diabetes has 

an increased detrimental effect on  vasculogenesis compared to GDM, as the metabolic 

insult occurs in early development (Rizzo et al., 2012). Diabetes in pregnancy is also linked 

to hypertropic decidual vasculopathy, causing an increase in smooth muscle cell size and 

consequently increased risk of maternal hypertension, with the greatest risk in 

pregnancies complicated by T2DM (Huynh et al., 2015). 

 

Maternal and fetal hyperglycaemia and hyperinsulinaemia alter placental gene expression 

and increase placental glycogenesis (Desoye and Hauguel-de Mouzon, 2007, Hiden et al., 

2006, Hiden and Desoye, 2010), as well as the production, secretion and transport of 

placental peptides, growth factors, cytokines and hormones (Radaelli et al., 2003, Jansson 

et al., 2001, Desoye and Hauguel-de Mouzon, 2007, Cvitic et al., 2014, Coya et al., 2001). 

Increases in the placental transport of glucose, amino acids, fatty acids, folic acid and 
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calcium are also associated with maternal diabetes (Jansson et al., 2001, Jansson et al., 

2002, Desoye and Hauguel-de Mouzon, 2007).   

 

The transport of amino acids via system A increases in placentas of mothers with T1DM 

and GDM by as much as 80%, regardless of infant weight at birth (Jansson et al., 2002). 

This increase is seen most significantly at the MVM, but no change to the activity of BM 

transporters is observed, suggesting that the accelerated growth of placenta and/or fetus 

in pregnancies complicated by maternal diabetes may, in part, be attributed to increased 

transport of all neutral amino acids (Jansson et al., 2002). Hormonal influences, such as 

leptin or insulin stimulation, can also exacerbate this effect by 37% and 56% respectively 

(Jansson et al., 2003). These data suggest that the rate of amino acid transport in the 

placenta can influence both placental and fetal growth throughout gestation, where 

dysregulated expression and activity of amino acid transport may contribute to poor 

pregnancy outcomes (Carter, 2012); however this effect seems to be system A specific, as 

lysine and taurine transport, in isolated MVM preparations, do not alter in diabetes 

(Jansson et al., 2002).  

 

Jansson et al (1999) also studied the expression of GLUT1 in placentas of mothers with 

T1DM and found that its expression was elevated (40%) in the BM; this resulted in a 59% 

increase in placental glucose transport (Jansson et al., 1999), which increased when 

mothers received insulin treatment compared to non-insulin treated diabetic mothers 

(Osmond et al., 2001). As there was no difference in GLUT1 expression and glucose 

transport in GDM and control placentae, JansǎƻƴΩǎ ƎǊƻǳǇ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ǘƘŜ ǇƭŀŎŜƴǘŀ ƛǎ 

more sensitive to changes in glucose transport in first trimester; GDM mothers only 

develop hyperglycaemia toward the second half of pregnancy (Jansson et al., 2001). The 

change in glucose transport to placental and fetal environments is therefore thought to be 

a consequence of a change in GLUT transporter expression. GLUT4 and GLUT9 expression 

is also increased in the placenta of women with pre-existing diabetes compared to control 

and GDM pregnancies (Stanirowski et al., 2017). The expression of GLUT9a increases in the 

BM, whereas GLUT9b expression increases in the MVM (Bibee et al., 2011), increasing 

fetal exposure to glucose (Jansson et al., 1999, Gaither et al., 1999).  

 

Fatty acid transport is also known to increase in the placenta from mothers with diabetes 

as maternal plasma levels are elevated (Shafrir and Barash, 1987, Duggan et al., 2008). 

Macrosomic fetal lipoprotein concentrations are elevated, particularly when mothers have 
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poor glycaemic control (Merzouk et al., 2000), suggesting the  placenta cannot filter the 

transfer of excessive nutrients to the fetal environment in pregnancies complicated by 

diabetes. Altered lipid metabolism in placenta has also been observed in pregnancies 

complicated by maternal diabetes as high glucose levels are thought to reduce fatty acid 

oxidation in mitochondria, preventing triglyceride accumulation (Visiedo et al., 2013). 

Altered placental metabolism in these pregnancies is thought to be an attempt to reduce 

fetal fat accumulation and macrosomia. 

 

Many of these studies were conducted over 30 years ago and there are some 

inconsistencies between the findings. This may be due to inappropriate controls, or 

improvements to pregnancy management over time. However the data suggest maternal 

diabetes in pregnancy can severely alter placental development, which has many 

functional consequences. It is likely the precise adaptations to placental structure/function 

observed in pregnancies complicated by diabetes largely depend on when the glycaemic 

insult occurs in gestation and therefore on the type of maternal diabetes (Desoye and 

Hauguel-de Mouzon, 2007, Hiden and Desoye, 2010). The placenta protects the fetus from 

environmental insults by a change in signalling (Nugent and Bale, 2015). The exact 

biomolecular mechanisms that sense changes in the maternal environment to cause 

appropriate adaptation of placental structure/function are unclear. Understanding how 

placental function adapts when nutrient availability is unfavourable is vital to provide 

explanations of how uptake and transcytosis systems become dysfunctional at the onset of 

disease. However, one possible mechanism may involve nutrient signalling pathways.  

 

1.7 Nutrient Signalling Pathways 

Three well established nutrient signalling pathways of eukaryotic cells include the 

mechanistic target of rapamycin (mTOR) pathway, the adenosine monophosphate 

activated protein kinase (AMPK) pathway and the hexosamine biosynthetic pathway (HBP) 

(Marshall, 2006). These pathways adjust activity of a cell in response to nutrient 

availability through a series of short-term and long-term regulatory processes controlling 

the PTMs of multiple proteins (Marshall, 2006). The focus of this discussion will follow the 

HBP, as this pathway senses glucose availability in, for instance, muscle and adipose 

tissues (McClain, 2002), to regulate protein function through cyclical O-linked 

glycosylation. It is possible that flux through this pathway is disrupted in placentas of 

mothers with diabetes as a result of excessive glucose exposure.   
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1.7.1 O-Glycosylation 

Glycoproteins are generated through the post-translational attachment of carbohydrate 

moieties to the protein through N-glycosidic (nitrogen) or O-glycosidic (oxygen) covalent 

bonds (King, 1996). When O-glycosidic bonds form, the attachment is located to the 

hydroxyl serine or threonine residues of the protein, whereas N-glycosidic bonds form 

with the amide group of asparagine residues (King, 1996). The addition of the single 

monosaccharide, N-acetylglucosamine (GlcNAc), to a protein is a unique form of protein 

glycosylation called O-GlcNAcylation (Torres and Hart, 1984). O-GlcNAcylation is unique 

because, once attached, there is no further elongation of the monosaccharide sugar into 

more complex polysaccharide structures (King, 1996). Traditionally O-glycosylation occurs 

within the lumen of intracellular compartments such as the Golgi apparatus or 

endoplasmic reticulum (Lennarz, 1987, Hart et al., 2006); however, in 1984, it became 

apparent that this unique form of protein glycosylation also occurs on nuclear and 

cytoplasmic proteins (Torres and Hart, 1984).  

Many different protein classes are now known to be O-GlcNAc-modified, including 

transcription factors, cytoskeletal proteins, multiple kinases, transmembrane proteins and 

oncogenes (Hart et al., 1996, Hart and Akimoto, 2009). Once modified, the activity of a 

protein may change, either silencing or enhancing the activity or protein-protein 

interactions. The biological consequence of O-GlcNAcylation depends on the protein and 

site in which the GlcNAc is attached (Hart and Akimoto, 2009). The addition/removal 

(cycling) of O-GlcNAc has a role in cellular signalling, cellular stress, transcription, 

translation, maintenance of the cytoskeleton, protein trafficking and development (Hart et 

al., 2011). Protein O-GlcNAcylation depends on the presence of an amino-sugar conjugate, 

uridine diphospho-N-acetylglucosamine (UDP-GlcNAc), which is synthesised through 

hexosamine metabolism within the HBP. O-GlcNAcylation is therefore dependent on flux 

through the HBP, which, in turn, is dependent on nutrient availability (King, 1996, Hart and 

Akimoto, 2009, Hart et al., 2011).   

1.7.2 The Hexosamine Biosynthetic Pathway  

The HBP is found within eukaryotic cells of multicelluar organisms and regulates cellular 

uptake and metabolism of glucose, free fatty acids, amino acids, nucleotide and nitrogen 

(Hart and Akimoto, 2009, Hanover et al., 2012). The production of the pathwayΩǎ end 

product (UDP-GlcNAc) depends on the availability of these nutrients (Hart et al., 2007). On 

entering the cell, glucose is rapidly phosphorylated to form glucose-6-phosphate (Glc-6-P) 

by hexokinases. Glc-6-P is then isomerised to form fructose-6-phosphate (Fru-6-P) (Lima et 
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al., 2012), which is utilised to produce energy through oxidation in glycolysis or stored as 

glycogen (Figure 1:3). A small percentage of Fru-6-P (approximately 2-5%) enters the HBP 

(Marshall et al., 1991b, Hawkins et al., 1997). The first step catalyses the formation of 

glucosamine-6-phosphate (GlcN-6-P), incorporating glutamine via the enzyme 

glutamine:fructose-6-phosphate aminotransferase (GFAT). This step is referred to as the 

rate-limiting step in the HBP, as GFAT function is subject to feedback and partial inhibition 

through the accumulation of UDP-GlcNAc (Bouche et al., 2004). The subsequent enzymatic 

steps convert GlcN-6-P to glucosamine-6-phosphate (GlcNAc-6-P), which is then 

isomerised and acetylated by acetyl-CoA:D-glucosamine-6-phosphate N-acetyltransferase 

(GAT) to produce N-acetyl glucosamine-1-P (GlcNAc-1-P). The next step involves uridine 

diphosphate-N-acetylglucosamine pyrophosphorylase (AGX) to produce the end product, 

UDP-GlcNAc, the substrate donor for O-GlcNAc cycling of proteins (Lima et al., 2012). 

Glucosamine enters the cell and is converted to GlcN-6-P by a hexokinase, feeding directly 

into the HBP distal to GFAT (McClain, 2002, Marshall et al., 1991a, Ross et al., 2000). For a 

representation of the HBP flux within a cell see Figure 1:3 with the incorporation of 

glutamine. 
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Figure 1:3: Flux through the hexosamine biosynthesis pathway (HBP) and protein O-GlcNAcylation. 

Glucose (Glc), glutamine (Gln) and glucosamine (GlnN) enter the cell via GLUT transporters. Following 

rapid phosphorylation of glucose, Fructose-6-phosphate (Fruc-6-P) and glutamine (Gln) are converted to  

glucosamine-6-phosphate (GlcN-6-P) by glutamine:fructose- 6-phosphate (GFAT); the first step of the 

HBP. A series of enzymatic steps occur, producing N-Acetyl-D-Glucosamine-6-Phosphate (GlcNAc-6-P) 

and N-Acetyl-D-glucosamine-1-phosphate (GlcNAc-1-P) and finally uridine diphospho-N-

acetylglucosamine (UDP-GlcNAc). Glucosamine (GlnN) enters the cell and is converted to GlcN-6-P by a 

hexokinase, feeding directly into the HBP distal to GFAT. UDP-GlcNAc is a sugar donor for both classical 

glycosylation and O-GlcNAcylation. O-GlcNAc cycling is controlled by enzymes; N-acetylglucosaminyl-

transferase (OGT) for the addition and N-acetyl-beta-glucosaminidase (OGA) for the removal of GlcNAc 

to serine (S) or threonine (T) residues on the target protein. Adapted from (Chaiyawat et al., 2014). 

 

1.7.2.1 The enzymes of O-GlcNAc cycling 
O-GlcNAc cycling of a protein is a fundamental mechanism for regulating function, similar 

to a switch, turning the protein on or off in response to cellular nutrient availability. Two 

enzymes control the addition and removal of O-GlcNAc to proteins. -̡N-

acetylglucosaminyl-transferase (OGT), Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ммлƪ5ŀ ʰ ǎǳōǳƴƛǘ ŀƴŘ ŀ туƪ5ŀ ʲ 

subunit, where the ratio of larger or smaller subunits is thought to vary considerably 

between tissue type and species (Haltiwanger et al., 1992). OGT is responsible for the 

addition of O-GlcNAc to serine or threonine residues (Kreppel and Hart, 1999), it is a 
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bifunctional enzyme with both a catalytic C-terminal domain and an N-terminal protein-

protein interaction tetratricopeptide (TRP) repeat domain (Kreppel et al., 1997). The 

presence of TRPs provides the protein with multiple docking sites for target proteins and 

ŎƻƴǘǊƻƭǎ hD¢Ωǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ƛǘǎ ǎǳōǎǘǊŀǘŜǎΣ allowing greater regulation of O-

GlcNAcylation (Hart et al., 2011, Slawson et al., 2006).  

In more recent years, different isoforms of OGT have been discovered. A smaller 103 kDa 

isoform was identified in mitochondria (mOGT) compared to the longer 116 kDa isoform of 

the nucleus and cytoplasm (Love et al., 2003). Additionally, an endoplasmic reticulum 

isoform (eOGT) has emerged, modifying proteins that contain eukaryotic growth factor-

like domains, suggesting eOGT has a role in  O-GlcNAcylation of transmembrane/ 

membrane bound proteins and proteins of the cell surface (Sakaidani et al., 2011). The 

cellular location of OGT is also thought to change as a result of nutrient availability and cell 

stimulation (Whelan et al., 2008, Yang et al., 2008), thus changing the substrates in its 

proximity and therefore the class of protein that is modified. For example, insulin 

stimulation causes OGT migration from the nucleus to the plasma membrane (Yang et al., 

2008). OGT substrate specificity is also regulated by the cellular concentration of UDP-

GlcNAc (Kreppel and Hart, 1999) as OGT is also and O-GlcNAc target; altered HPF-flux and 

UDP-GlcNAc production will alter the degree of OGT O-GlcNAcylation. Furthermore, OGT 

can be both phosphorylated and O-GlcNAcylated in response to altered nutrient 

availability (Kreppel et al., 1997). Together these data suggests a cell is capable of 

regulating the binding properties of OGT and therefore O-GlcNAcylation of target proteins 

in response to altered nutrient availability.  

O-GlcNAcylation is cyclic, thus the O-GlcNAc monosaccharide can be removed to leave a 

protein in its original unmodified state (Shafi et al., 2000). The enzyme catalysing O-GlcNAc 

removal from a protein is O- -̡N-acetylglucosaminidase (O-GlcNAcase or OGA) 

(Haltiwanger et al., 1990). This enzyme also contains two domains, the catalytic domain 

and a histone acetyl transfer (HAT) domain (Hart et al., 2011), suggesting a major role in 

regulating gene transcription. The mechanisms by which OGA targets O-GlcNAc removal is 

unknown (Macauley et al., 2005) but the activity of OGA is also thought to be influenced 

by PTMs and nutrient availability (Lazarus et al., 2006).  

The O-GlcNAcylation cycle is summarised in Figure 1:4, illustrating the addition and 

removal of O-GlcNAc by OGT and OGA, respectively.    
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Figure 1:4: Protein O-GlcNAcylation cycle: 
O-GlcNAc transferase (OGT) attaches O-GlcNAc to proteins at specific serine or threonine residues. O-

GlcNAcase (OGA) hydrolyses the removal of O-GlcNAc from proteins. The end production of the 

hexosamine biosynthetic pathway, uridine diphospho-N-acetylglucosamine (UDP-GlcNAc) is utilised for 

O-GlcNAc attachment. Figure adapted from (Hart and Akimoto, 2009). 

 

The HBP flux can be manipulated at various stages to alter the activity of O-GlcNAc cycling, 

which in turn alters total protein O-GlcNAcylation in vivo (Hawkins et al., 1997, Ostrowski 

and van Aalten, 2013). Exogenous treatments with high glucose or glucosamine are 

typically used to increase HBP flux and stimulate protein O-GlcNAcylation, whereas 

pharmacological interventions that target and inhibit specific enzymes of the HBP or O-

GlcNAc-cycling can both increase or decrease protein O-GlcNAcylation (Ostrowski and van 

Aalten, 2013); this, in turn, has a variety of effects on cell function and can be particularly 

useful for investigating the functional consequences of protein O-GlcNAcylation and how 

this process may be disrupted in the development of diseases.  
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1.8 O-GlcNAcylation and phosphorylation crossover  

Dynamic cross talk has been established between O-GlcNAcylation and the 

phosphorylation of a protein (Chou et al., 1995, Haltiwanger et al., 1997, Comer and Hart, 

1999, Butkinaree et al., 2010, Wang et al., 2010, Hart et al., 2011, Hanover et al., 2012). 

These two PTMs have a level of interplay mainly because both PTMs occur at the hydroxyl 

group of serine or threonine residues (Torres and Hart, 1984, Chou et al., 1995). Originally, 

the site occupancy for phosphorylation or O-GlcNAcylation was thought to be competitive, 

modifying the proteinΩs function according to where a protein is phosphorylated or O-

GlcNAcylated; however it is now well established that the two modifications are not just 

reciprocal, but can occur in parallel (Comer and Hart, 2000, Butkinaree et al., 2010). 

Although not fully understood, phosphorylation or O-GlcNAcylation of neighbouring sites 

are believed to regulate the addition of each moiety (Lima et al., 2012) such that the close 

proximity of these PTMs increases the level of control each modification exerts on the 

target protein (Comer and Hart, 1999) by further increasing or decreasing signal 

transduction (Comer and Hart, 1999). Signal transduction is also modified when O-

GlcNAcylation prevents neighbouring tyrosine residues from being phosphorylated (Comer 

and Hart, 1999, Butkinaree et al., 2010).  

In contrast to O-GlcNAcylation, which only requires the co-ordination of two regulatory 

enzymes (OGT and OGA), protein phosphorylation and dephosphorylation requires the 

action of over 300 different kinases and phosphatases, respectively (Love et al., 2010, Hart 

et al., 2011). Furthermore, studies have shown that the rate of O-GlcNAcylation is similar 

to that of phosphorylation; occurring with a half-life of just 1 minutes or less. In contrast, 

others have demonstrated much slower O-GlcNAcylation cycles in response to external 

stimuli (Slawson et al., 2006). To fully understand the effect of protein O-GlcNAcylation on 

function, the role of protein phosphorylation may also need exploring in response to 

altered HBP flux. 

 

1.9 The role of O-GlcNAcylation in relation to protein function  

The literature provides evidence that strongly argues for the importance of protein O-

GlcNAcylation in early development, by maintaining cell homeostasis and regulating 

cellular activity in many multicellular organisms such as plants, eukaryotic organisms 

(including humans), as well as bacteria, viruses and fungi (Hart et al., 2011). 1000 proteins 

have been identified as being O-GlcNAcylated (Hart et al., 2011) and the number of O-
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GlcNAcylated proteins is ever increasing as more are being discovered. The online 

database of O-GlcNAcylated ǇǊƻǘŜƛƴǎ ŀƴŘ ǎƛǘŜǎ ΨdbOGAPΩ 

 <http://cbsb.lombardi.georgetown.edu/OGAP.html> reports 800 proteins that are O-

GlcNAcylated, where approximately 526 are from homo sapiens (last updated 2010; 

(Wang et al., 2011)). Such modifications are thought to regulate transcription, translation, 

cellular signalling, intracellular transport, cellular division and maturation, stress and 

glucose sensing (Wang et al., 2011).  

1.9.1 Transcription Factors 

According to the dbOGAP database, many transcription factors, including AP-1, ESR2, Maf, 

c-aȅŎΣ t¢Cмʰ Σ{tмΣ {wCΣ {ǘat5a, Stat3, p65, c-fos and several more are modified by O-

GlcNAc (Wang et al., 2011). RNA polymerase II (Pol II), a highly abundant transcription 

factor, is also extensively O-GlcNAc-modified (Hart and Akimoto, 2009). Silencing of OGT 

using shRNA led to a reduction in transcriptional activity (Ranuncolo et al., 2012) 

suggesting O-GlcNAcylation is essential for some Pol II transcription, but the story is 

complex. Several studies suggest that the housekeeping transcription factor, Sp1, which 

regulates multiple cell processes, is O-GlcNAcylated (Jackson and Tjian, 1988). The 

dbOGAP database identifies six O-GlcNAc attachments sites on Sp1; strikingly, four of 

these six sites are also phosphorylation sites, suggesting tight regulatory control of 

transcription activity. O-GlcNAcylation of Sp1 within the activation domain (S484) was 

found to significantly reduce transcription activity in HeLa cells, as Sp1 could no longer 

associate with a TATA-binding protein (Yang et al., 2001). These data demonstrate how O-

GlcNAcylation regulates protein-protein interactions with large transcriptional 

consequences. It is possible that altered O-GlcNAcylation of these transcription factors can 

mediate the effect of high glucose on the expression of several gene products in 

pregnancies complicated by diabetes, enhancing transcription for some proteins but 

silencing others (Hart and Akimoto, 2009), which will ultimately modify cell and placental 

function. 

1.9.2 Intracellular signalling cascades 

O-GlcNAcylation has been investigated in components of intracellular signalling cascades. 

A potentially relevant example is insulin signalling, particularly activation of the insulin 

receptor substrates (IRS-1 and IRS-2) / phosphatidylinositol 3-kinase (PI3-K) /  AKT 

signalling cascade to modulate endothelial nitric oxide synthase (eNOS), resulting in 

vasodilatation (Morello et al., 2009). Culture of human coronary endothelial cells in high 

glucose concentrations led to the development of insulin resistance, which is associated 
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with increased O-GlcNAcylation of IRS-1 and IRS-2, PI3K and eNOS, which in turn reduced 

the activity of eNOS (Federici et al., 2002). These observations highlight the link between 

O-GlcNAcylation of signalling proteins and a change in downstream function. IRS1, IRS2 

and phosphoinositide-dependent kinase-1 (PDK1) are known O-GlcNAc- and 

phosphorylation targets (Whelan et al., 2010). Treatment of cells to increase total O-

GlcNAcylation levels caused a decrease in phosphorylation of IRS1 of adipocytes, which 

reduced PI3K binding to both IRS1 and 2 in response to insulin stimulation (Whelan et al., 

2010). Interestingly, OGT association with PDK1 following insulin stimulation, suggested a 

direct effect of protein O-GlcNAcylation on mediating signal cascades in response to 

stimulus. The effect of protein O-GlcNAcylation in non-insulin sensitive tissues is unknown; 

increased nutrient availability and altered protein O-GlcNAcylation may explain the 

mechanisms in which hyperglycaemia in utero results in up-regulation of placental IGF 

signalling and subsequent fetal overgrowth (Ferraro et al., 2012).  

1.9.3 Transporters 

There is limited evidence for O-GlcNAcylation of transporters; however the main reason 

for altered HBP flux is a change in glucose availability, thus glucose must enter the cell 

through the GLUTs before hexosamine metabolism can occur. As mentioned in section 1.4, 

the expression of GLUT1 is higher in the MVM than BM in normal pregnancies and 

increases in placentas of mothers with pre-existing diabetes, but not in the placentas of 

mothers with GDM. These data suggest that, in addition to increased transporter 

expression, another complication must occur in placentas from mothers with GDM which 

also contributes to the increased placental transfer of glucose in pregnancies complicated 

by diabetes. The online database indicates that the human GLUT1 protein is O-

GlcNAcylated at serine 465 (dbOGAP), which on mutation effects glucose uptake in breast 

cancer cells (Padilla-Meier and Mishra, 2015). It is possible O-GlcNAcylation of GLUT1 

results in irregular uptake or hexosamine metabolism in the STBs. It can be speculated that 

an increased placental glucose exposure in utero of GDM pregnancies may also cause a 

change in activity of the GLUT3 and GLUT9 transporters in placental endothelium, leading 

to increased glucose transport and fetal hyperglycaemia.   
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1.10 The role of O-GlcNAcylation in development 

The importance of OGT in development was first illustrated using male embryonic stem 

cells, where deletion of the OGT gene resulted in a loss of cell viability (Shafi et al., 2000), 

while mutations of the OGT gene prevented the completion of embryogenesis (Shafi et al., 

2000). Total body knockout of the OGT gene resulted in embryonic death at day 5.5 in 

mice (Shafi et al., 2000) and knockout is also lethal in multiple other species (Trapannone 

et al., 2016), highlighting the importance of protein O-GlcNAcylation in early development 

and ontogenesis. In more recent years, tissue-specific knockout models of OGT and OGA 

have been developed; these animals have viable offspring (Watson et al., 2014, Howerton 

and Bale, 2014), thus enabling the study of O-Glycosylation in the progression of diseases.   

Although studies investigating O-GlcNAcylation in placenta are lacking, particularly in 

humans and in relation to diabetes in pregnancy, a recent study developed a placental-

specific knockdown of OGT in a transgenic mouse (Howerton and Bale, 2014). The adult 

offspring present a phenotype typical of early prenatal stress, where pups are typically 

small with reduced mitochondrial function, suggesting that disruption to placental OGT 

action may be linked to fetal growth and metabolic disorders (Howerton et al., 2013, 

Howerton and Bale, 2014).  

The only other study to investigate placental-specific O-GlcNAcylation generated a 

placental-deficient OGA mouse. Placentas were abnormal in shape with signs of poor 

vasculogenesis (Yang et al., 2015), linking reduced vascularisation of the labyrinth with 

developmental delay. This suggests expansion of placental vessels may by regulated by the 

action of OGT and OGA cycling and that disruption of this process in diabetes may alter the 

rate of vasculogenesis in these placentas. As placental development is, in part, regulated 

by oxygen tension, Yang et al. looked at the activity of a hypoxia-inducible factor (HIF1- ;h 

responsible for increasing the expression of genes under hypoxic stress) and observed a 

significant inhibition of HIF1-ʰ activity in the absence of OGA. The authors concluded that 

altered O-GlcNAcylation can modulate the activity of HIF1-ʰ by a change in placental O-

GlcNAc-cycling, which may lead to poor fetal development as a result of hypoxic stress 

(Yang et al., 2015).  

High levels of glucose or glucosamine have also been used in the culture of mouse 

embryos, causing reduced cell proliferation and developmental failure (Pantaleon et al., 

2010). As the effect of treatment was reversed following co-culture with a 

pharmacological inhibitor of OGT, the authors concluded that O-GlcNAcylation must, in 

part, regulate embryo development / embryo expansion and that maternal  
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hyperglycaemia in pregnancies complicated by diabetes could disrupt HBP flux, modifying 

OGT action and protein O-GlcNAcylation (Pantaleon et al., 2010). Poor embryo 

development as a result of altered O-GlcNAcylation may contribute to the increased risk of 

early miscarriage in mothers with poorly controlled diabetes (McLaughlin and McCance, 

2010).  

1.11 Evidence O-GlcNAcylation is altered in disease 

A large amount of work has investigated the role of protein O-GlcNAcylation in relation to 

the development of neurological diseases, e.g., tŀǊƪƛƴǎƻƴΩǎ and !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ 

various cancers and metabolic complications such as insulin resistance and diabetes (Hart 

and Akimoto, 2009, Hart et al., 2011). Protein O-GlcNAcylation is highly responsive to 

external stimuli such as cellular stress, as well as increased circulating glucose and insulin 

levels. It is therefore probable that altered exposure to these stimuli is an important factor 

in the development of disease.  It was noted that, in adipocytes, the development of 

insulin resistance depends on the presence of insulin, glucose and glutamine (Marshall et 

al., 1991a, Marshall, 2006); the latter two are utilised by GFAT in the HBP, thus the role the 

HBP and protein O-GlcNAcylation in the development of diabetes has become the focus of 

much research (Wells et al., 2003).  

1.11.1 O-GlcNAcylation in cell culture 

Cell cultures supplemented with exogenous glucose or glucosamine, produce UDP-GlcNAc, 

leading to increased protein O-GlcNAcylation and, later, insulin resistance (Ross et al., 

2000, Wells et al., 2003). This effect is also evident following pharmacological 

manipulation of the HBP pathway and O-GlcNAc-cycling (Park et al., 2005, Akimoto et al., 

2007). In normal cells, insulin stimulates the translocation of OGT to the cell membrane 

where it binds to the insulin receptor, causing phosphorylation of OGT (Whelan et al., 

2008) and activated AKT signalling (Kohn et al., 1996, Wells et al., 2003). Insulin 

stimulation, in turn initiates translocation of GLUT4-containing vesicles to the membrane 

for insulin-stimulated glucose transport (Patti, 1999). As mentioned earlier, multiple 

proteins of the insulin signalling pathway proximal to AKT are O-GlcNAcylated, causing 

insulin resistance of adipose and muscle cells (Whelan et al., 2010, Hart and Akimoto, 

2009, Wells et al., 2003, Marshall et al., 1991b), which is associated with a reduction in 

GLUT4 translocation (Cooksey et al., 1999). The activity of AKT has been reported to both 

increase and decrease in response to hyperglycaemia (Wells et al., 2003), suggesting some 

conflict in how altered HBP flux effects downstream signalling. These discrepancies in AKT 
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signalling are not fully understood but may depend in part on cell type and insulin-

sensitive glucose transport (Wells et al., 2003).   

1.11.2 O-GlcNAcylation in animal models of diabetes 

The role of the HBP in the development of insulin resistance in vitro is further supported 

by the fact that hyperglycaemia and hyperinsulinaemia are linked to an increase in the 

accumulation of UDP-GlcNAc in liver and muscle tissue of rats (Robinson et al., 1995). 

Some mouse models of diabetes (such as the Ob/Ob transgenic mouse; caused by the 

deletion of the leptin gene) exhibit increased concentrations of UDP-GlcNAc in skeletal 

muscle (Buse et al., 1997). Similarly, transgenic mice with targeted over-expression of 

DC!¢ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells (Tang et al., 2000) adipose or muscle tissue (Hebert et al., 1996, 

Cooksey et al., 1999) also exhibit increased accumulation of UDP-GlcNAc, as well as poor 

glucose disposal rate, a reduction in GLUT4 protein expression and insulin resistance 

(Hebert et al., 1996). Amongst many other rodent models, these suggest a link between 

altered HBP flux and protein O-GlcNAcylation in diabetes. Glucosamine infused rodents 

have reduced glucose-ƛƴŘǳŎŜŘ ƛƴǎǳƭƛƴ ǎŜŎǊŜǘƛƻƴ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells (Shankar et al., 1998, 

Balkan and Dunning, 1994), particularly through the development of insulin-resistant 

skeletal tissues (Hawkins et al., 1997). Again, these data suggest various methods that alter 

HBP processing all contribute to the development of a diabetic phenotype, strengthening 

this pathwayΩs importance in modulating hexosamine metabolism to maintain 

homeostasis and indicate how this may be disrupted in diabetes.  

1.11.3 O-GlcNAcylation in human studies 

In diabetic patients, a study reported that the expression of GFAT in skeletal muscle was 

increased by 46% (Yki-Jarvinen et al., 1996). Similarly there was a positive correlation 

between BMI, serum leptin levels and the UDP-GlcNAc concentrations within adipose 

biopsies and the activity of GFAT in cultured primary adipocytes (Considine et al., 2000), 

suggesting that the function and possibly the increase, of fatty deposits in patients with 

diabetes may be attributed to altered O-GlcNAc cycling in these cells.  

Some studies have observed the effect of glucosamine infusion in healthy individuals and 

reported an increase in fasting plasma glucose levels compared to controls (Monauni et 

al., 2000). Analysis of human serum samples identified 25 erythrocyte proteins as O-

GlcNAc-modified (Wang et al., 2009). Isolation of the O-GlcNAc-modified erythrocyte 

proteins and quantification revealed differences in expression and therefore modification 

between diabetic individuals and controls (Wang et al., 2009). The O-GlcNAcylation status 

of these proteins was later confirmed and identified as having more O-GlcNAc-
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modification in a cohort of pre-diabetic and diabetic patients compared to heathy controls 

(Park et al., 2010), suggesting a change in O-GlcNAcylation correlates with the degree of 

patient hyperglycaemia. The authors suggested that altered O-GlcNAcylation of these 

proteins, isolated from a simple blood test, could serve as a potential biomarker for the 

early detection of diabetes. A more recent study also found increased protein O-

GlcNAcylation of leukocytes in pre-diabetic and diabetic patients, particularly in 

granulocytes and lymphocytes, emphasising the potential clinical relevance in the early 

detection of diabetes using a standard blood sample (Springhorn et al., 2012).   

Together these data strengthen the evidence that, in human studies, altered HBP flux as a 

consequence of increased glucose availability leads to a change in protein O-GlcNAcylation 

and therefore function in diabetes. 

Diabetes-associated complications, such as endothelial dysfunction, kidney disease and 

the development of atherosclerotic plaques, are all associated with increased protein O-

GlcNAcylation (Brockhausen et al., 2009), suggesting that altered protein O-GlcNAcylation 

can have detrimental effects on organ function. Aberrant organ function is also apparent 

in rodent models where treatment with Streptozotocin (STZ), a chemically reactive GlcNAc 

analogue used to induce diabetes, results in sŜƭŜŎǘƛǾŜ ŀǇƻǇǘƻǎƛǎ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells and 

impaired insulin secretion as a result of increased HBP throughput (Park et al., 2007, Hart 

and Akimoto, 2009). Recent analysis of mitochondria in STZ-induced diabetic rats models 

demonstrates that STZ also causes an increase in the degree of protein O-GlcNAcylation 

(Ma et al., 2016), suggesting increased O-GlcNAcylation may also alter mitochondrial 

metabolism.  

Overall there is great evidence that increased HBP flux and protein O-GlcNAcylation may 

result in glucose-related cell toxicity and the development of insulin resistance and 

diabetes, particularly in tissues that contain insulin-responsive GLUT transporters (Yki-

Jarvinen et al., 1996). As glucose transport in the placenta does not depend on insulin and 

therefore the translocation of GLUT4 transporters, the placenta may continue to transport 

excess glucose in pregnancies complicated by maternal diabetes, altering HBP and protein 

O-GlcNAcylation. This in turn may have detrimental consequences on placental function 

and therefore pregnancy success (Schleicher and Weigert, 2000, Buse, 2006). There is 

therefore a clear need to understand the role protein O-GlcNAcylation plays in placental 

function. To date, few observations have been made in human placental tissue. In order to 

ascertain how protein O-glycosylation may regulate signalling pathways and / or an 

individual proteinΩǎ function and how this may be deregulated in pregnancies complicated 
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by maternal diabetes, the O-GlcNAc-modified proteins present in placenta need to be 

identified. If placentas have differences in proteins that are O-GlcNAc-modified in 

pregnancies complicated by diabetes and these modifications impact on placental 

function, future research can focus on developing therapeutic targets of placental O-

GlcNAcylation to help reduce or prevent fetal complications associated with diabetes in 

pregnancy.  
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Research Overview 

Our understanding of how the placenta senses nutrient availability and alters its function 

in response to nutrient fluctuations is poor. The hexosamine biosynthetic pathway and 

consequential protein O-GlcNAcylation is utilised in other tissues as a means of sensing 

nutrient fluctuations and maintaining homeostatic control of individual protein function 

and consequently, cellular behaviour. This project investigated placental O-GlcNAcylation 

and related changes in protein modification to functional consequences.  

Hypothesis  

A different repertoire of proteins is O-GlcNAcylated in placentas from mothers with 

diabetes compared to normal pregnancies. These changes in protein O-GlcNAcylation alter 

placental function.  

Aims: 

The initial aims were 

1. To conduct a proteomic study using human term placental tissue to identify O-GlcNAc-

modification in normal pregnancies and to identify whether placental proteins are 

differentially O-GlcNAcylated in pregnancies complicated by maternal diabetes.  

2. To utilise bioinformatics and network analysis to map the candidate O-GlcNAcylated 

proteins to placental functions and identify which functions are sensitive to change in 

pregnancies complicated by pre-existing maternal diabetes.  

 

This work led to the identification and selection of two pathways for further study: 

clathrin-mediated endocytosis (CME) and growth factor (GF)-stimulated trophoblast 

proliferation. Both pathways are important for the uptake and transfer of substrates to 

support the growth and expansion of the placenta and therefore healthy fetal 

development. These findings led to an additional aim:  

 

3. To design experimental assays and model systems to explore the effect of altered 

protein O-GlcNAcylation on CME and GF signalling.  
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2.0 Materials and Methods 

The principle methodologies used in this study are outlined below. Specific applications 

and experimental conditions will be described in more detail within the relevant results 

chapters.  

2.1 Cell Culture  

BeWo, a cell line derived from a human choriocarcinoma, were used as a model of 

placental trophoblasts (Pattillo et al., 1968)Φ /Ŝƭƭǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ƭŀōƻǊŀǘƻǊȅΩǎ 

liquid nitrogen stores, but originated from European Collection of Animal Cell Cultures 

(ECAC; Porton, Wiltshire). These cells are a well-established trophoblast model and 

extensive phenotype profiling suggests that they produce the full complement of placental 

hormones (Pattillo et al., 1968, Pattillo and Gey, 1968).   

2.1.1 BeWo cell culture 

Complete culture medium comprised a 1:м ǾƻƭǳƳŜΥǾƻƭǳƳŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ 5ǳƭōŜŎŎƻΩǎ 

ƳƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳ ό5a9aύ ŀƴŘ IŀƳǎΩ Cмн bǳǘǊƛŜƴǘ aƛȄ aŜŘƛǳƳ όCмнύ ό{ƛƎƳŀΤ ¦Yύ 

supplemented with 10% fetal bovine serum (FBS; Gibco, UK) and Penicillin-Streptomycin-

Glutamine mix (Penicillin 1U/ml of medium, StǊŜǇǘƻƳȅŎƛƴ м˃ƎκƳƭ ƻŦ ƳŜŘƛǳƳ ŀƴŘ [-

glutamine (2mM); Thermo Fisher, UK). Cells were incubated at 37°C in 5% carbon dioxide / 

95% air. Maintenance culture was performed in 75cm3 culture flasks (Appleton Woods; 

UK) until 80% confluency was reached; at this point, cells were passaged using trypsin (1x; 

Sigma; UK). Cell passages >20 to <40 were used in this study.  

2.1.2 Cell counting   

Cell counts were performed using a haemocytometer, excluding any cells that stained 

positive with the cell death marker trypan blue (Sigma; UK). Cells were seeded at 2 x 106 / 

75 cm3 flask,  3x105 / well of a 6-well culture plates, 8x104-1x105 cells / well of a 12-well 

culture plates, 2.5x104-5x104 / well for 24-well culture plates and at 6x103 or 4x104  cells / 

well of a 96-well plate. 

2.1.3 Cell culture treatments  

Cells were treated by performing a medium change, with the addition of either 

glucosamine (Sigma; UK), (dose range 1mM-10mM) or glucose (Sigma; UK) (dose range 

5mM -25mM). Control culture medium was 17mM glucose. Cells were cultured in glucose- 

or glucosamine-containing medium for various lengths of time - typically 24 or 48h. 

Sometimes BeWo cells were acclimatised to these solutes through longer exposure - 

typically 5-10 cell passages.  
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Pharmacological inhibitors were used to reduce the activity of enzymes involved in the 

HBP pathway and the O-GlcNAcylation cycle (Table 2:1; all sourced from Sigma, UK). Times 

of treatment are given in the relevant results chapters. 

 
Table 2:1: Pharmacological inhibitors used to manipulate levels of protein O-GlcNAcylation in vitro.   

Inhibitor Action 
Final 
ŎƻƴŎŜƴǘǊŀǘƛƻƴϞ 

DON 
6-Diazo-5-oxo-L-norleucine 
 

Inhibitor of GFAT, prevents glucose 
flux of HBP and reduces UDP-
GlcNAc concentration 

млл˃a 

BADGP 
Benzyl 2-acetamido-2-deoxy- -hD-
galactopyranoside 

Inhibitor of OGT, decreases O-
GlcNAcylation 

1mM 

PUGNAc 
O-(2-Acetamido-2-deoxy-D-
glucopyranosylidenamino) N-phenylcarbamate 

Inhibitor of OGA, increases O-
GlcNAcylation 

млл˃a 

Ϟ Cƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŦǊƻƳ ǇǊŜǾƛƻǳǎ ŘƻŎǳƳŜƴǘŜŘ ǎǘǳŘƛŜǎ ǿŜƭƭ ǊŜǾƛŜǿŜŘ ƛƴ (Ostrowski and 
van Aalten, 2013) 
 

2.1.4 Fixing cells  

BeWo cells intended for fluorescence analysis were cultured in 24-well plates on glass 

cover slips (13mm in diameter by 0.08-0.12mm thick; Fisher Scientific). Following culture, 

cells were washed twice, on ice, in ice-cold phosphate-buffered saline (PBS; 10mM 

phosphate-buffered saline, containing 2.7mM potassium chloride, 137mM sodium 

chloride, 10mM sodium hydrogen phosphate and 1.8mM potassium dehydrate phosphate; 

pH7.4) and once in ice-cold methanol. Cells were then fixed in fresh ice-cold methanol for 

30min on ice, before being returned to PBS. Alternatively, following PBS washes, cells were 

fixed using 4% paraformaldehyde (PFA) for 15min at room temperature (RT), before two 

final washes in PBS. Cells were stored in PBS at 4°C until staining.  

2.1.5 Cell lysis 

Cells were washed twice, on ice, in ice-cold PBS before adding ice-cold RIPA buffer (Tris 

Base (50mM), NP40 (1%), Sodium deoxycholate (6mM), Sodium chloride (150mM) and 

EDTA (20mM), pH 7.4; supplemented with 100µM PUGNAc) containing protease inhibitors 

(1 in 100 dilution; cocktail 1, Sigma; UK) and phosphatase inhibitors (1 in 100 dilution; 

Sigma; UK). Cells remained on ice in RIPA buffer for 5-10min and were then scraped using 

a sterile plastic scraper and transferred as a slurry into an Eppendorf tube. Cell lysates 

were centrifuged at 13,000 rpm (16089 x g) for 15min. The resulting supernatant was 

removed and stored at -20°C until use. The cell pellet was discarded. 
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2.2 Tissue Acquisition  

2.2.1 Early Pregnancy Tissue  

Early pregnancy placental tissue (6-13 weeks) was obtained following elective medical 

(MTOP) or surgical (STOP) termination of pregnancy. Informed, written, maternal consent 

was obtained for all tissue collected. The North West Research Ethics Committee approved 

the use of tissue in this study (Prior to April 2013 - 08/H1010/28, April 2013 onwards ς 

13/NW/0205). Gestational age of the placental tissue was determined from the date of the 

last menstrual period and confirmed by ultrasound.  

2.2.2 Term Pregnancy tissue 

Placental tissue was collected following term (40 ± 2 weeks) delivery of a healthy singleton 

infant. Again, informed written consent was obtained for all tissue collected. The North 

West Research Ethics Committee (Sep 2012 - Aug 2013 08/H1010/55 and Aug 2013 - April 

2016 08/H1010/55(+5)) approved the use of tissue.  

2.2.3 Storage of fresh tissue 

On collection, fresh tissue (5mm3 pieces) was preserved by snap-freezing at -80°C. An 

equal proportion of villous tissue was selected from the centre, middle and edge of 

placenta.   

2.2.4 Tissue culture 

Fresh tissue was thoroughly washed in serum-depleted DMEM:F12 culture medium and 

dissected into 3mm3 pieces under sterile conditions. Tissue explants were then cultured in 

complete medium (as described in section 2.1.1), supplemented with treatments (section 

2.1.3) for 48h in 24 or 48-well plates pre-coated in 1% agarose gel. To determine total 

protein O-GlcNAcylation by Western blot, tissue was lysed at this stage and stored at -нлх/ 

until analysis. Alternatively, for endocytosis assays, tissue was moved at this point to 

serum-depleted medium for 1h before the addition of transferrin (conjugated with Alexa-

488; Thermo Fisher; UK) at 50µg/ml for 0.5-3h and then washed in PBS before fixing or 

lysis, as described below, prior to further analysis.  

2.2.5 Fixing tissue 

Tissue explants were washed twice in PBS and then transferred to 4% neutral buffered 

formalin (NBF) for 1h at RT. Tissue explants were then thoroughly washed and stored in 

PBS at 4°C. 
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Embedding with paraffin: 
Tissue explants were secured in plastic cassettes and dehydrated, cleared and infiltrated 

with wax overnight using a tissue processing machine (Leica TP1020 Automatic Tissue 

Processor, Nussloch, Germany). Samples were then embedded in paraffin wax blocks 

(Leica EG1150H Embedding Station). Once set, blocks were chilled at 4°C prior to being 

ǎŜŎǘƛƻƴŜŘ ŀǘ р˃Ƴ ǳǎƛƴƎ ŀ Ƴŀƴǳŀƭ ǊƻǘŀǊȅ ƳƛŎǊƻǘƻƳŜ ό[ŜƛŎŀ waннорΤ ¦YύΦ ¢ǿƻ ǘƻ ŦƻǳǊ 

sections were mounted on poly-L-lysine coated microscope slides and were fixed 

overnight at 37°C. 

Embedding with optimal cutting temperature compound (OCT):  
Aluminium foil was folded into moulds and filled with OCT (Life Technologies; UK). 

Following NBF fixation, tissue explants were placed within the moulds and cooled to -80°C 

to allow the OCT to set. Set blocks were unwrapped, mounted onto a cryostat (Leica 

/aолрл {Τ ¦Yύ ŀƴŘ ǎŜŎǘƛƻƴŜŘ ŀǘ р˃ƳΦ {ŜŎǘƛƻƴǎ ǿŜǊŜ ǘƘŜƴ ƳƻǳƴǘŜŘ ƻƴǘƻ Ǝƭŀǎǎ ǎƭƛŘŜǎ ŀƴŘ 

fixed by incubating in 4% PFA for 30min at RT, then thoroughly washed and stored at -

нлх/Φ   

2.2.6 Tissue Lysis 

Following culture, each tissue explant was washed twice with PBS and transferred to an 

Eppendorf containing ice-cold RIPA (50-мллҡƭύ ǿƛǘƘ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ t¦Db!Ŏ όнлл˃aύΦ ! 

mini-electronic homogenising probe was used to lyse the tissue explant by rotating on high 

speed for 20sec, three times, over ice. The lysate was then centrifuged at 13,000 RPM 

(16089 x g) for 15min and the resulting supernatant was transferred to a fresh Eppendorf 

and stored at -20°C until use. The remaining pellet was discarded.  

 

2.3 Staining 

2.3.1 Immunocytochemistry  

BeWo Cells 
Coverslips were transferred cell-side up onto a glass slide covered with Parafilm M 

laboratory film. Cells were washed thrice (5min each) with Tris-buffered saline (TBS; 0.05M 

containing 10mM Tris and 150mM NaCl, pH7.6) supplemented with 0.01% Tween (TBSt) 

before cell permeabilisation using Triton x100 (0.01%, Sigma; UK) when the primary 

antibody required access to the cytoplasm. Triton was then washed away using TBS before 

a protein block (5% bovine serum albumin (BSA) in TBS) was applied for 30min at RT to 

prevent non-specific antibody binding. Cells were then incubated within a humidity 

chamber for 1 or 2h at RT with primary antibody or an isotype control raised in the same 
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species as the primary antibody. Refer to Table 2:2 for antibodies and dilutions. 

Additionally, an isotype control was carried out by omitting the primary antibody and 

incubating with a non-immune immunoglobulin of the same isotype and concentration 

(Sigma; UK). Cells were then washed with TBS to remove primary antibody. Alexa-

conjugated anti-mouse or anti-rabbit antibodies were used as a secondary antibody (Table 

2:2; Thermo Fisher; UK) and were incubated with cells for 1h at RT. The TBS wash was 

repeated to remove the secondary antibody and coverslips were then incubated with 

DAPI, a nuclear counterstain. A final TBS wash followed by a brief wash in distilled water 

was completed and coverslips were mounted face-down onto clean glass slides using 

fluorescent mounting medium (Dako; UK). Slides were stored in foil at 4°C to allow the 

mounting medium to set. Cells were then viewed and imaged using the Zeiss Axio 

Observer microscope (Carl Zeiss Ltd.; UK). Images were taken using the same exposure 

time to allow comparison across samples. 

 

Table 2:2: Primary or secondary antibodies used for staining of cells and tissue.  

Antibodies Species 
Stock 

concentration 
Dilution Company 

 
Primary Antibodies: 

    

Anti-O-GlcNAc Mouse ~1mg/ml 1:100 Covance 

Anti-OGT Rabbit NA 1:100 
Gifted from 
Hart lab; USA 

Anti-OGA 
Chicke

n 
NA 1:100 

Gifted from 
Hart lab; USA 

Anti-Human Ki67 antigen clone MIB-1 Mouse 46µg/ml 1:500 Dako 

Anti-Rab 5 Mouse 250µg/ml 1:100 
BD Transduction 
[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-Rab 11 Mouse 250µg/ml 1:100 
BD Transduction 
[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-Transferrin Receptor Rabbit 1mg/ml 1:200 Abcam  
 
Secondary Antibodies: 

    

HRP-linked: 
Goat-anti-mouse 

Goat 7.7mg/ml 1:500 DAKO 

HRP-linked: 
Swine-anti-rabbit 

Swine 4.5mg/ml 1:500 DAKO 

Biotinylated: 
Goat-anti-chicken  
Followed by   
HRP-conjugated streptavidin  

Goat 
 
- 

7.5mg/ml 
 

1.25mg/ml 

1:500 
 

1:1000 

Thermo Fisher  
 
Thermo Fisher 

!ƭŜȄŀ CƭǳƻǊϰ пуу ŘƻƴƪŜȅ ŀƴǘƛ-mouse IgG Mouse 2mg/ml 1:500 Thermo Fisher 
!ƭŜȄŀ CƭǳƻǊϰ пуу ŘƻƴƪŜȅ ŀƴǘƛ-rabbit IgG Rabbit 2mg/ml 1:500 Thermo Fisher 
Alexa CƭǳƻǊϰ рсу ŘƻƴƪŜȅ ŀƴǘƛ-mouse IgG Mouse 2mg/ml 1:500 Thermo Fisher 
!ƭŜȄŀ CƭǳƻǊϰ рсу ŘƻƴƪŜȅ ŀƴǘƛ-rabbit IgG Rabbit 2mg/ml 1:500 Thermo Fisher 
!ƭŜȄŀ CƭǳƻǊϰ спт ŘƻƴƪŜȅ ŀƴǘƛ-mouse IgG Mouse 2mg/ml 1:500 Thermo Fisher 
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2.3.2 Immunohistochemistry  

Paraffin embedded tissues:  
In brief, slides bearing sections of paraffin-embedded placental tissue were transferred 

through a series of solutions (Histoclear x2, 100% ethanol x2 and 70% ethanol x2), 

followed by water, to deparaffinise and hydrate the tissue. Heat-induced antigen retrieval 

was conducted by microwaving (800W) the slides submersed in citrate buffer (0.01M; 

pH6.0) for 2x 5min. Endogenous peroxidase was inactivated by incubating sections with 

3% hydrogen peroxide (H202) for 10min at RT. To prevent non-specific binding of 

antibodies, the sections were incubated in a non-immune blocking solution (4% BSA, 10% 

normal serum of species to match secondary antibody; Sigma; UK) prior to incubation with 

the primary antibody (Table 2:2) or isotype control overnight at 4°C. Once primary 

antibodies were removed and sections washed, the relevant secondary antibodies were 

applied to tissue sections for 1h at RT. Avidin-peroxidaǎŜ όр˃ƎκƳƭ ƛƴ ¢.{Σ {ƛƎƳŀΤ ¦Yύ ǿŀǎ 

then applied for 30min at RT. The avidin-biotin interaction was used to localise the 

antigen-antibody complex of interest. Finally, colour development was performed using 

diaminobenzidine (DAB; Sigma; UK), which reacts with H202 to create a brown stain at the 

site of the peroxidase enzyme (antigen-antibody complex). Sections were counterstained 

ǳǎƛƴƎ ŦƛƭǘŜǊŜŘ IŀǊǊƛǎΩǎ ƘŀŜƳŀǘƻȄȅƭƛƴ ό{ƛƎƳŀΤ ¦YύΣ ŘŜƘȅŘǊŀǘŜŘ όǇƭŀŎŜŘ ƛƴ ǊŜǾŜǊǎŜ ǘƘǊƻǳƎƘ 

dehydrating solutions) and then mounted using a mixture of distyrene, a plasticiser and 

xylene (DPX Mountant; Sigma; UK). All sections were stained simultaneously to allow for 

direct comparison of staining intensity between samples. Sections were imaged using an 

Olympus light microscope BX41 and Olympus U-CMAN3 video capture (Olympus®; USA), 

where stain was visualised as brown deposits. 3-5 random images were taken for each 

immunostained tissue section.  

2.3.3 Tissues exposed to a fluorescently-labelled ligand during culture 

OCT embedded tissues:  
OCT tissues were also sectioned (at 5µM) and transferred to a glass slide, post-fixed to 

slides with 4% PFA (15min), washed in PBS (2x 5min) then incubated with DAPI for 20min 

at RT, before a final wash. Sections were then mounted using glass coverslips and a 

mounting medium that preserves fluorescence (Dako, UK). Slides were protected from 

light and stored at 4°C before imaging. Imaging was completed within one week, typically 

the next day, to prevent fluorescence degradation.   
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2.3.4 Perls Prussian blue stain 

Prussian blue staining was used to detect and quantify iron deposits in tissue (Orchard and 

Nation, 2011). Paraffin embedded and rehydrated sections were immersed for 30min in a 

freshly prepared 50:50  mixture of potassium ferrocyanide trihydrate (20% in distilled 

water) and hydrochloric acid (HCL; 10%). Tissue sections were then washed in distilled 

water twice before being counterstained for 5min using 1% Neutral red solution (a kind 

ƎƛŦǘ ŦǊƻƳ ǘƘŜ wƻȅŀƭ aŀƴŎƘŜǎǘŜǊ /ƘƛƭŘǊŜƴΩǎ ƘƻǎǇƛǘŀƭ ǇŀǘƘƻƭƻƎȅ ǳƴƛǘύΦ  

Slides were dehydrated, mounted under glass coverslips in DPX, then left to dry. The stain 

was visualised as blue or purple deposits and imaged using an Olympus light microscope 

BX41 and Olympus U-CMAN3 video capture in a blind controlled manner, using a x20 

objective, where 5-6 images were obtained per placenta. Images were analysed using 

TissueGnostics HistoQuest® software. The parameters were set to quantify the area of 

tŜǊƭǎ ǎǘŀƛƴ ό˃Ƴ2) within the regions of Fast Red stain. Data were reported as a percentage 

of Perls positive area per placental tissue analysed. Statistical analysis was assessed using 

Mann-Whitney test in GraphPad Prism software (version 7), California; USA). 

 

2.4 Real time Quantitative Polymerase Chain Reaction (RT-qPCR)  

2.4.1 RNA extraction 

Total RNA was extracted from placental tissue using Absolutely RNA miniprep kit 

(Stratagene, La Jolla, CA), according to the manufactures guidelines and then quantified 

using a NanoDrop 2000c (Thermo Fisher Scientific UK Ltd, Hertfordshire, UK). 

2.4.2 Reverse transcription of RNA for cDNA generation 

700ng of total RNA from each sample was reverse transcribed using the Precision 

nanoScript Reverse transcription kit (gifted from Primerdesign; UK). Each 10µl reaction 

ŎƻƳǇǊƛǎŜŘ ƻŦ ǘƘŜ w¢ ǇǊƛƳŜǊ όм˃ƭύΣ wb!ǎŜκ5b!ǎŜ-free water and either sample or reference 

RNA (Quigen; UK). Samples were incubated for primer annealing (65°C; 5min). 

bŜȄǘΣ ŀ ƳŀǎǘŜǊ ƳƛȄ ƻŦ ǊŜŀƎŜƴǘǎ ŎƻƴǘŀƛƴƛƴƎ р˃ƭ ƻŦ ƴŀƴƻ{ŎǊƛǇǘн пȄ .ǳŦŦŜǊΣ м˃ƭ ƻŦ 

ŘŜƻȄȅƴǳŎƭŜƻǘƛŘŜ όŘb¢tύ ƳƛȄΣ м˃ƭ ƴŀƴƻ{ŎǊƛǇǘн ŜƴȊȅƳŜ ŀƴŘ о˃ƭ wb!ǎŜκ5b!ǎŜ-free water, 

were added to each reaction and incubated at 42°C for 20min and at 75°C for 10min for 

conversion to cDNA. cDNA product was stored at -20°C until use. Two control reactions 

ǿŜǊŜ ŎƻƴŘǳŎǘŜŘΥ όмύ Ωƴƻ ǘŜƳǇƭŀǘŜ ŎƻƴǘǊƻƭΩ ǊŜŀŎǘƛƻƴ ǘƘŀǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ǊŜǾŜǊǎŜ 

transcriptase enzyme but no sample, replacing the sample volume with water and (2) RT- 

reaction that contained sample but not the reverse transcriptase enzyme. 
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2.4.3 Gene expression using RT-qPCR 

cDNA from placental samples was amplified by qPCR using 300nM specific primers (Table 

2:3; ƎƛŦǘŜŘ ŦǊƻƳ tǊƛƳŜǊ5ŜǎƛƎƴύ ŀƴŘ ǘƘŜ tǊƛƳŜǊ5ŜǎƛƎƴ нȄ tǊŜŎƛǎƛƻƴt[¦{ϰǉt/w aŀǎǘŜǊƳƛȄΣ 

with SYBR Green. A passive reference dye, 5-carboxy-x-rhodamine, was also used. 

Amplification was conducted using a Stratagene MX3000P real-time PCR machine. The 

amplification protocol was as follows: 

Stage 1 (enzyme activation): 1 cycle of 95°C for 2min 

Stage 2 (amplification): 40 cycles of 95°C for 5sec, 60°C for 20sec, followed by a 

fluorescence reading. 

Stage 3 (dissociation curve): 1 cycle of 95oC for 1min, 55oC for 30sec and 95oC for 30sec, 

with continuous fluorescence readings from 55oC to 95oC.  

The qPCR data was analysed using the delta delta Ct method (Livak and Schmittgen, 2001). 

Firstly, the delta Ct for the gene of interest for each sample is calculated by normalising to 

the housekeeping gene (YWHAZ): 

Ўὅὸ ς   ς   

The delta delta Ct is then calculated by the following formula: 

ЎЎὅὸ ЎὅὸὨὭίὩὥίὩ έὶ ὸὶὩὥὸάὩὲὸ Ўὅὸὧέὲὸέὰ 

Since cDNA is duplicated in each PCR cycle (i.e. the process is exponential), the difference 

in +1 Ct value meant there was twice as much cDNA in the sample at the beginning of the 

reaction. Any difference in transcript expression was analysed statistically using a Kruskal-

Wallis test in GraphPad Prism. The protocol was optimised for 3 genes (OGT, OGA and 

GFAT) with the addition of a housekeeping gene YWHAZ. Figure 2:1 illustrates an example 

of an amplification plot and disassociation curve obtained following optimisation of the 

primer mix for OGT gene. Only one peak can be seen in the disassociation curve, indicating 

amplification of a single product and a lack of contamination. Negative controls showed no 

amplification throughout experiments.   
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Table 2:3: Primer Pairs and relevant information for optimised protocol 

Gene tǊƛƳŜǊ ǎŜǉǳŜƴŎŜ όрΩ-оΩύ Annealing 
Temp (°C) 

Size  
(base pairs) 

OGT Sense AATATGTTCCCTCACCTGAAGAA 60 127 

Anti-sense TCACATCTGGTAGACTATCAAGAA 

OGA Sense AATAGTAGTGTTGTCAGTGTCAATT 60 128 

Anti-sense TTGGAGAGCCGAGTGAACA 

GFAT Sense TGAACACAATGAGAGGAAGAGT 60 115 

Anti-sense CCACAAGCAATAAGAATCAAACG 

YWHAZ Sense CCTGCATGAAGTCTGTAACTGAG 60 150 

Anti-sense TTGAGACGACCCTCCAAGATG 

 

 

Figure 2:1: Representative (A) disassociation curve and (B) amplification plot for RT-qPCR reactions 

conducted using the primers for OGT. 

Red - 50ng of pooled (n=6) placenta RNA; blue - 50ng reference RNA and green - sample replaced with 

water (no template control).  

 

2.5 Analysis of BeWo cell cycle  

BeWo cell turnover was an important aspect of the work presented in this thesis. It was 

difficult to obtain an accurate measure growth in these cells following >24h culture 

treatments. The work therefore focused on the development of multiple assays, 

incorporating different techniques to establish BeWo cell turnover dynamics. The next 

section outlines the final protocols for the measurement of: (1) BeWo DNA synthesis (by 

detecting the incorporation of BrdU) (2) The duration of each cell cycle transition (by 

measuring the DNA content using propidium iodide) and (3) the rate of cell proliferation 

(using a traditional marker of proliferation Ki67).  

2.5.1 ELISA (BrdU) 

The BrdU ELISA kit was purchased from Roche Diagnostics. The kit was used to perform a 

colorimetric absorbance assay and had to be optimised in relation to cell seeding density, 

duration of incubation, presence or absence of serum in medium and the timing and 

duration of growth factor (GF) exposures. The finalised protocol is outlined below.  



58 
 

BeWo cells were seeded at 6x103 per well of a 96-well culture plate in serum-containing 

medium, left overnight to adhere and then washed thrice in PBS prior to the addition of 

medium without serum. At this point, PUGNAc (100µM) or glucosamine (2.5mM) was 

added for 24h. The following day, cells were supplemented with a BrdU Labelling Reagent 

όǎƻƭǳǘƛƻƴ мΤ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǊŜŎƻƳƳŜƴŘŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴύ ŀƴŘ ǘǊŜŀǘŜŘ ǿƛǘƘ ŀ DC ƻŦ ŎƘƻƛŎŜΥ 

Insulin-like growth factor I (IGF-I; 20nM; GroPep Bioreagents Pty Limited); epidermal-like 

growth factor (EFG; 20ng/ml; Cell Signaling) or platelet-derived growth factor (PDGF; 

20ng/ml; Cell Signaling), all diluted using serum-free medium. FBS (10%) was used as a 

positive control. One control culture lacked BrdU, to estimate background staining. Cells 

were incubated for 3h, medium was removed and cells were immediately fixed in ethanol 

(solution 2) for 30min at RT.  

Next, the anti-BrdU-POD (solution 3) was diluted 1:100 (with solution 4) and added to each 

well for 90min. The antibody binds to BrdU incorporated during DNA synthesis over 3h. 

The kit also provided a wash solution (solution 5), which was used to remove unbound 

anti-.ǊŘ¦Φ /ƻƭƻǳǊ ǿŀǎ ǾƛǎǳŀƭƛǎŜŘ ǳǎƛƴƎ ǘƘŜ ǎǳōǎǘǊŀǘŜ ǎƻƭǳǘƛƻƴ όΨ¢a.ΩΣ ǎƻƭǳǘƛƻƴ сύ ŀƴŘ ƭŜŦǘ ǘƻ 

develop over 30min. The plate was read at 370nm, using the FLUOostar Omega microplate 

reader. The plate was read every 5min and the development of colour over 30min was 

followed. Three technical replicates were used per treatment and averaged to give one 

biological replicate. The background control read was subtracted from each value and cell 

proliferation rate was calculated as a change from control serum-depleted conditions. 

Statistical differences were estimated using Kruskal-Wallis, multiple comparisons test.   

2.5.2 Ki67-positive cell staining 

Cells were grown for 24h on glass coverslips, washed twice in PBS, then covered with 

medium without serum (referred to as serum-free from this point on) and left to incubate 

overnight. Cells were supplemented with IGF-I (10nM; 24h) before fixing with methanol 

(section 2.1.4), then stained (as described in section 2.3.1), using an anti-Ki67 antibody. 

Coverslips were imaged using the Zeiss microscope at magnification x40. Six fields of view 

were assessed for each condition in each experiment. Ki-67-positive cells were counted 

and recorded as a percentage of total number of nuclei (DAPI stained) per field of view, 

then averaged between six fields of view per treatment, per experiment.   

2.5.3 The effect of glucosamine culture on cell number 

Cells were seeded (3x105/well) then cultured with or without glucosamine (0.5-10mM) for 

24 or 48h. A cell count was then performed for each condition using the haemocytometer 
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and total cell number estimated. Each experiment had three replicates per condition and 

the total cell number was averaged. The number of cells in the glucosamine treatment was 

compared with the relevant 24 or 48h control count. Data were tested for normality using 

the Kolmogorov-Smirnov test. Holm-{ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ ǿŀǎ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ 

whether a change in cell number between glucosamine treatments and control was 

significant. These data were obtained by Sterre Paijens under my supervision. 

2.6 Flow cytometry 

2.6.1 Cell cycle analysis using propidium iodide  

Cells were seeded (1x105 well) and following 24h incubation, washed (2x PBS), cultured 

overnight in serum-free medium and then supplemented with PDGF (20ng/ml) for 0.5, 1, 

2, 4, 6 or 8h. Cells were washed twice with ice-cold PBS, detached using trypsin and 

transferred to Eppendorf tubes containing complete cell culture medium to neutralise the 

trypsin. Cells were then centrifuged (400 x g for 8min), supernatant was removed and the 

pellet was re-suspended in ice-cold 70% ethanol, whilst vortexing, to produce a single cell 

suspension. Cells were left to fix for 1h at 4°C or stored in this state until stained with 

propidium Iodide (PI). Cells were centrifuged (400 x g for 8min), ethanol removed and the 

pellet re-ǎǳǎǇŜƴŘŜŘ ƛƴ t.{Φ tL όŦƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ пл˃ƎκƳƭύ ŀƴŘ wb!ǎŜ όŦƛƴŀƭ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ млл˃ƎκƳƭύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŦƻǊ олƳƛƴ ŀǘ 

37°C. Cells were then pelleted once more, discarding the supernatant and re-suspending in 

PBS containing EDTA (5mM). 

DNA in PI-ǇƻǎƛǘƛǾŜ ŎŜƭƭǎ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ōȅ Ŧƭƻǿ ŎȅǘƻƳŜǘǊȅ ǳǎƛƴƎ ŜƛǘƘŜǊ ǘƘŜ /ȅ!ƴϰ !5t 

Analyzer (Beckman Coulter) or the Accuri C6 Flow Cytometer (BD biosciences). Detection 

thresholds were set using the FSC-A (forward scatter ς area) and SSC-A (side scatter ς

area), gated to exclude debris and double cell events (Figure 2:2). The mean red 

fluorescence (FL2 540nm excitation/585nm emission) of 10,000 events within the gate 

were recorded using the FL2 detector and displayed as a logarithmic histogram of 

fluorescence intensity.   
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Figure 2:2: A representative image of flow cytometric analysis of BeWo cells stained with Propidium 
Iodide (PI). 
A dot plot (left) shows the gated area (P1) of cells used to create a histogram (right) illustrating the 

fluorescent intensity (FL2-A) per cell (Count). P1 gate is less stringent than traditional gating for PI as 

cells of small and larger sizes are expected, due to the cell population being in active cell cycle.  

 

2.6.2 Analysis of clathrin-mediated endocytosis using fluorescently labelled 

transferrin 

BeWo cells were seeded (8x104 per well) in a 12-well culture plate and left overnight to 

adhere. The medium was changed to treatment medium the subsequent morning and the 

cells incubated for 48h. Treatments are summarised in Table 2:4. Following 48h 

incubation, cells were washed twice with PBS and medium replaced with serum-free 

medium, containing treatments. Cells were incubated at 37°C in serum free medium (1h), 

before being placed on ice for 5min to pause all cellular trafficking.  

 

Table 2:4: Cell culture treatments used to modulate HBP flux and protein O-GlcNAcylation to assess 
the effect of altered protein O-GlcNAcylation on the rate of Clathrin-mediated endocytosis of 
transferrin.  

Culture Treatment Final concentration 

Control (normal medium) 17mM glucose 

High Glucose 25mM 

PUGNAc 100µM 

Glucosamine 0.5-2.5mM (0.5 increments) 

PUGNAc & Glucosamine 100µM & 2.5mM, respectively. 

 

Each well was then supplemented with transferrin (conjugated with Alexa-488; Thermo 

Fisher; UK) at an optimised concentration of 6.25µg/ml and cells returned to the incubator 

for 15min. Plates were then removed and placed on ice, washed with ice cold PBS and 

then washed twice with an acid solution (acetic acid 0.2M and sodium chloride 0.5M; pH 
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2.8; 5min/wash) to remove membrane-bound transferrin. Cells were then thoroughly 

washed in PBS and detached using trypsin. Trypsin was then neutralised in complete 

culture medium. Eppendorf tubes containing cells were centrifuged (400 x g for 8min), 

medium removed and cell pellets re-suspended in 4% PFA (12min at RT), before an 

additional centrifugation to remove all PFA. The fixed pellet was re-suspended in PBS 

containing EDTA (5mM) to prevent cell aggregation. Cells were protected from light 

throughout to prevent degradation of the fluorescent transferrin.  

 

Cells were immediately analysed using the Accuri C6 Flow Cytometer. Detection thresholds 

were set using the FSC-A (forward scatter ς area) and SSC-A (side scatter ςarea). For each 

culture condition, 10,000 events, within a P1 gated region, were analysed and again 

displayed as a logarithmic intensity of scattered light using a 488nm laser and the 533/30 

filter in FL1 channel. The histogram plots display a single parameter (i.e., mean 

fluorescence of a transferrin positive cell) against the number of events. Each experiment 

replicate contained a negative control (control cells with no exposure to transferrin) and a 

positive control (control cells exposed to transferrin). Any transferrin internalisation in 

BeWo cells was calculated as a fold change in mean fluorescence intensity from the 

positive control.  

 

In addition to positive and negative controls, a series of pharmacological inhibitors was 

used to alter various internalisation pathways. These are summarised in Table 2:5. 

Inhibitors were incubated concurrently with serum depletion for 1h and removed from the 

medium (by replacing with fresh medium) prior to the addition of transferrin.  

Table 2:5: Pharmacological inhibitors used to disrupt the rate of endocytosis, macropinocytosis and 
phagocytosis.  

Inhibitor Action Dose 

Chlorpromazine 
(CPMZ) 

Inhibits the formation of clathrin and, therefore, clathrin-coated vesicles, 
reducing clathrin-mediated endocytosis 

нл˃a 
ол˃a 
рл˃a 
млл˃a 

Methyl- -̡cyclo-
ŘŜȄǘǊƛƴ όaʲ/5ύ 

Sequester membrane bound cholesterol to inhibit caveolin-mediated 
endocytosis 

2.5mM 
5mM 
10mM 

Cytochalasin D Inhibits the polymerisation of actin filaments and reduces the formation 
of membrane protuberances, therefore prevent cellular translocation and 
transport  

мл˃a 

Filipin Causes aggregation of cholesterol at the membrane, reducing its 
availability for caveolin-mediated endocytosis  

мр˃a 

Nocodazole Disrupts the polymerisation of microtubules effecting vesicular trafficking р˃a 

 

Statistical analyses of flow cytometry data were carried out using the Wilcoxon signed-

rank test using GraphPad Prism. 
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2.6.3 Analysis of clathrin-mediated endocytosis using IGF-I Quantum Dot nanocrystal 

To generate the QD-IGF-I complex, biotinylated IGF-L όмл˃aΤ DǊƻtŜǇ .ƛƻǊŜŀƎŜƴǘǎύ ǿŀǎ 

incubated with streptavidin-conjugated QDots® (emission maxima ~605nm; 5-10 

streptavidinǎ ǇŜǊ vŘƻǘΤ ¢ƘŜǊƳƻ CƛǎƘŜǊΤ ¦Yύ ŀƴŘ ¢Ǌƛǎ ōǳŦŦŜǊ όолƳaΤ ǇIуΦлύ ŦƻǊ мƘ ŀǘ пх/ ǘƻ 

generate QD-IGF-I (3:1 molar ratio; Molecular probes). QD-IGF-I solution was then purified 

using Micro Bio-{Ǉƛƴϰ /ƘǊƻƳŀǘƻƎǊŀǇƘȅ /ƻƭǳƳƴǎ ŀƴŘ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όмΣллл Ȅ Ǝ ŦƻǊ пƳƛƴύΦ 

Similar to the flow cytometric method described in section 2.6.2, cells were cultured for 

48h in treatments and then washed twice in PBS and replaced with serum-free medium. 

QD-IGF-I were then added and cells incubated for 2h. The remaining of the protocol is the 

same as flow cytometry detection of transferrin, except the 585/40 filter in the FL2 

channel was used to asses, for each culture condition, 5,000 events of the P1 gated region.  

2.7 Protein quantification using the Bradford assay 

The Bradford protein assay was used to quantify protein content in a lysate (cell or tissue; 

BioRad; UK). In brief, BSA at 1mg/ml was serially diluted (0.5mg/ml, 0.25mg/ml and 

0.125mg/ml) to create a standard curve. Samples were diluted (1:2, 1:5, 1:10 or 1:20) and 

10µl/well was added to a 96 well plate. Three technical replicates were performed per 

sample. The Braford colour development solution was added to each well (200µl) and 

incubated for 10min, with moderate agitation. The plate was read on the FLUOostar 

Omega microplate reader (BMG Labtech; UK) at 595nm. A standard curve with a linear 

regression was calculated using the standard curve and sample values interpolated using 

the line equation. Any experiment with a r2 value less than 0.95 was rejected and protein 

assay repeated.  

 

2.8 Western blot 

2.8.1 Traditional Western blot 

Equal amounts of protein from sample lysates (BeWo cells or tissue homogenate) were 

resolved using SDS-PAGE electrophoresis at 120V for 80min (optimised protocols using a 

lower voltage and greater running time were adopted for proteins >150 kDa). The 

percentage of acrylamide was adjusted depending on the size of the protein of interest. 

¦ƴƭŜǎǎ ǎǘŀǘŜŘ ƻǘƘŜǊǿƛǎŜΣ у҈ ƻŦ ŀŎǊȅƭŀƳƛŘŜ ǿŀǎ ǳǎŜŘΦ р˃ƭ ƻŦ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǎǘŀƴŘŀǊŘ 

(Precision plus dual colour protein standard, range 250-10 kDa, Bio Rad, UK) was loaded on 

to each gel.  

Once resolved, proteins were transferred to a nitrocellulose membrane for 70-90min at 

110V, though an extended duration and a lower voltage was used for larger proteins of 
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interest. Following transfer, a ponceau red stain was applied to confirm transfer was 

successful and assess protein loading. Membranes were then cut at an appropriate point, 

using the protein ladder as a guide, for the protein under investigation. Membrane 

sections were then washed (TBSt) to remove the ponceau and incubated for 1h at RT (with 

agitation) in the appropriate blocking solution for the antibody employed;  typically 5% 

BSA with tween, or 5% fat-free milk, or the commercially available West-Ezier Super 

Blocking Buffer for Phospho Antibodies solution (Novusci Ltd; UK) were used to block 

ƳŜƳōǊŀƴŜǎΦ /ƘƻƛŎŜ ƻŦ ōƭƻŎƪƛƴƎ ǎƻƭǳǘƛƻƴ ǿŀǎ ŘƛǊŜŎǘŜŘ ōȅ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴΣ 

or following protocol optimisation. 

Membranes were incubated with primary antibody ƻǾŜǊƴƛƎƘǘ ŀǘ пх/ όǎŜŜ Table 2:6 for 

specific details) then washed (x3 TBSt for 10min) to remove unbound primary antibody. 

Membranes were subsequently incubated with horseradish peroxidase (HRP)ςconjugated 

anti-rabbit or anti-mouse IgG secondary antibody (1h at RT; dilution 1:1250), before being 

thoroughly washed. Bands were detected using enhanced chemiluminescence (ECL; GE 

Healthcare, UK) and film. Some membranes were developed using the Li-Cor fluorescent 

antibody system. In brief, the secondary antibody was replaced with the anti-mouse or 

anti-rabbit Li-Cor secondary antibody (1h at RT; dilution 1:10,000), subsequently washed 

and then scanned using the Li-Cor scanning instrument (Li-Cor Biosciences, Lincoln; USA). 

2.8.2 Western blot - densitometry  

To confirm equal protein loading, membranes were incubated with an anti- -̡Actin 

ŀƴǘƛōƻŘȅ ŀƴŘ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ōŀƴŘ ƛƴǘŜƴǎƛǘƛŜǎ ǿŜǊŜ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-Actin using the Image 

{ǘǳŘƛƻϰ [ƛǘŜ рΦн ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ ό[ƛ-Cor, Biosciences, Lincoln; USA). In brief, the Western 

blot bands of interest were expressed as a pixel density and these were divided by the 

ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ʲ-Actin band intensity per sample/lane. The background intensity was 

also calculated and subtracted for each sample. 

2.8.3 Weston Blot ς re-probing  

aŜƳōǊŀƴŜǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ пх/ ƛƴ t.{ ǘƘŜƴ ǊŜ-probed by incubating in a gentle strip buffer 

(0.2M Glycine, 2%(w/v) SDS, 10ml Tween in 1L pH2.2) or harsh strip buffer (2%(w/v) SDS, 

мллƳa ʲ-mercaptoethanol, 62.5mM Tris-CL, pH6.7) for two x 20min, changing to fresh 

buffer after the first 20min. Following extensive washing (4 x 10min in TBSt), membranes 

were then incubated in the appropriate blocking buffer (1h; RT; with agitation) and 

immunoblotting continued from the primary antibody incubation, as described above. 
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Table 2:6: A summary of primary antibodies used to probe a Western blot membranes.   

Primary 
Monoclonal (mAb) 

/ Polyclonal (pAb) 
Species 

Product 

number 
Dilution Company 

Anti-O-GlcNAc mAb Mouse 
#MMS-

248R-500 
1:750 Covance 

Anti-O-GlcNAc mAb Mouse #O7764 1:750 Sigma Aldrich 

Anti-SHP2 pAb Rabbit #sc-280 1:1000 Santa Cruz 

Anti-SHP2 mAb Mouse #sc-7384 1:1000 Santa Cruz 

SHP2 542 (Tyr) pAb Rabbit #3751 1:250 Cell Signaling 

SHP2 580 (Tyr) pAb Rabbit #3703 1:250 Cell Signaling 

Anti-SHP2 mAb Rabbit #3703 1:500 Cell Signaling 

Anti-Grb2 pAb Rabbit #sc-255 1:500 Santa Cruz 

Anti-PDGFR mAb Rabbit #3169 1:500 Cell Signaling 

Anti-pPDGFR 740 (Tyr) mAb Rabbit #3168 1:250 Cell Signaling 

Anti-pPDGFR 751 (Tyr) mAb Rabbit #4549 1:250 Cell Signaling 

Anti-pPDGFR 771 (Tyr) mAb Rabbit #3173 1:250 Cell Signaling 

Anti-pPDGFR 1009 (Tyr) mAb Rabbit #3124 1:250 Cell Signaling 

Anti-pPDGFR 1021 (Tyr) mAb Rabbit #2227 1:250 Cell Signaling 

Anti-EGFR mAb Rabbit #4267 1:500 Cell Signaling 

Anti-pEGFR 992 (Tyr) mAb Rabbit #2235 1:250 Cell Signaling 

Anti-pEGFR 1068 (Tyr) mAb Rabbit #3777 1:250 Cell Signaling 

Anti-pIGF-Lwʲ ммом ό¢ȅǊύ pAb Rabbit #3021 1:300 Cell Signaling 

Anti-Akt pAb Rabbit #4691 1:500 Cell Signaling 

Anti-pAkt 473 (Ser) mAb Rabbit #3787 1:250 Cell Signaling 

Anti-pP70S6K 389 (Tyr) pAb Rabbit #9205 1:330 Cell Signaling 

Anti-Rab 4 mAb Mouse #610889 1:1000 
BD Transduction 

[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-Rab 5 mAb Mouse #610281 1:500 
BD Transduction 

[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-Rab 11 mAb Mouse #610656 1:1000 
BD Transduction 

[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-Clathrin Heavy 

chain 
mAb Mouse #610499 1:1000 

BD Transduction 

[ŀōƻǊŀǘƻǊƛŜǎϰ 

Anti-LƴǘŜƎǊƛƴʲо pAb Rabbit #4702 1:500 Cell Signaling 

Anti-Grb2 pAB Rabbit #sc-255 1:1000 Santa Cruz 

Beta Actin mAb Rabbit #4970 1:1000 Cell Signaling 

Beta Actin mAb Mouse #A1978 1:1000 Sigma Aldrich 
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2.8.4 In-cell Western Blot analysis 

2.8.4.1 SHP2 phosphorylation studies 
BeWo cells were seeded at 4x104 per well of a 96-well culture plate and left over night to 

adhere. The following day, culture medium was changed and confluent cells were treated 

by the addition of PUGNAc (100µM) or glucosamine (2.5mM) to appropriate wells. Cells 

were incubated for 24h at 37°C. Medium was removed and cells washed thoroughly with 

PBS, before the addition of serum-free medium (containing treatments) and overnight 

incubation. The next day, cells were stimulated with the appropriate growth factor 

(section 2.5) for 2, 5, 10 or 15min before washing and fixing.  

To visualise phosphorylated SHP2, cells were washed with triton x100 (0.01%) four times 

(5min), then incubated with Super Blocking Buffer for 1h at RT with moderate agitation. 

The blocking buffer was replaced with a primary antibody (all antibodies diluted 1:100) for 

2h at RT or overnight at 4°C. Unbound primary antibody was removed by washing with 

TBSt four times (5min) and then cells were incubated with the Li-Cor species-specific 

secondary antibody for 1h at RT. Finally, cells were washed and each well was loaded with 

200µl distilled water. Plates were then scanned on the Odyssey® Li-Cor scanner. 

Phosphorylation intensity was averaged (3 wells per treatment) and normalised to total 

SHP2 intensity.  

2.8.4.2 Ki67 studies 
Cells were seeded and cultured overnight. Serum was removed and cells cultured for a 

further 24h (total 48h in treatment). A primary antibody for Ki67 was used to detect in-

ŎȅŎƭŜ ŎŜƭƭǎΦ LƴǘŜƴǎƛǘȅ ǿŀǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-actin intensity and Ki67-positive cell intensity was 

calculated as a fold change from serum-free conditions.  

 

2.8.5 Immunoprecipitation 

Protein G sepharose beads (Thermo Fisher; UK) were used to isolate an immune complex 

of interest from cell or tissue lysates. Lysates (250-1000µg of protein, made up to a total 

volume of 250˃ l in RIPA buffer) were incubated with 25µl of protein G beads at 4°C for 1h 

with rotation to remove proteins that bind to the beads non-specifically, centrifuged (1000 

x g for 1min) and then the pre-cleared lysate was transferred to a fresh tube. Beads were 

discarded. The primary antibody of choice was incubated with the pre-cleared lysate at 4°C 

for 2h with rotation then the antibody-lysate mix was transferred to fresh 25µl of protein 

G beads and left overnight at 4°C for 1h with rotation. Finally, the bead-lysate-antibody 

mix was centrifuged (1000 x g for 1min) and supernatant removed. The bead immune-
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complexes were then washed in RIPA three times before the addition of a standard 

[ŀŜƳƳƭƛ ǊǳƴƴƛƴƎ ōǳŦŦŜǊ όŎƻƴǘŀƛƴƛƴƎ ʲ-mercaptoethanol) and samples were boiled for 5min 

at 95°C to elute proteins. Finally, samples were centrifuged (13,000 rpm, 16089 x g, for 

1min) before supernatant was resolved by SDS-PAGE electrophoresis. 

2.8.6 Lectin isolation of GlcNAc-modified proteins.  

The protocol is detailed in Figure 2:3. In brief, cell or tissue lysates were first pre-cleared 

using plain agarose beads at 4°C for 1h, rotating, to remove non-specific protein binding. 

The bead and lysate mix was centrifuged (1000 x g for 1min) and the pre-cleared 

supernatant was transferred to a fresh tube containing fresh agarose beads conjugated 

with the lectin succinylated wheat germ agglutinin (sWGA). Lectin sWGA beads and lysate 

were incubated at 4°C overnight with rotation. Subsequently, lysate and bead mix was 

centrifuged (1000 x g for 1min) and supernatant removed. The bead pellet was then 

washed in RIPA three times before the addition of a standard Laemmli loading buffer and 

boiled at 95°C to elute proteins. A final centrifugation (13,000 rpm for 1min) was 

performed and the supernatant of enriched GlcNAc-modified proteins was resolved by 

SDS-PAGE electrophoresis, typically using an 8% gel. 
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Figure 2:3: The typical experimental work flow for the lectin succinylated wheat germ agglutinin 
(sWGA)-agarose-bead enrichment of O-GlcNAc-modified proteins from cell or tissue lysate.  
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2.9 Mass spectrometry  

2.9.1 Sample preparation 

Placental tissue was collected, as described in section 2.2.2. Tissue was selected from 

pregnancies with a singleton live-birth and from either vaginal delivery (VD) or caesarean 

section (CS). A detailed description of maternal and fetal demographics, such as age, smoking 

history and ethnicity is provided in the appropriate results chapter. Although sought, 

information regarding maternal glycaemic status and maternal medications was unavailable to 

report. Maternal body mass index (BMI) was recorded at booking and placental term tissue 

samples divided into appropriate groups based on maternal BMI; with or without pre-

gestational diabetes.  

Placental tissues were homogenised (see section 2.2.6) and analysed for protein content 

όǎŜŎǘƛƻƴ нΦтύΦ 9ǉǳŀƭ ǇǊƻǇƻǊǘƛƻƴǎ ƻŦ ǇƭŀŎŜƴǘŀƭ ǇǊƻǘŜƛƴǎ όпл˃ƎκǇƭŀŎŜƴǘŀύ ǿŜǊŜ ǇƻƻƭŜŘ ǘƻ 

create four sample groups:  

-  Control group - Normal BMI (20-25 kg/m2); uncomplicated pregnancies (n=5)  

-  Obese group ς Obese BMI (30-35kg/m2); uncomplicated pregnancies (n=6)  

-  T1DM - Type one Diabetes Mellitus (n=6) 

-  T2DM - Type two Diabetes Mellitus (n=6) 

2.9.2 Enrichment of O-GlcNAc-modified proteins 

240µg protein was incubated with 50µl of agarose-sWGA lectin conjugated beads, then O-

GlcNAc-modified proteins were isolated (as described in section 2.8.5), eluted and 

separated by SDS-PAGE electrophoresis (120 V for 90min) in a 7.5% acrylamide gel.  

2.9.3 Coomassie blue staining  

Proteins within the gel were stained using Coomassie blue R-25 (16.6g/L, Bio Rad) for 2h at 

RT. Excess stain was removed by washing three times (10min) in 10% acetic acid, 15% 

methanol and then the gel was left in de-staining solution overnight at 4°C on a shaking 

plate.  

2.9.4 In-Gel digestion of Coomassie stained bands with reduction and alkylation of 

proteins   

Individual lanes of the gel were cut into small cubes (approximately 2mm3). Alternating 

washes (10min) using ammonium bicarbonate (NH4HCO3; 100%) solution and NH4HCO3 

(50mM) with acetonitrile (ACN, 1:1) solution (10min) were performed to remove 

/ƻƻƳŀǎǎƛŜ ǎǘŀƛƴΦ bŜȄǘΣ ǇǊƻǘŜƛƴǎ ǿŜǊŜ ǊŜŘǳŎŜŘ ǳǎƛƴƎ ŘƛǘƘƛƻǘƘǊŜƛǘƻƭ ό5¢¢Τ олƳƛƴ ŀǘ рлх/ύ 
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made up fresh in (100mM) ammonium bicarbonate (10mM DTT), then alkylated using 

iodoacetamide C2H4INO (55mM) for 20min, protected from light, at RT.   

Next, gel pieces were washed with NH4HCO3 (50mM) for 5min, followed by 100% ACN for 

5min. For protein digestion, trypsin (Promega; UK) was used, cutting proteins at the 

ŎŀǊōƻȄȅƭ ŜƴŘ ƻŦ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘǎ ŀǊƎƛƴƛƴŜ ŀƴŘ ƭȅǎƛƴŜΦ ¢ǊȅǇǎƛƴ όŦƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ мΦрƴƎκ˃ƭΣ 

made up in 50mM NH4HCO3) was incubaǘŜŘ ǿƛǘƘ ǎŀƳǇƭŜǎ ƻǾŜǊƴƛƎƘǘ ŀǘ отх/Φ tŜǇǘƛŘŜ 

fragments were eluted from the gel by removing the supernatant (retained), then 

completing a series of washes using 1% formic acid/2% ACN for 5min, then ACN in water 

(1:1) 5min, before a final wash in 1% formic acid/2% ACN for 5min, retaining the 

ǎǳǇŜǊƴŀǘŀƴǘ ƻŦ ŜŀŎƘ ǿŀǎƘΦ tŜǇǘƛŘŜǎ ǿŜǊŜ ƭȅƻǇƘƛƭƛǎŜŘ ƛƴ ŀ ǾŀŎǳǳƳ ŎŜƴǘǊƛŦǳƎŜ όпрх/ύΦ 

Remaining peptides were reconstituted in 0.1% formic acid and stored at -улх/Φ  

2.9.5 Mass spectrometric analysis  

Peptides were analysed on a 5600 TripleTOF mass spectrometer (AB Sciex) and 

NanoAcquity High Performance Liquid Chromatographic (HPLC; Waters). Peptide 

chromatographic separation was performed by LC with a gradient that comprised buffer A 

(0.1% formic acid in HPLC grade water) and buffer B (0.1% formic acid in HPLC grade 

acetonitrile). Sample was separated on a C18 ŀƴŀƭȅǘƛŎŀƭ ŎƻƭǳƳƴ ό²ŀǘŜǊǎ .9I тр ˃Ƴ Ҏ нр 

cm) on a linear gradient from 3-40% B over 40min at a flow rate of 300 nL/min. The mass 

ǎǇŜŎǘǊƻƳŜǘŜǊ ƻǇŜǊŀǘŜŘ ƛƴ ΨǘƻǇ олΩ ƳƻŘŜ ƛƴ ǿƘƛŎƘ ǳǇ ǘƻ ǘƘŜ ǘƻǇ ол  most abundant ions of 

charge state 2-5, at m/z greater than 350 and intensity greater than 250 cps identified in a 

survey scan were selected for MS/MS  fragmentation by collision-induced dissociation. 

Once an MS/MS spectrum was acquired, the ion was excluded from further fragmentation 

for 15sec.  

2.9.6 Data Analysis  

Spectral data were extracted from the raw data to a mascot generic format file with the 

ƛƴǎǘǊǳƳŜƴǘ ǾŜƴŘƻǊǎΩ !.ψ{/L9X_MS_Converter program. Data were searched with the 

MASCOT engine against SwissProt (latest version at time of searching) and species 

restriction set to H. sapiens. Data search allowed one missed cleavage. Precursor ion mass 

accuracy was set to 20 ppm and fragment ion mass tolerances to 0.5 Da. The maximum 

ŜȄǇŜŎǘŀǘƛƻƴ ǾŀƭǳŜ ŦƻǊ ŀŎŎŜǇǘƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ǇŜǇǘƛŘŜ ƛƻƴ ǎŎƻǊŜǎ ǿŀǎ ҖлΦлрΣ ǿƘŜǊŜ ǘƘŜ 

probability that the observed match is a random event. Additional MASCOT search 

parameters are in appendix A, table 1. 

Mascot also searches for fixed and variable modifications. The variable search parameters 

were set to include: phosphorylated forms of serine, threonine or tyrosine amino acids, as 
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well as dehydrated serine or threonine residues, which would indicate the loss of a 

modification at the respective site. Variable modifications also searched for N-

acetylhexosamine (HexNAc) of serine, threonine or asparagine residues, for a 

monoisotopic mass of 203.0794 (see appendix A, table 1 for more details). This parameter 

was used to identify peptides and, therefore, parent proteins with the addition of O-

GlcNAc, should the modification survive the collision-induced dissociation (CID) gas phase.  

2.9.7 Scaffold  

DAT files from Mascot were transferred to an additional software package for proteomic 

analysis; Scaffold (Proteome Software). Proteins were quantified according to the 

normalised spectral abundance factor (NSAF). This takes into account that longer proteins 

tend to generate more identifiable peptides than short proteins and so the abundance 

score is normalised to protein length. NSAF is defined as a ratio of the number of spectra 

identifying a protein divided by the protein length expressed as the number of amino 

acids. In Scaffold this value, called SAF, is then normalized among the different biosamples 

and list of proteins present in the experiment. NSAF values are typically less than 1 and at 

times less than 0.002. An example screenshot of Scaffold can be seen in Figure 2:4.  

The NSAF score for each identified protein was then used to calculate a fold change in 

protein abundance. This allowed proteins that differed by >2 or <0.5 fold between the 

sample groups to be selected for further analysis. Therefore a change in abundance will be 

referred to as more- or less- O-GlcNAc-modified proteins from this point forwards.   

All preparation of samples for proteomic analysis was conducted in a manner devised to 

help reduce contamination, such as working in a hood, cleaning equipment with 100% 

alcohol and wearing protective clothing. However, peptide contaminants are still detected 

(Hodge et al., 2013) and can take up a large proportion of the machines sequencing time 

and overpopulate MS results, affecting analysis. A bespoke protein list exists of laboratory 

contaminants that include: keratins possibly derived from skin, trypsin-related proteins 

and serum albumins likely to have been derived from blood (Hodge et al., 2013). These 

ǇǊƻǘŜƛƴǎ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘƛǎ ǎǘǳŘȅΩǎ ǇǊƻǘŜƻƳƛŎ ŘŀǘŀǎŜǘ ŀƴŘ ŜȄŎƭǳŘŜŘ ŦǊƻƳ ŦǳǊǘƘŜǊ 

analysis.  
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2.9.8 Ingenuity Pathway Analysis (IPA):  

¢ƘŜ ǇǊƻǘŜƻƳƛŎ Řŀǘŀ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ vL!D9bΩǎ Ingenuity Pathway Analysis 

(IPA) software (Ingenuity Systems, QIAGEN Redwood City, CA, USA www.qiagen.com/ingenuity) which 

has been broadly adopted by the life science research community and is cited in over 12,500 

peer-reviewed journal articles. IPA is a knowledge-based search engine, making results 

computationally accessible by generating pathways and interactions (using accredited 

databases and published literature) to produce relationships within the data set. IPA compiles 

both canonical pathways, using the data set entered to identify relationships, mechanisms, 

functions and pathways of relevance to the research question. The prediction also produces 

candidate upstream regulators that may explain observed changes in the data set, as well as 

molecular networks of algorithmically-generated pathways (inferred pathways), illustrating 

potential molecular interactions in the experimental system. In addition, IPA uses fold-change 

values to predict if a particular canonical pathway is activated, inactivated or unchanged in 

relation to the change in abundance of proteins from the dataset entered. IPA analysed the 

fold-change in protein expression using the Right-sided Fishers exact test (p<0.5).  

 

IPA proteomic software is able to highlight trends and similarities within a dataset by 

generating a list of canonical pathways, ranked by scoring and displayed using heat maps or 

graphical representation. This allowed for interpretation of the biological significance and 

potential consequences of a change in abundance of O-GlcNAc-modified proteins between 

treatment groups. IPA also allows visualisation of known protein-protein interactions within 

the dataset entered and uses this information to generate causal networks, identifying 

upstream regulators of pathways. In addition, IPA predicts downstream effects, indicating 

whether a change in protein expression within the dataset entered is known to regulate the 

expression of other proteins downstream and predict what particular biological function or 

activity of a disease that could be affected. 

 

IPA identifies canonical pathways and biological functions or diseases in relation to the input 

dataset. IPA then ranks the pathways using a combination of an applied ratio and p-value. To 

calculate the ratio, IPA takes the number of O-GlcNAc-modified proteins within a specific 

function or pathway and divides by the total number of proteins in that function, creating a 

ratio. This ratio and an additional p-value calculated by an internal Ingenuity algorithm, was 

then used to rank known canonical functions, so that identification of chance associations 

between O-GlcNAc-modified proteins and identified functions is minimised. The smaller the p-

value, the less the likelihood that the association between O-GlcNAc-modified proteins and a 

particular function is random and the more significant the association.  
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Chapter 3 - Proteomic analysis of the human placenta; investigating 

protein O-GlcNAcylation in term human placental tissue 
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3.1 Introduction  

Little is known about the role of protein O-GlcNAcylation in development. The existence of 

O-GlcNAc-modified proteins and presence of the biochemical machinery required to 

perform protein O-GlcNAcylation in human placenta have not been studied. In preparation 

for a proteomic analysis, a proof-of-principle investigation was completed to provide 

evidence for O-GlcNAc-modified proteins and the distribution of OGT and OGA; the two 

enzymes regulating the addition (OGT) and removal (OGA) of the O-GlcNAc 

monosaccharide, in human placental tissue.  

Identification of the repertoire of O-GlcNAc-modified proteins (referred to as the O-

GlcNAc-ome from this point forward) in uncomplicated pregnancies, followed by pathway 

and network analysis will further our understanding of how this PTM could govern normal 

placental function. Comparison of the placental O-GlcNAc-ome in pregnancies complicated 

by maternal diabetes will provide a platform for the increased understanding of how 

placental function is altered in these pregnancies.  

 

3.2 The biochemical machinery required for protein O-GlcNAcylation is 

present in human placenta 

 

3.2.1 Immunohistochemical (IHC) analysis  

Analysis of placental tissue by IHC (Figure 3:1) demonstrated that both OGT and OGA are 

expressed, (Figure 3:1 A-B and D-E respectively), with the most prominent staining 

localised to the syncytiotrophoblasts and underlying cytotrophoblasts. Staining was also 

present at lower intensities within the fetal capillaries and stroma. The majority of OGT 

and OGA staining is localised to the cell membrane and cytoplasm, although some staining 

is present in a few nuclei.   
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Figure 3:1: Localisation of enzymes OGT and OGA in human term placenta.  
Sections were probed with anti-rabbit OGT (A+B) or anti-chicken OGA (D+E) primary antibody, followed 

by a HRP-linked swine-anti-rabbit IgG or biotinylated anti-chicken respectively. Immune complexes were 

visualised using DAB (brown). Negative controls are shown (C+F) where the primary antibodies were 

omitted and the corresponding secondary antibodies for the OGT and OGA antibodies were added 

respectively. Structural compartments are labelled: syn (syncytium), cyt (cytotrophoblasts), cap (fetal 

capillaries), str (stroma), ivs (inter-villous space). Images are representative of multiple tissues (n=4), 

magnification x20 (A, B, C, F) and x40 (B+E). 

The presence of endogenous O-GlcNAc-modified proteins was assessed in first trimester 

and term placental tissue using an antibody that recognises O-GlcNAc-attached to serine 

and threonine residues of proteins via a -̡O-glycosidic linkage (Comer et al., 2001). Figure 

3:2 (A-D) demonstrates staining for O-GlcNAc-modified protein in term tissue. The stain is 

more prominent in exchange membranes of the placenta, in particular the syncytium. A 
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large proportion of the stain appears to be nuclear, though some nuclei are negative. In 

comparison to term tissue, first trimester placental tissue had more prominent staining in 

the cytotrophoblast cells, with some light staining present in the syncytium. The 

cytotrophoblast stain in first trimester is predominantly nuclear, though some cytoplasmic 

staining is also evident (Figure 3:2 -E). 

 

Figure 3:2: Localisation of O-GlcNAc-modified proteins in human placenta.  
Term placental tissue (A-D) and first trimester placental tissue (E) were observed. Sections were probed 

for O-GlcNAc modified proteins using a pan O-GlcNAcylated protein antibody (CTD 110.6), followed by 

HRP-linked rabbit-anti-mouse IgG. Immune complexes visualised using DAB (brown). A negative control 

is shown (F) where the primary antibody was omitted and the corresponding secondary antibody was 

added. The structural compartments are labelled: syn (syncytium), cyt (cytotrophoblasts), cap (fetal 

capillaries), str (stroma), ivs (inter-villous space), fib (fibrin). Images are representative of multiple 

tissues (n=5), magnification x10 (A) x20 (B, E, F) and x40 (C+D).  
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3.2.2 Immunofluorescence (IF) analysis  

Investigation of O-GlcNAc-modified proteins in the placental choriocarcinoma cell line, 

BeWo, revealed that O-GlcNAcylated proteins are present in both the cytoplasm and 

nucleus of cells (Figure 3:3). There is substantial nuclear speckling visible (Figure 3:3-A, 

indicated by a white arrow). The speckles are concentrated to the perinuclear region and 

may depict a network (red arrow), consistent with endoplasmic reticulum, that contains O-

GlcNAcylated proteins (Sakaidani et al., 2011). In addition, the speckling is present 

throughout the cytoplasm (yellow arrow); however the speckles are more dispersed and 

their intensity is weaker than that of the specks in the nucleus.  

 

Figure 3:3: O-GlcNAc-modified proteins in the human trophoblast cell-line, BeWo. 

Immunofluorescent staining of cultured placental BeWo cells using (A) a pan O-GlcNAc mouse antibody 

(CTD 110.6) to label O-GlcNAc modified proteins (green). (B) A negative control using mouse IgG. 

Immune complexes were visualised by !ƭŜȄŀ CƭǳƻǊϰ-conjugated donkey-anti-mouse IgG and nuclei were 

stained using DAPI (blue). Images are representative of multiple independent experiments (n=4), 

magnification x63.  

Investigations by Western blot analysis confirmed that both OGT and OGA are expression 

by BeWo cells (data not shown). Together these data suggest BeWo cells may also be used 

as an appropriate tool to study protein O-GlcNAcylation.  

 

3.2.3 Analysis of transcript expression using real-time quantitative polymerase 

chain reaction (RT-qPCR) 

Term placenta samples were obtained following delivery from mothers with type one- or 

type two- diabetes mellitus (T1DM and T2DM respectively), as well as mothers with a 

matched body mass index (BMI; 20-25kg/mg2 or 30-35kg/mg2, respectively). Patient 

demographics are shown in Table 3:1. There was no significant difference between the 

BMI of mothers with T1DM and a normal BMI range; however a significant difference 

between the BMI of mothers with T2DM and an obese BMI was observed retrospectively 

(p=0.015). As expected, there was a significant difference in BMI between the obese and 

! . 
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control groups (p=0.004) and in BMI between T1DM and T2DM groups (p=0.008). There 

was no other significant difference between the groups.  

Table 3:1: Demographics, obstetric and biophysical data for participants with type 1 diabetes mellitus 
(T1DM), type 2 diabetes mellitus (T2DM) and BMI-matched controls used for RT-qPCR analysis 

 

Normal 
BMI 20-25 

(n=6) 

T1DM 
(n=5) 

Obese 
BMI 30-35 

(n=5) 

T2DM 
(n=5) 

P 

Maternal Age 
33 

(29-38) 
21 

(19-37) 
38 

(30-42) 
36.0 

(26-42) 
a)ns 
b) ns 

Maternal BMI (kg/m
2
) 

23.1 
(21.9-27) 

24.7 
(20-26.2) 

30.5 
(30.1-31) 

36 
(31-41) 

a)ns 
b)* 

Smoker (%) 0 0 0 0 
a)ns 
b)ns 

Ethnicity (% Caucasian) 66.66 60.00 60.00 80.00 
a)ns 
b)ns 

Gestation (wks) 
39.0 

(36.7-41.3) 
37.1 

(36.9-39) 
39.0 

(38-39.6) 
37.9 

(36-39) 
a)ns 
b)ns 

Fetal Sex (% Males) 50.00 40.00 100 80.00 
a)ns 
b)ns 

Birth Weight (g) 
3130 

(2580-3600) 
3240 

(2520-4340) 
3640 

(3050-3880) 
3360 

(2990-3867) 
a)ns 
b)ns 

IBC 
54 

(7-80) 
88.5 

(9.9-100) 
60 

(30-87) 
69 

(35-95) 
a)ns 
b)ns 

Data are median (range). Abbreviations: BMI -body mass index, IBC -individualised birthweight centile. p-

values were calculated for (a) T1DM compared to controls with a BMI 20-25 (b) T2DM compared to 

controls with a BMI 30-35, using Mann-Whitney test, or Fishers exact test for smoking, ethnicity and 

fetal sex only. * p=0.05. 

 

The expression of OGT, OGA and the HBP rate-limiting enzyme GFAT in placental samples 

was analysed by RT-qPCR (Figure 3:4) after first optimising primer annealing temperature 

to ensure accuracy of results. A commonly used housekeeping gene for placenta, YWHAZ 

(Cleal et al., 2009), was selected for normalisation of transcript expression for each 

sample. There was no significant different between the expression of YWHAZ between 

each sample (Figure 3:4 -D). The expression of OGT and OGA appeared reduced in samples 

from women with diabetes; however statistical analysis found no difference in the 

expression of either enzyme between the diabetic samples (T1DM or T2DM) and their 

respective BMI-matched controls (Figure 3:4). 



79 
 

 

Figure 3:4: Analysis of mRNA expression of enzymes OGT, OGA and GFAT in human term placenta by 
RT-qPCR. 
Term placental tissue samples from mothers with type 1 diabetes mellitus (T1DM), type 2 diabetes 

mellitus (T2DM) compared to BMI-matched control groups were used to analyse the mRNA expression 

of a panel of genes (A) GFAT, (B) OGA and (C) OGT. (D) A placentally-expressed housekeeping gene, 

YWHAZ, was used to normalise mRNA expression of individual samples. Expression of the housekeeping 

genes was unaltered between the patient samples (determined by Kruskal-Wallis, where p >0.05). Data 

are shown as individual samples; median mRNA expression is represented by the bar. Expression of each 

gene did not significantly alter between maternal diabetes and controls.  
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3.3 Method development: enriching O-GlcNAcylated protein from placental 

extracts for proteomic analysis  

3.3.1 Difficulties of identifying protein modification by proteomics 

Studying PTMs of proteins is challenging because of their vulnerability during sample 

preparation and protein lysis (Wang and Hart, 2008). Therefore, to prevent the 

monosaccharide O-GlcNAc being removed from proteins, an inhibitor of OGA (PUGNAc) 

was incorporated into processing protocols to impede any naturally occurring de-

GlcNAcylation during the lysis stage.  

Protein O-GlcNAcylation is difficult to detect by MS, largely due to the lack of readily 

available tools that are sensitive, simple and cheap (Wang and Hart, 2008). The difficulty in 

detecting O-GlcNAc-modified proteins is exacerbated by the low number of modified sites 

per protein and the instability of the O-glycosidic bond. The monosaccharide is readily lost 

from the peptide before backbone fragmentation during the collision-induced 

disassociation (CID) gas phase of the MS analysis, leaving behind no mass signature (Greis 

et al., 1996, Alfaro et al., 2012, Hahne et al., 2012).  

Efforts to identify the exact O-GlcNAc-modified site are even more challenging (Vosseller 

et al., 2006, Hahne et al., 2012); consequently, as little as 25% of known O-GlcNAc-

modified proteins have documented site-specific information (Wang et al., 2011). 

Furthermore, most O-GlcNAc-modified sites neighbour additional serine or threonine 

amino acids, making the exact site impossible to identify from simple peptide 

fragmentation (Greis et al., 1996).  

3.3.1.2 Approaches to identify O-GlcNAc-modified proteins 
/ǳǊǊŜƴǘ ŀǇǇǊƻŀŎƘŜǎ ƛƴŎƭǳŘŜ ŎƭƛŎƪ ŎƘŜƳƛǎǘǊȅΣ ʲ-elimination and O-GlcNAc-labelling using 

radioisotopes.  

Gurcel et al. (2008) attempted to identify O-GlcNAc-modified proteins by using the 

hexosamine salvage pathway to label O-GlcNAc-modified proteins as it can tolerate and 

metabolise an unnatural azido analogue of O-GlcNAc (GlcNAz). This analogue can be 

conjugated to proteins using click chemistry, a method to link small modular units 

together (Kolb et al., 2001), where a copper catalyst and an alkyne-biotinylated probe are 

used as the 1,3-Dipolar cycloaddition. Streptavidin affinity columns are then used to pull 

out modified proteins for MS (Gurcel et al., 2008). This method successfully identified 32 

O-GlcNAc modified proteins of a breast cancer cell line (MCF-7).  
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Other authors, such as Greis et al (1996), have employed methods traditionally used in N-

ƭƛƴƪŜŘ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǊŜǎŜŀǊŎƘΣ ǎǳŎƘ ŀǎ ŀƭƪŀƭƛƴŜ ʲ-elimination, which releases O-linked 

glycans from synthesised O-GlcNAc-modified peptides, thereby converting glycosylated 

serine or threonine to dehydroalanine or deydrobutyric acid with loss of the sugar moiety. 

This technique can also be coupled with capillary high-performance liquid chromatography 

and electrospray ionisation MS (LC-ES-MS). The altered O-GlcNAc-modified site can then 

be distinguished as the site of modification by CID tandem MS (Greis et al., 1996). This 

technique has been further developed, by a Michael addition using dithiothreitol (DTT) 

ŦƻƭƭƻǿƛƴƎ ʲ-elimination (BEMAD), to attach an affinity tag to the modified peptide, which 

allows selective enrichment (Rusnak et al., 2004, Vosseller et al., 2006).  

A more traditional method to detect O-GlcNAc-modified proteins, following PNGase F 

treatment (cleavage of N-linked carbohydrates), involves uridine diphosphate (UDP)-

[3H]Gal-based galactosyltransferase labelling (Torres and Hart, 1984). The [3H] Gal-labelled 

peptides are first purified by multiple rounds of reverse-phase high-performance liquid 

chromatography (HPLC), keeping only the radiolabelled fractions. The enriched fragments 

are used to provide O-GlcNAc site information (Wang and Hart, 2008). 

All these techniques are proven to identify O-GlcNAc-modified proteins; however they 

require a considerable amount of molecular manipulation and expensive labour-intensive 

protocols (Greis et al., 1996, Wang and Hart, 2008). They are complex, costly and time 

consuming techniques that are solely used in specialised laboratories. We sought a 

relatively simple, inexpensive method to isolate O-GlcNAc-modified proteins prior to MS 

analysis.  

3.3.1.3 The use of antibodies to enrich O-GlcNAc-modified proteins 
The antibodies CTD 110.6 and RL2 recognise many proteins that are O-GlcNAc-modified 

serine or threonine residues and may consequently be used for the detection of protein O-

GlcNAcylation by Western blot analysis, or following immunoprecipitation of a candidate 

protein. Alternatively these antibodies can be used to enrich O-GlcNAc-modified proteins 

from a sample by immunoprecipitation prior to MS analysis, increasing the abundance of 

modified proteins and therefore detection rate by MS (Comer et al., 2001, Wang and Hart, 

2008)Φ IƻǿŜǾŜǊΣ ǳǎƛƴƎ ǘƘŜǎŜ ΨƎƭƻōŀƭΩ O-GlcNAc antibodies presents some disadvantages; 

they have relatively low binding affinity, which results in highly abundant proteins, or 

proteins with multiple modifications, being overrepresented in the analysis compared to 

low abundance proteins, or those modified by one single O-GlcNAc (Wang and Hart, 2008).  



82 
 

3.3.1.4 The use of plant lectins to enrich O-GlcNAc-modified proteins:  
The lectin wheat germ agglutinin (WGA) contains two binding sites; one for N-

acetylglucosamine (GlcNAc) residues in glycoproteins and one that enables interaction 

with sialic acids (Bhavanandan and Katlic, 1979, Wang and Hart, 2008). WGA has 

previously been used in conjunction with chromatography to isolate unique O-GlcNAc 

peptides (Vosseller et al., 2006). However, this technique is not specific to cytoplasmic 

protein O-GlcNAcylation as other glycoconjugates containing sialic acids will be co-

isolated, increasing the likeliness of co-eluting classical N- or O-linked glycans (Wang and 

Hart, 2008). WGA has been modified to produce a succinylated form (sWGA). This changes 

the specificity of carbohydrate binding (Monsigny et al., 1979) such that the succinylated 

form is still able to recognise O-GlcNAc-modified residues but  can no longer bind sialic 

acids (Monsigny et al., 1979). Therefore, sWGA has a greater specificity toward O-GlcNAc-

modified proteins than WGA.  

Although the available antibodies have greater specificity for O-GlcNAc-modified proteins 

than lectins, their weak binding affinity and samples isolation bias, makes them inefficient 

when enriching O-GlcNAc-modified proteins from a lysate (Wang and Hart, 2008). 

Therefore in this study, enrichment of O-GlcNAcylated proteins was conducted using 

sWGA-conjugated agarose beads, in combination with liquid chromatography (LC) and 

mass spectrometry (MS) to identify O-GlcNAc-modified proteins, as well as their 

abundance in term placental lysates. 
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3.4 Tissue selection 

3.4.1 Patient demographics of women with diabetes compared to uncomplicated 

pregnancy  

Placental tissues were collected from women with T1DM (n=6), T2DM (n=6) and BMI 

matched controls with normal outcomes: BMI 20-25kg/mg2 (n=5) and BMI 30-35kg/mg2 

(n=6), respectively. Patient demographics are shown in Table 3:2. There was no significant 

difference between the BMI of mothers with T1DM or T2DM to their respective control 

groups. Additionally, there were no significant differences between maternal age, birth 

weight and individualised birth centile (IBC) in any of the four groups; however both 

diabetic groups had a tendency to deliver one week earlier than their BMI-matched 

control groups and on average, these mothers gave birth to larger infants. Although 

sought, information regarding maternal medication and glycaemic control was 

unattainable. It was assumed that the samples used (as controls) from mothers with a 

matched BMI were assessed for GMD during their routine check-ups with a negative 

result.  

 

Table 3:2: Demographics, obstetric and biophysical data for participants with type 1 diabetes mellitus 
(T1DM), type 2 diabetes mellitus (T2DM) and BMI-matched controls used for mass spectrometry 
analysis 

 

Normal 
BMI 20-25 

(n=5) 

T1DM 
(n=6) 

Obese 
BMI 30-35 

(n=6) 

T2DM 
(n=6) 

p 

Maternal Age 
36 

(33-39) 
32.5 

(19-43) 
33 

(27-42) 
36.0 

(26-42) 
a)ns 
b)ns 

Maternal BMI (kg/m
2
) 

22.11 
(21.9-24) 

23.8 
(20-33.8) 

31.0 
(30.1-32) 

36.5 
(31-41) 

a)ns 
b)ns 

Smoker (%) 0 0 0 0 
a)ns 
b)ns 

Ethnicity (% Caucasian) 60.00 83.33 50.00 83.33 
a)ns 
b)ns 

Gestation (wks) 
39.1 

(36.7-41.3) 
37.5 

(35.6-39.0) 
39.0 

(38.4-41.6) 
38.1 

(36.0-39.0) 
a)ns 
b)* 

Fetal Sex (% Males) 60.00 83.33 50.00 83.33 
a)ns 
b)ns 

Birth Weight (g) 
3080 

(2920-3800) 
3682 

(2660-4340) 
3590 

(3180-4200) 
3360 

(2990-3867) 
a)ns 
b)ns 

Individualised birth centile  (IBC) 
49.5 

(13.8-80) 
99.5 

(78-100) 
55.8 

(34-90) 
67 

(35-95) 
a)ns 
b)ns 

Data are median (range). Abbreviations: BMI -body mass index, IBC -individualised birthweight centile. p-

values were calculated for (a) T1DM compared to controls with a BMI 20-25 (b) T2DM compared to 

controls with a BMI 30-35, using Mann-Whitney test, or Fishers exact test for smoking, ethnicity and 

fetal sex only. * p=0.05. 
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3.5 Proteomics analysis of term placental tissue   

An unbiased proteomics approach was used to compare O-GlcNAc-modified proteins in 

placenta from mothers with T1DM or T2DM with the placental O-GlcNAc-ome of mothers 

with a matched BMI. In addition, this investigation aimed to determine whether maternal 

obesity could influence protein O-GlcNAcylation, by comparing the placental O-GlcNAc-

ome form obese mothers with that of placentas from women with a normal BMI.  

The proteomic analysis was conducted on pooled term tissue lysates (n=5 or 6/group) 

enriched for O-GlcNAc-modified proteins using sWGA-conjugated beads. O-GlcNAc 

enriched samples were loaded in a gel and stained with Coomassie blue (Figure 3:5). More 

proteins were evident in the remaining supernatant (to the right) than in the enriched 

fraction, suggesting that only a  small proportion of total proteins have an O-GlcNAc-

modification at any one time. 

  

Figure 3:5: Enriching human placental O-GlcNAc-modified proteins: 
O-GlcNAc-modified proteins were enriched, using succinylated wheat germ agglutinin (sWGA) agarose 

beads, ŦǊƻƳ ǇƻƻƭŜŘ ǘŜǊƳ ǇƭŀŎŜƴǘŀƭ ƭȅǎŀǘŜǎ όнпл˃Ǝ ǇǊƻǘŜƛƴκƎǊƻǳǇύ. Samples were incubated with sWGA 

ōŜŀŘǎ ƻǾŜǊƴƛƎƘǘ ŀǘ пх/ then beads were pelleted and loaded into a 7.5% acrylamide gel, (lanes 1-4). The 

supernatants remaining after depleting the modified proteins were also assessed (lanes 5-8). Proteins 

were separated by SDS-PAGE and stained with Coomassie blue. (M) Protein ladder of known molecular 

weight. Lanes 1 and 5 - type one diabetes mellitus (n=6); lanes 2 and 6 - normal BMI 20-25 (n=5); lanes 3 

and 7 - type two diabetes mellitus (n=6); lanes 4 and 8 - obese BMI 30-35 (n=6). 

 

3.6 Placental O-GlcNAc-modified proteins identified by Mass Spectrometry  

Enriched proteins were converted to tryptic peptides, identified by MS and subsequently 

analysed using MASCOT and Scaffold proteomics software as described in chapter two. 

Overall, a total of 961 proteins were identified across all groups. The number of proteins 

identified in each placental group can be seen in Table 3:3.  



85 
 

 

 

Table 3:3: Total number of proteins in each sample group and the number of unique proteins in each 
group, identified in proteomic analysis of term placental tissue following enrichment of O-GlcNAc-
modified proteins with succinylated wheat germ agglutinin agarose beads.  

Placental Groups: Number of GlcNAc-modified 
proteins, out of a total of 961 

Number of proteins 
unique to this group 

Normal control (BMI 20-25) 779 5 

Obese control (BMI 30-35) 858 37 

Type one diabetes (T1DM) 774 2 

Type two diabetes (T2DM) 802 19 

Body mass index (BMI; kg/m
2
). 

 

Protein enrichment, using sWGA-conjugated beads, does not guarantee all proteins 

isolated and identified by MS are in fact O-GlcNAcylated, as some proteins may have been 

enriched by association with other proteins. However the terminology adopted to refer to 

potentially O-GlcNAc-modified proteins identified by MS analysis will be referred to as O-

GlcNAc-modified proteins and thus a change in expression means that potentially, these 

proteins are more- or less- O-GlcNAcylated.  

The dataset contained a wide variety of proteins (Appendix B). Initial examination of the 

dataset, using a combination of online protein search engines such as, Uniprot and the 

Human Protein Atlas, in combination with ingenuity pathway analysis (IPA), indicated that 

many of the identified proteins are intracellular (Figure 3:6). The majority of the 961 

proteins were located to cytoplasm and nucleus and the remaining proteins were 

associated with membranes. Although though some proteins identified were classified as 

extracellular, a large proportion of these were representative of proteins with 

transmembrane domains of the plasma membrane.  

This finding was not surprising and provided support for the effectiveness of the 

enrichment  methodology, as in contrast to classical glycosylated proteins, O-GlcNAc-

ƳƻŘƛŦƛŜŘ ǇǊƻǘŜƛƴǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ΨƴǳŎƭŜƻŎȅǘƻǇƭŀǎƳƛŎΩ ŦǊŀŎǘƛƻƴ (Dong and Hart, 

1994)Φ ! ǎƳŀƭƭ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǇǊƻǘŜƛƴǎ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ΨƻǘƘŜǊΩΦ hƴ ƻōǎŜǊǾŀǘƛƻƴΣ ƛǘ ǿŀǎ 

apparent that these proteins were of nuclear or cytoplasmic origin, suggesting IPA could 

not classify this small subset of proteins appropriately.  
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Figure 3:6: Pie chart to show the proportion of the 961 proteins identified by mass spectrometry as O-
GlcNAc-modified in relation to their cellular location.  

 

Initial observation of the placental O-GlcNAc-ome identified two of the three enzymes 

involved in protein O-GlcNAcylation as O-GlcNAc-modified (Table 3:4). OGT is well-

established as an O-GlcNAcylated protein (Hart and Akimoto, 2009), so it was reassuring to 

see OGT within the dataset. However, there was no change in OGT expression between 

T1DM and its BMI-matched control. OGT was also present in the O-GlcNAc-ome of 

mothers with an obese BMI, but not T2DM. OGA is a known O-GlcNAc-target, with one O-

GlcNAc-site identified (S405) (Lazarus et al., 2006, Khidekel et al., 2007); however it was 

not identified by MS analysis in this study. The expression of the HBP rate-limiting enzyme 

GFAT (not currently identified as O-GlcNAc-modified, but contains 9 predicted sites 

according to the dbOGAP), decreased slightly (0.83-fold) in T1DM placenta compared to 

BMI-matched control; GFAT was not detected in the enriched fraction from obese 

placental tissue but appeared in placental tissue from mothers with T2DM, suggesting a 

substantial increase in O-GlcNAcylation of GFAT in T2DM compared to an obese control. 

 
Table 3:4: The enzymes required for hexosamine biosynthetic pathway flux ς (GFAT) and the addition 
of O-GlcNAc monosaccharide to proteins (OGT) are O-GlcNAc-modified in human term placental 
tissue. Value represents the normal spectral abundance factor (NSAF) generated in Scaffold for each 
protein.  

Accession 
Number 

Identified Proteins 
Normal 

BMI 
T1DM 

Obese 
BMI 

T2DM 

OGT1 
UDP-N-acetylglucosamine--peptide 
N-acetylglucosaminyltransferase 

0.00224 0.00234 0.00369 0 

GFAT 
Glutamine--fructose-6-phosphate 

aminotransferase 
0.01511 0.01262 0 0.02872 

Abbreviations- BMI: body mass index (kg/m
2
). T1DM: type one diabetes mellitus. T2DM: type two 

diabetes mellitus. 

56% 

16% 

16% 

11% 

1% 

Cytoplasm

Nucleus

Membrane Associated

Extracellular Space

Other
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3.7 Pathway analysis in placenta from mothers with a normal BMI 

3.7.1 The normal placental O-GlcNAc-ome: top canonical pathways  

779 potentially O-GlcNAc-modified proteins were identified in term placenta from mothers 

with a normal BMI. (A complete list can be found in Appendix B). The 779 proteins were 

analysed using IPA with the aim of identifying the canonical pathways that protein O-

GlcNAc-modification governs as part of normal placental function. 

IPA identified multiple canonical pathways (Figure 3:7), which were ranked using a 

combination of an applied ratio and p-value (see section 2.9.8 for more details). The top 

ǇŀǘƘǿŀȅ ǿŀǎ Ψ9ǳƪŀǊȅƻǘƛŎ Lƴƛǘƛŀǘƛƻƴ CŀŎǘƻǊ н ό9LCнύ ǎƛƎƴŀƭƭƛƴƎΩ όǇҐоΦфн9-52); which is required 

for the initiation of translation of proteins and mediates the binding of tRNA to ribosomes 

(Pain, 1996). The proteins identified by MS (71 proteins) represent 36.6% of all proteins 

(194) known to be involved in this canonical pathway. 

The second canonical pathway represented within the O-GlcNAc-modified placental 

proteƛƴ ǊŜǇŜǊǘƻƛǊŜ ƻŦ ƳƻǘƘŜǊǎ ǿƛǘƘ ŀ ƴƻǊƳŀƭ .aL ǿŀǎ ΨwŜƎǳƭŀǘƛƻƴ ƻŦ ŜLCп ŀƴŘ Ǉтл{сƪ 

ǎƛƎƴŀƭƭƛƴƎΩ όǇҐпΦмт9-20). This pathway regulates protein translation (Lawrence and 

Abraham, 1997). 37 of its 157 proteins (23.6%) were identified within the enriched dataset 

of potentially O-GlcNAc-modified proteins.   

¢ƘŜ ǘƘƛǊŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ƛŘŜƴǘƛŦƛŜŘ ǿŀǎ ΨǊŜƳƻŘŜƭƭƛƴƎ ƻŦ ŜǇƛǘƘŜƭƛŀƭ ŀŘƘŜǊŜƴǎ ƧǳƴŎǘƛƻƴǎΩ 

(p=3.83E-19 - 36.8% protein overlap). The proteins in this pathway include actin and tubulin 

subunits, both of which are well-established substrates for O-GlcNAcylation (Walgren et 

al., 2003, Zachara and Hart, 2006).  

The remaining canonical pathways (of the top 10), shown in Figure 3:7, link protein O-

GlcNAcylation in term placenta to the regulation of: endocytosis; integrin signalling 

(transmitting signals about cell location, the local environment and surrounding matrix to 

the cell (Calderwood et al., 2000));  actin signalling and mTOR signalling (regulating cell 

proliferation (Dennis et al., 1999).   
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Figure 3:7: The top ten canonical pathways identified by IPA of the O-GlcNAc-enriched placental 
lysates from mothers with control BMI (n=5): 
Pathways were ranked on a combination of the ratio and p-value of significance, where ratio (grey bars) 

indicates the strength of the overlap (i.e. the number of proteins altered in the dataset compared to the 

total number of proteins known, indicated to the right hand side, within the canonical pathway). The p-

value (orange line) indicates the significance of datasets association with the canonical pathway, as 

calculated by a Right-sided Fishers exact test. 

 

3.8 Pathway analysis in placenta from obese mothers 

858 potentially O-GlcNAc-modified proteins were identified by MS analysis of enriched 

lysates of term placenta from mothers with an obese BMI (30-35 kg/m2) (Appendix B), 

again comprising largely cytoplasmic and nuclear proteins.  

3.8.1 The obese placental O-GlcNAc-ome: top canonical pathways 

The top eight canonical pathways identified were in common with the normal O-GlcNAc-

ome; however canonical pathways positioned two and three were in reverse order (Figure 

3:8ύΦ bŜǿ ǇŀǘƘǿŀȅǎ ƛƴ ǘƘƛǎ Řŀǘŀ ǎŜǘ ƛƴŎƭǳŘŜŘ ΨǊŜƎǳƭŀǘƛƻƴ ƻŦ !Ŏǘƛƴ-ōŀǎŜŘ Ƴƻǘƛƭƛǘȅ ōȅ wƘƻΩ 

ŀƴŘ ΨƳƛǘƻŎƘƻƴŘǊƛŀƭ ŘȅǎŦǳƴŎǘƛƻƴΩΦ  
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Figure 3:8:  The top ten canonical pathways identified by IPA of the O-GlcNAc-enriched placental 
proteins from mothers with an obese BMI (n=6): 
Pathways were ranked on a combination of the ratio and significance, where ratio (grey bars) indicates 

the strength of the overlap (i.e. the number of proteins altered in the dataset compared to the total 

number of proteins known, indicated to the right hand side, within the canonical pathway). The p-value 

(orange line) indicates the significance of datasets association with the canonical pathway, as calculated 

by a Right-sided Fishers exact test. 

Although the pathways influenced by the O-GlcNAc-ome of normal and obese placentas 

appeared to be similar, some differences were evident and therefore these two O-GlcNAc-

omes were compared in IPA to determine if such changes could contribute to alterations 

in placental function caused by increased maternal BMI.  

3.9 A comparison of the obese placental O-GlcNAc-ome to the normal 

placental O-GlcNAc-ome 

To identify whether the O-GlcNAcylation status of individual proteins was altered, the fold 

change of protein expression between obese and normal was calculated using the NSAF 

ǎŎƻǊŜ ƎŜƴŜǊŀǘŜŘ ƛƴ {ŎŀŦŦƻƭŘΦ bƻǘŀōƛƭƛǘȅ ǘƘǊŜǎƘƻƭŘǎ ǿŜǊŜ ǎŜǘ ŀǎ җн- ŀƴŘ ҖлΦр- where an 

increase in abundance suggests more protein O-GlcNAcylation and less abundance is 

indicative of less O-GlcNAc-modification. The fold change values were then analysed using 

IPA to identify canonical pathways that are altered in obesity. This comparison only 

includes proteins expressed in both O-GlcNAc-omes, enabling a change in expression to be 
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calculated and analysed in IPA; proteins not expressed in both groups were omitted for 

this analysis.   

The O-GlcNAcylation status of 179 proteins was altered in placentas from obese compared 

to control mothers. The top canonical pathways represented by these proteins are ranked 

in Figure 3:9. The degree of change in protein O-GlcNAcylation is represented by a green 

(less O-GlcNAc-modified) or red (more O-GlcNAc-modified) stacked bar. In placentas from 

mothers with an obese BMI, the degree of change in protein O-GlcNAcylation appears 

equal between more- or less- protein O-GlcNAcylation.   

ΨwƘƻ! ǎƛƎƴŀƭƭƛƴƎΩ ǿŀǎ ǘƘŜ ǘƻǇ Ǉŀǘhway (p=9.41E-08) containing 10 of the 179 significantly 

ŀƭǘŜǊŜŘ ǇǊƻǘŜƛƴǎΦ ¢ƘŜ ǎŜŎƻƴŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ǿŀǎ ΨŎƭŀǘƘǊƛƴ-ƳŜŘƛŀǘŜŘ ŜƴŘƻŎȅǘƻǎƛǎΩ 

(CME; p=1.04E-06) containing 11 of the 179 significantly more- or less- O-GlcNAc-modified 

proteins. A total of 31 proteins from the O-GlcNAc-ome dataset were identified as CME 

related proteins, e.g., actin-related proteins, multiple adaptor proteins, clathrin proteins, 

lysosomal and endosomally-expressed proteins, all of which have roles in membrane and 

intracellular trafficking, but their abundance in the control and obese O-GlcNAc-omes did 

ƴƻǘ ŘƛŦŦŜǊΦ  ¢ƘŜ ǘƘƛǊŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ƛŘŜƴǘƛŦƛŜŘΣ ΨwƘƻD5L ǎƛƎƴŀƭƭƛƴƎΩ όǇҐнΦоф9-6), also 

involved multiple proteins that regulate cellular uptake and exchange; including G-

proteins, integrins and actins.  
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Figure 3:9: The top ten canonical pathways identified by IPA of placental O-GlcNAcylated proteins 
with a >2-fold change in abundance (179): 
Fold change was calculated as a change in abundance of placental proteins from mothers with an obese 

BMI (30-35) compared to normal BMI (20-25). Pathways were ranked on a combination of the ratio and 

p-value. Ratio was calculated by the number of proteins altered (up ς red; down ς green) in the dataset 

compared to the total number of known proteins (indicated to the right hand side) within the canonical 

pathway. The p-value (orange line) indicates the significance of datasets association with the canonical 

pathway, as calculated by a Right-sided Fishers exact test. 
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3.9.1 A comparison of the obese placental O-GlcNAc-ome and the normal placental 

O-GlcNAc-ome: Top associated diseases and biological functions 

IPA of the 179 proteins differentially O-GlcNAcylated in placentas form mothers with a 

normal versus obese BMI suggested functional consequences associated with connective 

infectious diseases, neurological disease and psychological disorders. The top obesity-

related molecular and cellular functions predicted to be affected by altered protein O-

GlcNAcylation included cell death and survival, molecular transport, cellular movement 

and cellular growth and proliferation (Figure 3:10). 

 

 

Figure 3:10: The top diseases and biological functions identified by IPA of 179 O-GlcNAcylated 
placental proteins with a >2-fold change in abundance in lysates of placentas from mothers with a 
normal (20-25) and obese (30-35) BMI: 
The number of O-GlcNAc-modified placental proteins involved in each disease or biological function is 

indicated in the right-hand column. Data are ranked on a score where p-ǾŀƭǳŜ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ 

exact test. 

 

 

 

 

 



93 
 

3.9.2 Proteins exclusively present in the obese placental O-GlcNAc-ome  

The above analyses are based on changes in O-GlcNAcylation in proteins present in both 

the normal and obese datasets. Another important consideration is the function of the 154 

proteins present only in the obese placental O-GlcNAc-ome. IPA identified leukocyte 

extravasation signalling (4.5% overlap), protein ubiquitination (3.9% overlap) and LXR/RXR 

activation (5.8% overlap) as the top canonical pathways related to the function of these 

proteins (Figure 3:11). 

 

Figure 3:11: The top ten canonical pathways identified by IPA of O-GlcNAcylated protein expressed 
only in the obese O-GlcNAc-ome (BMI 30-35) but not in the normal O-GlcNAc-ome (BMI 20-25): 
Pathways were ranked on a combination of the ratio and significance, where ratio (grey bars) indicates 

the strength of the overlap (i.e. the number of proteins altered in the dataset compared to the total 

number of proteins known, indicated to the right hand side, within the canonical pathway). The p-value 

(orange line) indicates the significance of datasets association with the canonical pathway, as calculated 

by a Right-sided Fishers exact test.  
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3.10 Pathway analysis in placenta from mothers with T1DM  

The O-GlcNAc-ome of placentas from mothers with T1DM was compared to the normal O-

GlcNAc-ome to determine how this PTM might contribute to altered placental function as 

a result of maternal diabeteǎΦ  tǊƻǘŜƛƴǎ ǿƛǘƘ җн-fold change in expression were identified 

for analysis by IPA. A total of 864 proteins were present between the two groups, with 681 

proteins expressed in both groups and 165 proteins significantly more- or less- O-

GlcNAcylated in T1DM.  

3.10.1 A comparison of T1DM placental O-GlcNAc-ome and the normal placental O-

GlcNAc-ome: Top canonical pathways 

¢ƘŜ ǘƻǇ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ǿŀǎ ΨwŜƎǳƭŀǘƛƻƴ ƻŦ !Ŏǘƛƴ-ōŀǎŜŘ Ƴƻǘƛƭƛǘȅ ōȅ wƘƻΩ όǇҐоΦсф9-08; 

Figure 3:12), containing 18 proteins overall. 9 proteins reached the significance cut off 

(where 6 were more- and 3 less- O-GlcNAc-modified); including actin and actin related 

protein complexes (ARP3 and ARPC3), as well as Rho-signalling and integrin signalling 

proteins (GDIR1, ROCK1 and ITA3 respectively) that were differentially O-GlcNAc-modified 

in placentas of mothers with T1DM. 

 

The second canonical pathways identified in T1DM was again CME signalling (p=4.62E-08). 

31 proteins were identified within the enriched dataset (15.7% overlap), of which 12 

proteins reached the significance threshold (10 of which were more- and 2 less- O-GlcNAc-

modified). Proteins in this pathway again involved actin and actin related protein 

complexes, but additionally adaptor related proteins, clusterins, dynamin, integrin, clathrin 

and many Ras-related small GTP binding proteins.  

 

¢ƘŜ ǘƘƛǊŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅΣ Ψ!Ŏǘƛƴ ŎȅǘƻǎƪŜƭŜǘƻƴ ǎƛƎƴŀƭƭƛƴƎΩ όǇҐнΦну9-07) indicated that 29 

proteins were potentially differentially O-GlcNAc-modified in T1DM (12.7% overlap), 

where 12 proteins were significantly modified, 8 of which were more O-GlcNAc-modified 

in T1DM. These proteins included actins, filamin, fibronectin, integrins and meosin. 

  

The top canonical pathways identified in T1DM compared to control demonstrated that 

overall, the change in protein O-GlcNAcylation increased in six out of ten pathways. This 

finding supports current literature demonstrating a global increase in the O-GlcNAcylation 

of proteins isolated from erythrocytes of both T1DM and T2DM patients (Wang et al., 

2009).  
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Figure 3:12: The top ten canonical pathways identified by IPA of placental O-GlcNAcylated proteins 
with a >2-fold change in abundance (165): 
Fold change was calculated as a change in abundance of placental proteins from mothers with type one 

diabetes mellitus (T1DM) compared to normal BMI. Pathways were ranked on a combination of the 

ratio and p-value. Ratio was calculated by the number of proteins altered (up ς red; down ς green) in 

the dataset compared to the total number of proteins known (indicated to the right hand side, within 

the canonical pathway). The p-value (orange line) indicates the significance of datasets association with 

the canonical pathway, as calculated by a Right-sided Fishers exact test. 

 

3.10.2 A comparison of the T1DM placental O-GlcNAc-ome and the normal placental 

O-GlcNAc-ome: Top associated diseases and biological functions 

IPA suggests that the differential O-GlcNAcylation of these 165 proteins is associated with 

infectious diseases, cancer and organismal injury (Figure 3:13 ςA) in relation to the T1DM 

O-GlcNAc-ome. The molecular and cellular functions altered in the placentas of mothers 

with T1DM were common to those identified in the analysis of the obese O-GlcNAc-ome; 

however ranked differently with significance. Cellular growth and proliferation are the 

most likely molecular functions to be altered as a result of altered protein O-GlcNAcylation 

in the T1DM placenta. 

As this study aimed to address how maternal diabetes may implement a change in 

placental protein O-GlcNAcylation, resulting in placental dysfunction, IPA was next used to 

assess the toxicological functions related to T1DM O-GlcNAcylated proteins. Renal 

dysfunction was identified as a main disease associated with this specific change in protein 

modification. In particular renal degeneration, hyperproliferation (overgrowth) and 
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hydronephrosis (a kidney associated condition associated with stretched, swollen tissue 

due to excess water) (Figure 3:13).  

 

 

Figure 3:13: (A) The top diseases and Bio functions identified by IPA (B) Top toxicological functions 
identified by IPA of O-GlcNAcylated placental proteins (165): 
with a >2-fold change in abundance in proteins of placentas from mothers with type one diabetes 

mellitus (T1DM) compared to normal BMI. The number of O-GlcNAcylated proteins involved in each 

disease or biological function is indicated in the right-hand column (A). Data are ranked on a score 

where p-ǾŀƭǳŜ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΦ 

 

3.10.3 Proteins exclusively present in the T1DM placental O-GlcNAc-ome 

85 proteins were found to be present only in the T1DM O-GlcNAc-ome. Assessment of 

these proteins by IPA (Figure 3:14ύ ǊŜǾŜŀƭŜŘ ǘƘŜ ǘƻǇ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ǿŀǎ Ψ9LCн 

ǎƛƎƴŀƭƭƛƴƎΩ όǇҐфΦро9-06; 3.8% overlap). These proteins included a large number of ribosomal 

proteins (L9, L26, L31, S11, S27a) and the translation factor, EIF3B. This pathway was also 

identified by the analysis of the proteins that were present in the obese but not the BMI-
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matched O-GlcNAc-ome (section 3.6.4). Further analysis indicated that the abundance of 

the ribosomal proteins in the T1DM and Obese O-GlcNAc-omes was similar, except for 

RPL31, which was more abundant (2.39-fold ) in obesity.   

¢ƘŜ ǎŜŎƻƴŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ƛŘŜƴǘƛŦƛŜŘ ǿŀǎ Ψ±ƛǊǳǎ ŜƴǘǊȅ Ǿƛŀ ŜƴŘƻŎȅǘƻǎƛǎ ǇŀǘƘǿŀȅǎΩ 

(p=3.00E-05, with 5.6% overlap). 5 proteins were identified in this pathway, two of which 

were actin related. The remaining proteins included one adaptor protein (AP2M1), one cell 

cycle protein (CDC42) and a RAS related viral protein (RRAS2). As these proteins are also 

involved in cellular vesicular trafficking and endocytosis (Ivanov, 2008), it is possible they 

contribute to a change in endocytosis signalling as whole, rather than the distinctive 

processing of virus entry in T1DM.  

¢ƘŜ ǘƘƛǊŘ ǇŀǘƘǿŀȅΣ ΨtŀȄƛƭƭƛƴ ǎƛƎƴŀƭƭƛƴƎΩ όǇҐрΦрн9-05;  5.0% overlap), contained the same 

proteins as mentioned above, except that the adaptor protein AP2M was replaced by the 

paxillin related ADP ribosylation factor 1 proteins (ARF1).  

 

Figure 3:14: The top ten canonical pathways identified by IPA of O-GlcNAcylated protein expressed in 
the type one diabetes mellitus (T1DM) O-GlcNAc-ome but not in the normal O-GlcNAc-ome: 
Pathways were ranked on a combination of the ratio and significance, where ratio (grey bars) indicates 

the strength of the overlap (i.e. the number of proteins altered in the dataset compared to the total 

number of proteins known, indicated to the right hand side, within the canonical pathway). The p-value 

(orange line) indicates the significance of datasets association with the canonical pathway, as calculated 

by a Right-sided Fishers exact test.  
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3.11 Analysis of the T2DM placental O-GlcNAc-ome 

The O-GlcNAc-ome of placentas from mothers with T2DM contained 802 proteins. These 

proteins were analysed in relation to the BMI-matched obese O-GlcNAc-ome, resulting in a 

total of 943 proteins. 716 proteins were present in both groups, 170 of which were 

ŘƛŦŦŜǊŜƴǘƛŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ōȅ җн- ƻǊ ҖлΦр-fold. Interestingly 85 proteins were more- and 85 

proteins were less- O-GlcNAcylated in this comparison, in contrast to observations of a 

diabetic cohort in current literature (Wang et al., 2009, Springhorn et al., 2012).    

 

3.11.1 A comparison of T2DM placental O-GlcNAc-ome and the BMI-matched obese 

placental O-GlcNAc-ome: Top canonical pathways 

IPA analysis of these two O-GlcNAc-ƻƳŜ ŘŀǘŀǎŜǘǎ ƛŘŜƴǘƛŦƛŜŘ ΨwŜƳƻŘŜƭƭƛƴƎ ƻŦ ŜǇƛǘƘŜƭƛŀƭ 

ŀŘƘŜǊŜƴŎŜ ƧǳƴŎǘƛƻƴǎΩ όǇҐмΦмо9-06ύΣ ΨŎƭŀǘƘǊƛƴ-mediated endƻŎȅǘƻǎƛǎΩ ό/a9Τ ǇҐпΦмл9-06) and 

Ψ[·wκw·w ŀŎǘƛǾŀǘƛƻƴΩ όǇҐрΦсо9-06) as the top three canonical pathways most likely pathway 

affected by altered protein O-GlcNAcylation in placentas from women with T2DM 

compared mothers with obesity (Figure 3:15). In contrast to the majority of published 

observations where diabetes is associated with increased protein O-GlcNAcylation (Wang 

et al., 2009), only three out of the top ten canonical pathways have more protein O-

GlcNAcylation than less protein O-GlcNAcylation (Figure 3:15).  

 
Epithelial adherens junctions form the matrix of cell-to-cell communications (Hollande et 

al., 2003). 23 molecules within the T2DM O-GlcNAc-ome belong to this pathway (10.3% 

overlap), though only 6 proteins were more O-GlcNAcylated; the remaining 17 proteins 

were less O-GlcNAcylated, 7 of which reached the significance threshold. The proteins 

identified again include actin and actin related complexes, as well as multiple tubulins. 

Some proteins identified in this pathway, such as dynamin 2 and the Ras related proteins 

(RAB5B and RAB5C) are also known to be involved in endocytosis signalling.  

 
Similar to the obese O-GlcNAc-ome, 31 of the proteins identified as O-GlcNAc-modified are 

involved in CME signalling; 10 of these molecules were significantly modified in the T2DM 

O-GlcNAc-ome (four less- and six more- O-GlcNAcylated). These proteins include: the 

adaptor related protein complex 2 alpha 2 subunit (AP2A2), apolipoprotein B (APOB), cell 

division cycle 42 (CDC42), clathrin adaptor protein (DAB2), dynamin 2, integrin subunit 

beta 3 (ITGB3), lysosome protein (LYZ) and Ras related proteins RAB5B, RAB5C, RAB7A and 

RAB11A. 
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The third canonical pathway to include differentially O-GlcNAc-modified proteins in T2DM 

placentas compared to placentas from obese mothers was LXR/RXR activation. 23 proteins 

were identified as O-GlcNAc-modified, 8 of which reached the significance threshold, with 

5 proteins more O-GlcNAc-modified and 3 proteins less O-GlcNAc-modified in T2DM.    

 

Figure 3:15: The top ten canonical pathways identified by IPA of placental O-GlcNAcylated proteins 
with a >2-fold change in abundance (170): 
Fold change was calculated as a change in abundance of placental proteins from mothers with type two 

diabetes mellitus (T2DM) compared to obese BMI (30-35). Pathways were ranked on a combination of 

the ratio and p-value. Ratio was calculated by the number of proteins altered (up ς red; down ς green) 

in the dataset compared to the total number of proteins known (indicated to the right hand side, within 

the canonical pathway). The p-value (orange line) indicates the significance of datasets association with 

the canonical pathway, as calculated by a Right-sided Fishers exact test. 

 

3.11.2 A comparison of T2DM placental O-GlcNAc-ome and the BMI-matched obese 

placental O-GlcNAc-ome: Top associated diseases and biological functions 

The diseases and disorders related to the T2DM O-GlcNAc-ome (Figure 3:16-A) were 

similar to those associated with the obese O-GlcNAc-ome, such as connective tissue and 

skeletal and muscular disorders (outlined in section 3.7.1). As all of the mothers with 

T2DM were also obese, it is unsurprising these same functions feature here. T2DM is a 

known inflammatory disease thus the fact that inflammatory disease and disorders was 

highly ranked in this analysis was also unsurprising.  

Similar to the T1DM O-GlcNAc-ome, the top molecular and cellular functions related to the 

T2DM O-GlcNAc-ome were cell death and survival, as well as, cellular growth and 
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proliferation, suggesting that placentas from mothers with T2DM may have altered growth 

and proliferation rates as well as altered molecular transport. 

Investigating the diseases implicated by the proteins within the T2DM O-GlcNAc-ome 

revealed disorders relating to cardiac, renal and liver disorders or disease, all of which 

feature as common co-morbidities of a T2DM patient (Figure 3:16 ςB). 

 

 

Figure 3:16: (A) The top diseases and Bio functions identified by IPA (B) Top toxicological functions 
identified by IPA of O-GlcNAcylated placental proteins (170): 
with a >2-fold change in abundance in proteins of placentas from mothers with type two diabetes 

mellitus (T2DM) compared to obese BMI (30-35). The number of O-GlcNAcylated proteins involved in 

each disease or biological function is indicated in the right-hand column (A). Data are ranked on a score 

where p-ǾŀƭǳŜ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΦ  
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3.11.3 Proteins exclusively present in the T2DM placental O-GlcNAc-ome  

85 proteins were expressed in the T2DM O-GlcNAc-ome, but not in the BMI-matched 

obese O-GlcNAc-ome, indicating that these 85 proteins become O-GlcNAc-modified in 

ǇƭŀŎŜƴǘŀ ŦǊƻƳ ƳƻǘƘŜǊǎ ǿƛǘƘ ¢н5aΦ Lt! ƛŘŜƴǘƛŦƛŜŘ ΨCŀǘǘȅ ŀŎƛŘ ŀŎǘƛǾŀǘƛƻƴΩ όмрΦп҈ ƻǾŜǊƭŀǇύΣ 

ΨwŜƎǳƭŀǘƛƻƴ ƻŦ ŎŜƭƭǳƭŀǊ ƳŜŎƘŀƴƛǎƳǎ ōȅ ŎŀƭǇŀƛƴ ǇǊƻǘŜŀǎŜǎΩ όрΦо҈ ƻǾŜǊƭŀǇύ ŀƴŘ Ψʴ-linolenate 

ōƛƻǎȅƴǘƘŜǎƛǎ LLΩ όммΦу҈ ƻǾŜǊƭŀǇύ όFigure 3:17) as pathways expected to be altered as a 

result of changes to the O-GlcNAcylation status of these proteins. 

 

 

Figure 3:17: The top ten canonical pathways identified by IPA of O-GlcNAcylated protein (85) 
expressed in type two diabetes mellitus (T2DM) O-GlcNAc-ome, but not in the obese O-GlcNAc-ome 
(BMI 30-35):  
Pathways were ranked on a combination of the ratio and significance, where ratio (grey bars) indicates 

the strength of the overlap (i.e. the number of proteins altered in the dataset compared to the total 

number of proteins known, indicated to the right hand side, within the canonical pathway). The p-value 

(orange line) indicates the significance of datasets association with the canonical pathway, as calculated 

by a Right-sided Fishers exact test.  
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3.12 A comparison of T2DM placental O-GlcNAc-ome and T1DM placental O-

GlcNAc-ome 

A total of 888 proteins were identified; 688 proteins were present in both datasets and 

159 proteins were >2-fold more- or less- O-GlcNAc-modified in the placental O-GlcNAc-

ome of mothers with T2DM, compared to T1DM. 

3.10.1 A comparison of T2DM placental O-GlcNAc-ome and T1DM placental O-

GlcNAc-ome: Top canonical pathways 

The top canonical pathways can be seen in  

Figure 3:18. Overall the T2DM O-GlcNAc-ome tended to have more O-GlcNAcylated (red) 

than less O-GlcNAcylated (green) proteins in comparison to the T1DM O-GlcNAc-ome. Two 

pathways with noticeably more O-GlcNAcylated proteins in T2DM compared to T1DM 

ǿŜǊŜ ΨƎƭȅŎƻƎŜƴ ŘŜƎǊŀŘŀǘƛƻƴ LLΩ ŀƴŘ ΨƎƭȅŎƻƎŜƴ ŘŜƎǊŀŘŀǘƛƻƴ LLLΩ ǎƛƎƴŀƭƭƛƴƎΣ ǿƘƛŎƘ ŀǊŜ ƛƴǾƻƭǾŜŘ 

in the conversion of glycogen stores to metabolites.  

The top canonical pathway in this comparison (EIF2 signalling) was also identified in the 

analysis of the normal versus the obese O-GlcNAc-omes. These datasets arise from women 

with differing BMI, therefore the EIF2 signalling pathway may have ranked top during the 

current comparison because of differences in BMI and not diabetes.  

¢ƘŜ ǎŜŎƻƴŘ ŎŀƴƻƴƛŎŀƭ ǇŀǘƘǿŀȅ ƛŘŜƴǘƛŦƛŜŘ ǿŀǎ ΨtǊƻǘŜƛƴ YƛƴŀǎŜ ! ǎƛƎƴŀƭƭƛƴƎΩΣ ŦƻƭƭƻǿŜŘ ōȅ 

Ψ9ǇƘǊƛƴ . ǎƛƎƴŀƭƭƛƴƎΩΦ ¢ƘŜǎŜ ǇŀǘƘǿŀȅǎ ǿŜǊŜ ƴƻǘ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ŎƻƳǇŀǊƛǎƻƴǎΦ 

Many of the other pathways, presented in  

Figure 3:18, were previously identified, but were ranked lower in terms of significance. 

¢ƘŜǎŜ ƛƴŎƭǳŘŜŘ Ψ/ŀǾŜƻƭŀǊ-ƳŜŘƛŀǘŜŘ 9ƴŘƻŎȅǘƻǎƛǎ {ƛƎƴŀƭƭƛƴƎΩΣ Ψ[·wκw·wΩ ŀƴŘ ΨC·wκw·w 

ŀŎǘƛǾŀǘƛƻƴΩ ǎƛƎƴŀƭƭƛƴƎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ DƭȅŎƻƎŜƴ ŘŜƎǊŀŘŀǘƛƻƴ LL ŀƴŘ LLI were identified with 

54.5% and 53.8% coverage respectively. It is interesting that the pathway responsible for 

the breakdown of glycogen is differentially O-GlcNAc-modified and particularly, that 

molecules were more-O-GlcNAc-modified in T2DM compared to T1DM  
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Figure 3:18: The top ten canonical pathways identified by IPA of placental O-GlcNAcylated proteins 

with a fold change >2-fold in abundance (159): Fold change was calculated as a change in abundance of 

placental proteins from mothers with type two diabetes mellitus (T2DM) compared to type one diabetes 

mellitus (T1DM). Pathways were ranked on a combination of the ratio and p-value. Ratio was calculated 

by the number of proteins altered (up ς red; down ς green) in the dataset compared to the total 

number of proteins known (indicated to the right hand side, within the canonical pathway). The p-value 

(orange line) indicates the significance of datasets association with the canonical pathway, as calculated 

by a Right-sided Fishers exact test. 
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3.12.2 A comparison of the T2DM placental O-GlcNAc-ome and T1DM placental O-

GlcNAc-ome: Top associated diseases and biological functions 

The main functions associated with the differences in protein O-GlcNAcylation observed in 

placentas of mothers with T2DM versus T1DM include cellular death and survival and free 

radical scavenging. Functions such as molecular transport and cellular movement are, 

again, likely to be changed as a result of altered protein O-GlcNAcylation. These data, 

summarised in Figure 3:19, suggest that there are changes to placental function that are 

unique to each sub-type of diabetes. 

 

 

Figure 3:19: The top Bio functions identified by IPA of O-GlcNAcylated placental proteins (159) with 
a >2-fold change in abundance in proteins of placentas from mothers with type two diabetes mellitus 
(T2DM) compared to type one diabetes mellitus (T1DM): The number of O-GlcNAcylated proteins 
involved in each disease or biological function is indicated in the right-hand column. Data are ranked on 
a score where p-ǾŀƭǳŜ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΦ 
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3.13 Discussion  

3.13.1 The human placenta is capable of performing protein O-GlcNAcylation  

Placental tissue stained positive for OGT and OGA, as well as O-GlcNAc-modified proteins. 

O-GlcNAcylation was greatest in the exchange membranes of the placenta and the fetal 

capillaries of the villous tissue, suggesting that protein O-GlcNAcylation could have a major 

role in regulating trophoblast and endothelial function. Proteomic analysis of sWGA-

enriched tissue lysates by MS provided further strong evidence that protein O-

GlcNAcylation occurs in the human placenta. IHC analysis also demonstrated cytoplasmic 

and nuclear positive staining, which was reflected in the proteomic analysis, as the 

majority of proteins were nucleocytoplasmic. 

3.13.2 Placental proteomics  

Sample selection 
The samples were pooled (within each group) prior to MS analysis to reduce individual 

variation between samples. There were more male than female infants within both the 

T1DM and T2DM groups (83.33%; n=6) compared to their respective controls. The 

literature suggests that male infants are more susceptible to an adverse environment 

during pregnancy (Sheiner et al., 2004), which is exacerbated in pregnancies complicated 

by maternal diabetes (Retnakaran et al., 2015). One study screened mouse placental tissue 

for X-linked genes to identify a link between male infants and their increased susceptibility 

to develop perinatal CNS complications as a result of maternal stress during development 

(Howerton et al., 2013). The authors identified an association between the incidence of 

male autism and reduced placental expression of OGT and consequently protein O-

GlcNAcylation (Howerton et al., 2013), suggesting the sensitivity to placental protein O-

GlcNAcylation may be different between male and female infants.   

This proteomic study was not designed, or powered, to investigate whether a fetal sex 

alters vulnerability changed placental O-GlcNAcylation as a result of maternal diabetes. 

Future studies could obtain a larger sample size, subdividing samples by fetal sex, to 

investigate if male or female infants are more susceptible to poor perinatal outcomes as a 

result of diabetes-related alterations in placental protein O-GlcNAcylation. 

Enrichment of proteins 
This study enriched O-GlcNAc-modified proteins using the lectin sWGA. This method is a 

well-established, reproducible and readily accessible method (Zachara, 2009, Cieniewski-

Bernard et al., 2014). Analysis of the proteomic data indicated the enriched lysates 

contained multiple established O-GlcNAc-modified proteins (e.g. OGT, Actins, tubulins and 
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ribosomal proteins (Hart et al., 2007)), providing evidence that the protocol successfully 

isolated O-GlcNAcylated proteins. Novel O-GlcNAc-targets were also identified, advancing 

our understanding of how protein O-GlcNAcylation regulates function in normal placenta 

and how this process may be compromised in disease. However, it is important to consider 

that the enrichment process may have co-isolated proteins that are not O-GlcNAc-targets, 

creating a false positive identification of proteins. It is therefore important to validate 

chosen candidate proteins prior to further analysis using functional assays. 

IPA as a tool  
IPA is an established tool for initial analysis of proteomic datasets. IPA was used to explore 

the biological functions associated with each O-GlcNAc-ome. IPA can predict the activity of 

protein signalling pathways (activation or inhibition) as a result of a change in protein 

expression. However, as a protein enrichment method was applied to the lysates before 

MS analysis in this instance, a change in protein abundance was as a result of more- or 

less- modification, so no conclusion about the direction of altered canonical pathway 

ΨŀŎǘƛǾƛǘȅΩ Ŏŀƴ ōŜ ŘǊŀǿƴ ŦǊƻƳ ǘƘƛǎ ŀƴŀƭȅǎƛǎΦ  

3.13.3 Proteomic analysis of OGT, OGA and GFAT: the enzymes regulating HBP flux 

and protein O-GlcNAcylation 

OGT and OGA are known O-GlcNAc targets (Kreppel et al., 1997, Lazarus et al., 2006). OGA 

was not present in this dataset, either because it is not O-GlcNAcylated in placenta or its 

single O-GlcNAc target site (ser-405) (Lazarus et al., 2006), may not have been available for 

sWGA binding during enrichment. OGT was present in the placental O-GlcNAc-ome; 

however there was no change in O-GlcNAcylation between T1DM and its BMI-matched 

control. There was an increase in OGT O-GlcNAcylation when the obese O-GlcNAc-ome 

was compared to the normal O-GlcNAc-ome (1.65-fold); suggesting OGT may be more O-

GlcNAcylated in the placenta of mothers with an increased BMI. There is some evidence to 

suggest that an increase in protein O-GlcNAcylation, by pharmacological inhibition of OGA 

in cells, results in a decrease in OGT protein expression to maintain O-GlcNAcylation 

homeostasis (Zhang et al., 2014), suggesting that changes to OGA and OGT protein 

ŜȄǇǊŜǎǎƛƻƴΣ ǊŀǘƘŜǊ ǘƘŀƴ ŀŎǘƛǾƛǘȅΣ Ƴŀƛƴǘŀƛƴ ǘƘŜ ŎŜƭƭΩǎ h-GlcNAcylation status. Individuals 

with pre-diabetes and diabetes have increased erythrocyte protein O-GlcNAcylation, 

increased OGA protein, but no change in OGT expression (Park et al., 2010). This increased 

OGA expression is thought to be a compensatory mechanism to maintain erythrocyte 

function, as individual expression of erythrocyte OGA increased with the severity of 

hyperglycaemia (Park et al., 2010). OGT was not present in the O-GlcNAc-ome from 
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mothers with T2DM, suggesting it is less modified in T2DM compared to obese controls. It 

is possible placental OGT expression is down-regulated in mothers with T2DM in attempts 

to maintain O-GlcNAcylation homeostasis.  

RT-qPCR was used to investigate OGT and OGA transcript expression in placentas from 

mothers with diabetes, compared to control. Maternal diabetes appeared to have no 

effect on OGT and OGA transcripts. Ideally to observe any real change, this assay would be 

repeated with a larger sample size to increase statistical power; however a difference in 

OGT and OGA expression may have been observed at a protein level, which was not 

investigated in this study. Furthermore, it was not possible to attain information regarding 

blood glucose levels for these patients and so transcript expression of these enzymes was 

not matched to the severity of maternal hyperglycaemia like the study by Park et al. 

(2010).  

None of the current literature indicates that GFAT is O-GlcNAcylated; however the 

dbOGAP predictive tool suggests that GFAT has 9 possible O-GlcNAc target sites. In the 

current proteomic analysis, GFAT was present in three of the datasets, with minimal 

change in O-GlcNAcylation status between placentas from mothers with T1DM and those 

with a matched-BMI. In contrast, there was a 100% increase in O-GlcNAcylation of GFAT in 

placentas from mothers with T2DM compared to the obese control, indicating that 

maternal T2DM is associated with an increase in protein O-GlcNAcylation of placental 

GFAT. GFAT is partially inhibited by UDP-GlcNAc production, working as a temporary 

negative feedback mechanism to prevent excess glucose being processed through the HBP 

(Ma and Hart, 2013). RT-qPCR analysis of GFAT transcripts were also conducted but were 

inconclusive due to the variation in YWHAZ. It is possible that the O-GlcNAcylation status 

of GFAT further regulates this process and an increase in O-GlcNAcylation in T2DM may 

cause disruption to this control mechanism, resulting in increased glucose HBP flux and 

altered protein O-GlcNAcylation.    

3.13.4 The canonical pathways and protein function influenced by protein O-

GlcNAcylation 

It is apparent from this proteomic study that multiple canonical pathways could be 

governed by protein O-GlcNAcylation, supporting the hypothesis that protein O-

GlcNAcylation is important for normal placental development and function. This study 

provides evidence, for the first time, that the placental O-GlcNAc-ome is altered in 

placentas from mothers with obesity, T1DM or T2DM. Multiple comparisons of each O-

GlcNAc-ome have provided an indication as to which placental functions may become 
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dysregulated as a result of altered protein O-GlcNAcylation. The next step was to decide 

which of these top canonical pathways (summarised in Table 3:5) was worth taking 

forward for further investigation, developing experimental assays to measure any change 

to placental function as a result of altered protein O-GlcNAcylation. 

Analysis of the normal and the obese O-GlcNAc-omes (when examined separately in IPA) 

identified the same top three canonical pathways likely to be regulated by protein O-

GlcNAcylation. It is therefore reasonable to conclude that maternal obesity had little effect 

on the placental O-GlcNAc-ome. As the main focus of the study was to identify aspects of 

placental function that alter as a result of protein O-GlcNAcylation in diabetes, the 

remainder of this discussion will concentration on diabetes-related changes in function.  
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Table 3:5: A summation of the top three canonical pathways identified by IPA of the placental O-
GlcNAc-ome of mothers with control BMI (20-25), an obese BMI (30-35), pre-existing type one 
diabetes mellitus (T1DM) or pre-existing type two diabetes mellitus (T2DM). 

 
Canonical pathway position defined by IPA 

Comparison Group 1st 2nd 3rd 

Control 
Eukaryotic Initiation 

Factor 2 (eIF2) signalling  
(194) 

Regulation of eIF4 and 
p70S6k signalling (157) 

Remodelling of epithelial 
adherens junctions (68) 

# of proteins 71 37 25 

Obese 
Eukaryotic Initiation 

Factor 2 (eIF2) signalling 
(194) 

Remodelling of epithelial 
adherens junctions (68) 

Regulation of eIF4 and 
p70S6k signalling (157) 

# of proteins 76 27 39 

Obese v control RhoA signalling (122) 
Clathrin-mediated 
endocytosis (197) 

RhoGDI signalling (173) 

# of proteins 18 31 24 
# significant 
proteins 

10 11 10 

 
ҧп, Ҩс ҧу, Ҩо ҧп, Ҩс 

T1DM v control 
Regulation of Actin-

based motility by Rho 
(91) 

Clathrin-mediated 
endocytosis (197) 

Actin cytoskeleton 
signalling (228) 

# of proteins 18 31 29 
# significant 
proteins 

9 12 12 

 
ҧс, Ҩо ҧмл, Ҩм ҧу, Ҩп 

T1DM only 
Eukaryotic Initiation 

Factor 2 (eIF2) signalling 
(194) 

Virus entry  via endocytic 
pathways (89) 

Paxillin signalling (101) 

# of proteins 7 5 5 

T2DM v obese 
Remodelling of epithelial 
adherence junctions (68) 

Clathrin-mediated 
endocytosis (197) 

LXR/RXR activation (121) 

# of proteins 23 31 22 
# significant 
proteins 

7 10 8 

 
ҧн, Ҩр ҧп, Ҩс ҧр, Ҩо 

T2DM only Fatty acid Activation (13) 
Regulation of cellular 

Mechanisms by Calpain 
proteases (57) 

-ɹlinolenate biosynthesis 
II (animals) (17) 

# of proteins 2 3 2 

T2DM v T1DM 
Eukaryotic Initiation 

Factor 2 (eIF2) signalling 
(194) 

Protein Kinase A 
signalling (390) 

Ephrin B signalling (73) 

# of proteins 63 28 9 
# significant 
proteins 

14 11 5 

 ҧмл, Ҩп ҧу, Ҩо ҧп, Ҩм 

The number of known proteins involved in each canonical pathway is noted in brackets (). The number of 
pathway proteins within the O-GlcNAc-ome datasets is shown, as well as the number of significantly 
modified proteins (<0.5-fold and >2-fold) identified and the direction of change, with the number of 
significantly more (ҧ) or significantly less (Ҩ) O-GlcNAcylation. 

 

The T1DM O-GlcNAc-ome was associated with renal-related diseases, such as 

degeneration, hyperproliferation and the development of fibrosis, whereas, the T2DM O-
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GlcNAc-ome was linked to a multitude of disorders, such as cardiac fibrosis and cardiac 

tissue damage, renal inflammation, liver necrosis and renal hyperproliferation. Renal 

disease, as well as cardiac and liver dysfunction are commonly associated with T1DM and 

T2DM respectively (Shahbazian and Rezaii, 2013, Kristensen et al., 2016), suggesting T1DM 

and T2DM are quite different diseases. However, commonalities between T1DM and 

T2DM, such as renal hyperproliferation, suggest that a change in cellular growth rates, a 

result of altered O-GlcNAcylation, is not unique to one sub-classification of diabetes. This is 

supported by the fact that these protein sets were each compared to their BMI-matched 

controls, but still identified hyperproliferation as a top associated dysfunction. 

Investigation into altered placental growth as a result of a diabetes-related change in 

protein O-GlcNAcylation will be investigated and discussed further in chapter 5.  

Several proteins, including actin, actin related subunits and tubulin proteins, commonly 

featured among the top canonical pathways, suggesting a change in protein O-

GlcNAcylation has the potential to cause dysregulation of cytoskeletal signalling in 

placenta trophoblasts and fetal capillaries. Actin and tubulin are known O-GlcNAc-targets 

(Walgren et al., 2003, Zachara and Hart, 2006, Hart et al., 2007). It is therefore probable 

that the changes in O-GlcNAcylation status of actin and tubulin were real observations in 

this proteomic study. However, larger proteins are known to be over-represented by MS 

analysis, thus despite efforts to normalise for this phenomenon using Scaffold, it is 

possible that the apparent high abundance of these proteins is simply a reflection their 

size. As a result, actin and tubulin were not prioritised for further study.  

Other proteins that commonly featured in the top canonical pathways included: 

elongation factors; integrin proteins; dynamin 2; adaptor proteins and multiple Ras-related 

GTPases. These proteins all have roles in regulating key cellular functions thus it is 

plausible that altering their O-GlcNAcylation status will have major impact on protein 

translation, endocytosis and vesicle trafficking, as well as cell turnover.  

The placenta has a role in regulating uptake, endocytosis and transport nutrients from the 

maternal environment to support placental growth and the growth of the fetus. Clathrin 

and caveolin endocytosis signalling featured within the top canonical pathways for both 

diabetic O-GlcNAc-omes, when compared to the relevant BMI groups. Molecular transport 

was identified as common cellular function likely to be altered in these placentas, 

suggesting that protein O-GlcNAcylation could regulate the exchange of material between 

maternal and fetal environments. O-GlcNAcylation of endocytosis-regulating proteins 
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could influence uptake and transfer at the maternal facing membranes, the basement 

membranes of trophoblast cells and the endothelial cells of the fetal capillaries. Changes in 

protein O-GlcNAcylation could affect the rate of nutrient transport and metabolism, as 

well as the production and local release of hormones. Consequently, endocytosis signalling 

appeared to be a logical and sensible pathway to select for future experiments because: 1) 

many endocytosis-related pathways and functions were identified by IPA with high 

significance; 2) many clathrin-mediated endocytosis (CME) related proteins were identified 

in multiple canonical pathways and 3) endocytosis is a major function of the placenta and 

therefore, changes to CME as a result of altered O-GlcNAcylation may have major 

implications on fetal health. This decision was also influenced, in part, by the tools 

available to experimentally test a pathway. Nonetheless, a greater understanding of these 

regulatory processes will aid the development of therapeutics to help prevent poor 

pregnancy outcomes.  

3.13.4.1 Clathrin-mediated endocytosis in the proteomic analysis: 
31 O-GlcNAcylated proteins, out of 197 proteins known to be involved with CME signalling, 

were identified in both the T1DM and T2DM datasets (15.73% overlap). Clathrin-heavy 

chain (CLTC) has previously been identified by MS analysis as O-GlcNAc-modified (Nandi et 

al., 2006), but the finding was never validated. Therefore, little is known about clathrin O-

GlcNAcylation and the functional consequences. Interestingly, in both the T1DM and 

T2DM O-GlcNAc-ome datasets, clathrin is less O-GlcNAcylated compared to the respective 

control, suggesting this is a common trait of placenta in diabetes. There is no published 

information on the O-GlcNAcylation status of the adaptor proteins that were identified in 

this study. Two other clathrin assembly proteins AP3 and AP180, have been shown to be 

O-GlcNAcylated in purified rat brain samples, suggesting a O-GlcNAcylation has a 

regulatory control of CME in neuronal synapses (Yao and Coleman, 1998, Graham et al., 

2011). It is possible that altered O-GlcNAcylation of clathrin adaptor proteins in placentas 

from mothers with diabetes alters their regular function, which could be experimentally 

investigated in future studies.  

Dynamin 2 (DMN2), a large GTPase, typically involved in the scission of a vesicle during 

endocytosis, was 3.13-fold and 2.55-fold more- O-GlcNAc-modified in T1DM and T2DM O-

GlcNAc-omes respectively, when compared to their BMI-matched controls. This clear 

increase in protein O-GlcNAcylation again seems to be a trait of placentas from mothers 

with pre-existing diabetes. DNM2 O-GlcNAcylation status is unknown; however, DNM2 

ǎƛƎƴŀƭƭƛƴƎ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ƛƴǾƻƭǾŜŘ ƛƴ ʲ-cell insulin release and regulation of blood 
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ǎǳƎŀǊ ƘƻƳŜƻǎǘŀǎƛǎΦ ! ǎǘǳŘȅ ŦƻǳƴŘ ǘƘŀǘ ƪƴƻŎƪŘƻǿƴ ƻŦ 5baн όʲ-cell specific KO mouse 

model) resulted in the development of glucose intolerance and poor glucose-stimulated 

insulin secretion (Fan et al., 2015), suggesting DMN2 is vital for maintaining both 

ŜȄƻŎȅǘƻǎƛǎ ŀƴŘ ŜƴŘƻŎȅǘƻǎƛǎ ƻŦ ƛƴǎǳƭƛƴ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells to maintain glucose 

homeostasis. Fan et.al concluded that disruption in DNM2 signalling contributes to the 

pathological development of diabetes. Altered protein O-GlcNAcylation of placental DNM2 

may alter the rate of CME in placentas of mothers with diabetes.  

These are some, of many examples, in which placental CME may be affected by a change 

in protein O-GlcNAcylation. This pathway will be experimentally scrutinised and discussed 

in more detail throughout chapter 4.  

5ǳŜ ǘƻ ǘƘŜ Ǿŀǎǘ ǉǳŀƴǘƛǘȅ ƻŦ Řŀǘŀ ƎŜƴŜǊŀǘŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ƻŦ ǘƘƛǎ ŎƘŀǇǘŜǊΩǎ 

discussion will focus on the top canonical pathways identified for each comparison, 

focusing on whether the O-GlcNAcylation statuses of the significantly modified proteins 

are currently known and how a change in protein O-GlcNAcylation could affect placental 

function in pregnancies complicated by maternal diabetes.    
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3.13.4.2 EIF2 signalling  
The top canonical pathway in the normal and obese O-GlcNAc-ƻƳŜ ǿŀǎ ΨŜǳƪŀǊȅƻǘƛŎ 

ƛƴƛǘƛŀǘƛƻƴ ŦŀŎǘƻǊ нΩ (eIF2) signalling. eIF2 plays a critical role in the initiation of protein 

translation, leading to protein synthesis. The main stages in translation are well reviewed 

(Kimball, 1999) and summarised in Figure 3:20.  

 

Figure 3:20: eIF2 signalling pathway regulates protein translation initiation in eukaryotes: 
Figure adapted from (Klann and Dever, 2004). The 80S ribosome must first disassociate into 60S and 40S 

subunits, a process stimulated by eIF1A (Asano et al., 2001). eIF2 binds to methionyl-transfer RNAi (Met-

tRNAi) in a GTP-dependent manner, to transfer mRNA to the 40S ribosome, forming 48S pre-initiation 

complex at the start codon (Kimball, 1999). The conversion of eIF2-GDP to eIF2-GTP is regulated by 

eIF2B; ƘƻǿŜǾŜǊ ǘƘƛǎ ǇǊƻŎŜǎǎ ƛǎ ƛƴƘƛōƛǘŜŘ ǿƘŜƴ ŜLCнʰ ǎǳōǳƴƛǘǎ ƛǎ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘΣ ŘŜƳƻƴǎǘǊŀǘƛƴƎ Ƙƻǿ 

PTMs of eIFs have a regulatory control on translation (Klann and Dever, 2004, Kimball, 1999). The 48S 

pre-initiation complex associates with eIF3 and eIF1A to scan the start codon and translation begins 

(Klann and Dever, 2004). 

 

O-GlcNAcylation is an established regulator of protein translation (Hanover et al., 2012, 

Bond and Hanover, 2015); currently, elongation factors and ribosomal proteins make up 

one quarter of the proteins known to be O-GlcNAc-modified (Hart and Akimoto, 2009). 

Several components of eIF2 signalling were identified in the normal (71 proteins) and 

obese (76 proteins) O-GlcNAc-omes, including ribosomal proteins and eukaryotic 

translation initiation factors or elongation translation initiation factor proteins; as well as 
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the insulin receptor (IR) and the mitogen-activated protein kinases, MAPK1 and MAPK3. 

These data suggest that O-GlcNAcylation of ribosomal proteins and translation factor 

proteins has an important role in modulating protein translation in normal placentas, 

which may be altered in the placenta of mothers with obesity. None of the eIF2 signalling 

proteins identified as O-GlcNAc targets by this study have been documented as O-

GlcNAcylated in the literature.  

{ƻƳŜ ǎǘǳŘƛŜǎ ƘŀǾŜ ƻōǎŜǊǾŜŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ŜLCнʰ ǎǳōǳƴƛǘǎΣ ǿƘƛŎƘ 

consequently inhibited the reformation of eIF2-GTP, suppressing protein translation 

initiation in the placentas of infants that were growth restricted (Yung et al., 2008). It is 

possible fetal overgrowth in pregnancies complicated by maternal diabetes, may be to 

ǎƻƳŜ ŜȄǘŜƴǘΣ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ƘȅǇƻǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǇƭŀŎŜƴǘŀƭ ŜLCнʰ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ 

increased O-GlcNAcylation.  

Placental eIF2 signalling and protein translation are also thought to be regulated, in part, 

by the activity of mTOR in response to nutrient availability (Gaccioli et al., 2013b), 

emphasising the link between HBP signalling and its ability to respond to fluctuations in 

ƴǳǘǊƛŜƴǘ ŀǾŀƛƭŀōƛƭƛǘȅΦ ŜLCнʰ h-GlcNAcylation status is unknown; however the activity of 

ŜLCнʰ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ōŜ ǊŜƎǳƭŀǘŜŘ ōȅ ŀ ōƛƴŘƛƴƎ ǇŀǊǘƴŜǊΣ ǇстΤ ŀ ƪƴƻǿƴ h-GlcNAc-target (Hart 

and Akimoto, 2009). This further suggests that protein O-GlcNAcylation has a distinctive 

role in regulating translation, (as summarised in Figure 3:21). Future studies could observe 

the phosphorylation/O-DƭŎb!Ŏȅƭŀǘƛƻƴ ǎǘŀǘǳǎ ƻŦ ŜLCнʰ ƛƴ ǇƭŀŎŜƴǘŀƭ ǘƛǎǎǳŜ ƻŦ ƳƻǘƘŜǊǎ ǿƛǘƘ 

obesity and diabetes to investigate whether increased placental and fetal growth is 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜƭŜǾŀǘŜŘ ŜLCнʰ h-GlcNAcylation.   

 

Figure 3:21: A summation diagram to show how changes in eIF2 signalling 
may occur in the placenta as a consequence of altered protein phosphorylation (p) and O-GlcNAcylation 

(G), causing a change to protein translation.   
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Furthermore, Muthusamy et al. (2015) noticed multiple EF2 binding site motifs in the 

promotor region of both OGT and OGA. Overexpression of E2F1 reduced the expression of 

both OGT and OGA (Muthusamy et al., 2015). This effect was reversed when the gene 

coding for E2F1 was silenced, clearly demonstrating that in normal cells, E2F1 has an 

inhibitory control over the translation of these two enzymes, probably to maintain O-

GlcNAcylation homeostasis. This regulatory role may become disrupted in the placentas of 

mothers with diabetes, resulting in altered translation of these enzymes and placental 

dysfunction. Although out of the scope for this project, future work could examine the 

phosphorylation and O-GlcNAcylation status of individual eIFs and correlate their PTM 

with the expression of these two enzymes in placentas from mother with T1DM or T2DM 

to the relevant BMI-controls.  

3.13.4.3 RhoA signalling and Regulation of Actin-based motility by Rho 
RhoA signalling was the top canonical pathway identified by IPA when comparing the O-

GlcNAc-ome of mothers with T1DM and the normal O-GlcNAc-ome. RhoA signalling and 

regulation of the actin filament network is largely dependent on small GTPases of the Rho 

family, mainly, RhoA, Rac1 and CDC42 (Etienne-Manneville and Hall, 2002). These G-

proteins cycle between inactive (GDP-bound) and active (GTP-bound) states, working as a 

molecular switch downstream of signal transduction pathways (UniProt, 2015). RhoA, Rac1 

and CDC42 have different downstream actions, which are summarised in Figure 3:22 and 

can therefore stimulate a whole host of cellular processes such as, regulating actin and 

microtubule dynamics, cell polarity, vesicular transport and trafficking, phagocytosis, 

transcription and apoptosis, reviewed in (Etienne-Manneville and Hall, 2002, Bustelo et al., 

2007).  

All three of these proteins were identified to be O-GlcNAc-modified in this study. CDC42 

and Rac1 were both more O-GlcNAc-modified in T1DM compared to control. These data 

indicate the potential for protein O-GlcNAcylation to regulate multiple functions in the 

placenta and the possibility for some of these functions (Figure 3:22) to be dysregulated in 

the placenta of mothers with diabetes.  
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Figure 3:22: RhoA signalling and Regulation of Actin-based motility by Rho: 
LƳŀƎŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ŀƴŘ ŀŘŀǇǘŜŘ ŦǊƻƳ ǘƘŜ ǳǎŜ ƻŦ vL!D9bΩǎ LƴƎŜƴǳƛǘȅϯ tŀǘƘǿŀȅ !ƴŀƭȅǎƛǎ όLt!ϯΣ 

QIAGEN Redwood City, www.qiagen.com/ingenuity). Accessed August 2016.  

 

Further observation of the O-GlcNAc-ome revealed that other proteins within this 

pathway, Profilin 1 (PFN1) and Cofilin 1(CFL1), to be O-GlcNAcylated in placenta. These 

proteins regulate actin polymerisation, causing actin disassembly in the cytoplasm 

(UniProt, 2015). CFL1 was significantly more O-GlcNAcylated (2.68-fold) in the T1DM O-

GlcNAc-ome. Interestingly, a study of CFL1 in breast cancer cells found that partial 

silencing of OGT (by siRNA) and therefore reduced O-GlcNAcylation, resulted in poor cell 

motility. The authors concluded that O-GlcNAcylation of CFL1 was required for cell 

invasion (Huang et al., 2013). Increased O-GlcNAcylation of CFL1 in the placenta of 

pregnancies complicated by T1DM may alter actin dynamics in the cytotrophoblast, 

resulting in altered rate of cell turnover and the possibility of increased fusion rates with 

the syncytium. This in part may be responsible for the larger placental size typically seen in 

http://www.qiagen.com/ingenuity
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these pregnancies and the increased thickening of the trophoblastic basement membranes 

associated with diabetes (Honda et al., 1992). 

Placentas of mothers with diabetes are also associated with increased syncytial knot (Sy-K) 

formation, where the syncytiotrophoblast nuclei aggregate to form irregular and disperse 

multinucleated protrusions on the villous surface (Honda et al., 1992). It is possible that 

increased hyperglycaemia in diabetes could result in O-GlcNAcylation of CLF1 and 

increased cytotrophoblast turnover, disruption of actin polymerisation, altered cell-to-cell 

communication and increased frequency of syncytial knots in these placentas.  

Rho-signalling targets, such as Rho GDP dissociation inhibitor alpha (GDIR1) was 4.17-fold 

more O-GlcNAc-modified in placentas from mothers with T1DM. This protein is a 

recognised O-GlcNAc target; though the exact site and function of this post-translational 

modification is unknown (Nandi et al., 2006). GDIR1 regulates G-protein GDP-GTP re-

formation by inhibiting removal of GDP, rendering RhoA, Rc1 and CDC42 inactive, but 

protected from degradation (UniProt, 2015). GDIR1 has 11 phosphorylation ser/thr sites 

and three predicted O-GlcNAc-sites; one of which (ser-115) is in close proximity to a 

known phosphorylation site ser-101 (Dinkel et al., 2011). Increased O-GlcNAcylation of 

GDIR1 may prevent its inhibitory actions, increasing RhoA signalling in the placenta from 

mothers with diabetes compared to control.  

3.13.4.4 Remodelling of epithelial adherens junctions 
IPA analysis of the T2DM O-GlcNAc-ome compared to the obese O-GlcNAc-ome identified 

remodelling of epithelial adherens junctions as the top pathway most likely to be altered 

by a change in O-GlcNAcylation. Cells are connected by intercellular adherens junctions 

(AJ). Some of the main proteins involved in this process are the cadherins (especially E-

cadherin and VE-cadherin), which have extracellular, transmembrane and cytoplasmic 

domains. The extracellular domains bind calcium to form complexes with other calcium 

bound extracellular cadherins of neighbouring cells (Hirano et al., 1987). Cadherins are 

also linked to the intracellular cytoskeleton and largely co-localise with actin bundles 

(Hirano et al., 1987). Cytotrophoblasts express E-cadherin but expression is lost on 

differentiation and fusion with the syncytium whereas VE-cadherins are important for cell 

to cell communication of placental endothelial cells (Zhou et al., 1997).  

Epithelial E-cadherin: 

Cadherin was not present in the proteomic datasets generated in this study; however 

multiple catenins, which interact with E-cadherin as negative regulators, were identified as 
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O-GlcNAc-modified. One study investigating how protein O-GlcNAcylation changes during 

apoptosis (caused by pharmacologically-induced ER stress) found increased O-

GlcNAcylation of the cytoplasmic domain of newly formed E-ŎŀŘƘŜǊƛƴ ŀƴŘ ƻŦ ʲ-catenin, 

which resulted in reduced cell surface transport and reduced intercellular adhesion (Zhu et 

al., 2001). In the T2DM O-GlcNAc-ƻƳŜΣ ŎŀǘŜƴƛƴ ǇǊƻǘŜƛƴ ʰм ǿŀǎ ƭŜǎǎ h-GlcNAcylated (-3.3-

ŦƻƭŘύΦ ʰ-catenin stabilises the link between E-cadherin and actin and the cytoskeleton 

(Rimm et al., 1995). Decreased O-DƭŎb!Ŏȅƭŀǘƛƻƴ ƻŦ ʰ-catenin 1 could increase integrity 

adhesions within these placentas leading to increased cell surface transport in the 

placentas of mothers with T2DM. This data provides further support for the study of CME 

reported in chapter 4.  

Endothelial VE-cadherin: 

One study investigating increased angiogenesis in diabetic placentas reported decreased 

(by 50%) localisation of vascular endothelial cadherin (VE-ŎŀŘƘŜǊƛƴύ ŀƴŘ ʲ ŎŀǘŜƴƛƴ ŀǘ 

junctions, which was associated with increased leakage of a fluorescent tracer (Leach et 

al., 2004). Image analysis of these placentas found irregular and disperse protein 

expression within junctional zones compared to control and that each protein was more 

phosphorylated (Leach et al., 2004). These findings suggest a change in adhesion protein 

organisation and phosphorylation in the villi of placenta from mothers with diabetes may 

contribute to the leaky barrier commonly observed in such placentas. A leaky placental 

barrier may not be able to limit the movement of substances from maternal to fetal 

environment; ƘƻǿŜǾŜǊ ǘƘŜ ǇƭŀŎŜƴǘŀ Ƴŀȅ ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ ŀŘƘŜǎƛƻƴ ΨƭŜŀƪƛƴŜǎǎΩ ōȅ 

increasing fibrin deposits at the vessel adhesion junctions. Increased fibrin is phenotypical 

of a placenta from a pregnancy complicated by maternal diabetes (Salge et al., 2012).   

Although these data provide strong evidence to support the hypothesis that protein O-

GlcNAcylation can influence placental adhesion junction formation, it is known that 

disassembly of these adhesions require the endocytosis of integrins through clathrin-

dependent pathways (Chao and Kunz, 2009), suggesting the significance ranking of this 

pathway may again be due to the commonalities in expression of dynamin 2 and Ras-

related proteins (RAB5B, RAB5C and RAB7A). this again strengthens the choice to study 

CME as a functional pathway in chapter 4.  

3.13.4.5 Additional interesting pathways identified  
Some non-significant, but potentially interesting pathways identified in this study included 

mitochondrial dysfunction and degradation of glycogen (Figure 3:8 and  
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Figure 3:18 respectively). Recently the location and expression of mitochondrial OGT and 

OGA have been shown to significantly altered in the heart of a rat model of diabetes 

(Banerjee et al., 2015). The authors conclude that consequent changes in cardiomyocyte 

mitochondrial function suggests that dysregulated O-GlcNAcylation of mitochondrial 

proteins plays a role in the development of mitochondrial dysfunction typically associated 

with diabetes (Banerjee et al., 2015). It is possible that a change in mitochondrial protein 

O-GlcNAcylation in placenta leads to altered mitochondrial membrane potential, oxygen 

consumption and overall energy production.  

Glycogen synthesis is known to be impaired in patients with diabetes (Halse et al., 2001). 

The comparison of T2DM and T1DM O-GlcNAc-omes highlighted that many of the enzymes 

responsible for catalysing the conversion of glycogen to glucose are differentially O-

GlcNAc-modified in T2DM. The change in protein O-GlcNAcylation of molecules in this 

pathway may be the cause of poor glycogen synthesis in these patients and lead to an 

increase in the cellular concentration of glucose-1-phosphate; a glucose analogue that 

enters glycolysis and the HBP flux. This novel observation will aid future studies involved in 

glycogen turnover in diabetes.  

3.13.4.6 Overall remarks 
This proteomic analysis has identified target pathways that may be regulated by protein O-

GlcNAcylation. These functions include protein translation, RhoA signalling, the regulation 

of focal adhesion and cell-to-cell communication. It is possible that altered HBP flux and 

protein O-GlcNAcylation in placenta adjusts the interplay between O-GlcNAcylation of 

multiple proteins which may ultimately be responsible for aberrant cellular function in the 

placenta from mothers with diabetes. Unfortunately, this project did not have the scope or 

resources to study all of these pathways; however they provide a starting platform for 

other studies to develop our understanding of this PTM in governing placental function.  
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Chapter 4 - Components of the Clathrin-mediated Endocytosis (CME) are 

differentially O-GlcNAc-modified in placentas from mothers with 

diabetes, leading to altered placental uptake of transferrin and iron 
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4.1 Introduction:  

CME was the second canonical pathway predicted to be affected by the changes in protein 

O-GlcNAcylation in placentas of mothers with T1DM or T2DM. The experiments presented 

in this chapter aimed to verify that Clathrin-mediated endocytosis (CME)-associated 

proteins identified by MS are indeed O-GlcNAc-modified and investigate if protein O-

GlcNAcylation altered as a consequence of maternal diabetes affects placental CME.  

CME internalises a variety of large molecules that cannot move freely through the 

hydrophobic cell membrane (Ivanov, 2008). Consequently, CME is required for a variety of 

cellular functions including nutrient internalisation, activation/deactivation of signalling 

pathways in response to ligand binding, regulation of membrane expressed proteins and 

membrane turnover (McMahon and Boucrot, 2011). The cytoplasmic tail of a 

transmembrane receptor contains a short sequence that governs the recruitment of 

specific adaptor proteins (APs) to the membrane on ligand binding (Traub and Bonifacino, 

2013). Multiple APs and AP complexes exist, which recognise various motifs of the 

ǊŜŎŜǇǘƻǊΩǎ ŎȅǘƻǇƭŀǎƳƛŎ ǘŀƛƭΣ ǘƘŜƴ ƛƴ ǘǳǊƴ ǊŜŎǊǳƛǘ ŎƭŀǘƘǊƛƴ ǘƻ ǘƘŜ ƳŜƳōǊŀƴŜ (Marsh and 

McMahon, 1999), hence this pathway is also referred to as receptor-mediated 

endocytosis. Extracellular cargo internalisation requires the formation of a vesicle. 

However, membrane patches must first be coated with clathrin complexes, which arrange 

themselves along the cytoplasmic side of the plasma membrane, forming a lattice (Ivanov, 

2008). Clathrin is composed of three clathrin heavy chain subunits (CLTC) and three 

clathrin light chain subunits (CLCA and CLCB) (Kirchhausen and Harrison, 1981). Following 

clathrin assembly, the membrane invaginates creating a clathrin-coated pit which can bud 

off intracellularly forming a clathrin-coated vesicle (CCVs), encapsulating the cargo and 

membrane receptors (Marsh and McMahon, 1999). The budding process, known as 

scission of vesicles, is assisted by the protein dynamin (Kirchhausen et al., 2014). Classic 

CME cargoes include low density lipoproteins (LDL), signalling molecules, such as peptide 

hormones and growth factors (GFs) and transferrin (Ivanov, 2008). 

Following internalisation, clathrin disassociates from the vesicle, facilitated by proteins 

such as auxilin and Hsc70 (Ungewickell et al., 1995) and vesicles fuse with early 

endosomes. Endosomal compartments maintain a low pH (5.5) by the action of an ATP-

dependent proton pump in the membrane (Yamashiro et al., 1983). This acidic 

environment can cause rapid ligand-receptor dissociation, allowing them to continue along 

separate pathways. Unoccupied receptors may be transferred to late endosomes that are 

recycled to the cell membrane, whilst unbound ligands are free to enter multivesicular 
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bodies (MVBs) and later lysosomes for degradation, depending on cellular demands. The 

fate of endosomal cargo depends on the AP-associated sorting proteins (CLASPs) (Ivanov, 

2008) recruited to the membrane on ligand binding, as well as the Ras related protein 

(RABS) present in the endosome membrane.  

Transferrin-transferrin receptor is a well-known ligand-receptor complex internalised by 

CME, resulting in iron transport into the cell (McMahon and Boucrot, 2011). We therefore 

chose to investigate this ligand-receptor complex as an exemplar of CME; additionally, 

placental iron import is critical to fetal development throughout pregnancy (Bentley, 

1985). Transferrin (80kDa protein) is synthesised in the liver, testis and central nervous 

system; three forms exist: serum transferrin (responsible for binding and transportation of 

iron through fluid), lactotransferrin (found in breast milk, functioning as an iron chelator 

and typically involved in inflammatory responses) and finally ovotransferrin (found in 

oviduct secretions of reptiles and avian egg white) (Widera et al., 2003). Transferrin has 

two iron binding domains (N-terminal and C-terminal) that, when bound with iron, 

produce a conformational change, increasing the binding affinity for the transferrin 

receptor (TfR) (Widera et al., 2003)Φ LǊƻƴ Ŏŀƴ ōŜ ŦƻǳƴŘ ŀǎ ΨŦǊŜŜΩ ŦŜǊǊƻǳǎ όCŜнҌύ ŀƴŘ ǎǘƻǊŜŘ 

ferric (Fe3+) ions, but is rarely found in the ΨŦǊŜŜΩ ǎǘŀǘŜ ŀǎ ƛǘ Ƙŀǎ ǘƻȄƛŎ ŜŦŦŜŎǘǎ ōȅ ƛƴŎǊŜŀǎƛƴƎ 

the production of free radicals from reactive oxygen species. Iron is stored bound to 

ferritin, both intracellularly and within the circulation. According to the NICE guidelines, 

during pregnancy routine blood tests should be conducted at the booking appointment to 

ensure the mother has sufficient serum iron levels to support the developing child 

(www.nice.org.uk; accessed 2017).  

During CME, the low pH of the early endosomal compartment results in the dissociation of 

the iron from the transferrin-receptor complex. Transferrin and the receptor both enter 

the recycling endosomal pathway and return to the plasma membrane, where transferrin 

is released to the extracellular space to recruit more iron (Harding et al., 1983).  It is 

thought that transferrin has a half-life of 8 days, recycling over 100 times, before it is 

removed typically by the kidneys and excreted in urine (Burtis et al., 2012). Internalised 

iron is pumped out of endosomes via DMT1 (divalent metal transporter 1) and utilised 

within the cell for heme biosynthesis in the mitochondria, or alternatively stored (Widera 

et al., 2003, Zhu et al., 2004). Large quantities of iron are required for the synthesis of 

haemoglobin (Harding et al., 1983) maintaining adequate level in the haematocrit to allow 

for optimal oxygen-delivery to the placenta and fetus during development (Bothwell, 

2000).  
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The placental cell line known as BeWo cells are commonly used as a model of placental 

trophoblast cells in vitro. BeWo cells are advantageous for research as they express 

multiple proteins observed in the human placenta, such as membrane bound receptors. 

Additionally BeWo cells can secrete a wide range of hormones typically expressed by the 

placenta throughout gestation, such as human chorionic gonadotropin (hCG), 

human placental lactogen (hPL) and progesterone (Pattillo and Gey, 1968, Pattillo et al., 

1971, Pattillo et al., 1968). In addition, receptorςmedicated endocytosis of transferrin has 

previously been observed in vitro using BeWo cells (van der Ende et al., 1987, Heaton et 

al., 2008). BeWo cells were therefore selected as a model to investigate how altered 

protein O-GlcNAcylation may affect CME in pregnancies complicated by diabetes.  

 

There are however some limitations to the use of BeWo cells when studying diabetes. The 

main limitation is the glucose concentration of medium that the cells are maintained in is 

high (17mM) compared to normal physiological fasting plasma concentrations (5.5mM), 

suggesting control culture conditions are not physiologically relevant.  In order to study 

how altered protein O-GlcNAcylation (as a result of hyperglycaemia) therefore requires the 

already high glucose concentration to increase in culture. A change in BeWo cell function 

as a result of high glucose concentrations is challenging to interpret and relate to diabetes 

as the culture conditions do not represent the physiological range of hyperglycaemia in 

mothers affected by diabetes, but can only be used as a proxy. The work in this chapter 

aimed to use BeWo cells for initial investigation as they can sustain growth in culture, 

reaching confluence within three days, allowing high through-put of experiments, unlike 

primary isolated cells that are unstable for prolonged culture. Despite the issues with high 

glucose culture, the effects of glucosamine and pharmacological compounds to 

manipulate protein O-GlcNAcylation could also be investigated using BeWo cells alongside 

high glucose treatment. Therefore, BeWo cells were ideal for defining the assay 

parameters in which increased HBP-flux and protein O-GlcNAcylation can occur before 

investigating the functional effect of altered HBP-flux in primary ex vivo placental tissue as 

a model of diabetes in pregnancy (which we have limited access to use).  
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4.2 Investigating the CME proteins identified as differentially O-GlcNAc-

modified in placentas of mothers with pre-gestational diabetes compared with 

BMI-matched controls 

 

The CME proteins identified as differentially O-GlcNAc-modified in placentas from mothers 

with T1DM or T2DM can be seen highlighted in Figure 4:1 and Figure 4:2, respectively.  

These schematic diagrams, adapted from IPA, indicate a fold change value for more (red) 

or less (green) O-GlcNAc-modified protein in placentas (sWGA-enriched fraction) from 

women with diabetes compared to control mothers, a more intense colour indicating a 

greater fold change. These data are summarised in Table 4:1 and Table 4:2. 

Proteins shaded in grey were also identified by the mass spectrometry analysis of O-

GlcNAc-enriched lysates; these proteins, however, did not reach the 2-fold change cut off 

as defined in chapter 3, section 7. These proteins include clathrin-heavy chain (CLTC), actin 

related proteins - 2/3 complex subunits (ARPC2, ARPC3, ARPC4), integrin subunits (ITGA5, 

ITGB1 and ITGB4), lysosome proteins (LYZ), many Ras-related proteins (RAB5B, RAB5C, 

RAB7A, RAB11A), a phosphatidylinositol binding clathrin assembly protein (PICALM), 

dynamin-2 (DNM2), transferrin and the transferrin receptor (TF and TfR).  

 

Of the 31 CME-related O-GlcNAc-modified proteins identified in T1DM or T2DM, 26 

proteins were identical (83.87% crossover) between the two O-GlcNAc-omes and 5 unique 

CME proteins were identified in each group. These are highlighted (orange) in appendix C, 

table 2. 
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Table 4:1: A summary of the 12 most significantly different O-GlcNAc-modified clathrin-mediated 
endocytosis proteins in T1DM O-GlcNAc-ome, compared to control.  

UniProt 
Entry Name 

Protein Name Type Location 
Fold 

Change 

ACTG2 
Actin, gamma 2, smooth muscle, 

enteric 
Other Cytoplasm 4.002 

ACTR3 
ARP3 actin-related protein 3 

homolog (yeast) 
Other 

Plasma 
Membrane 

3.13 

AP1B1 
Adaptor related protein complex 1 

beta 1 subunit 
Transporter Cytoplasm -2.386 

APOE Apolipoprotein E Transporter 
Extracellular 

Space 
2.087 

ARF6 ADP ribosylation factor 6 Transporter 
Plasma 

Membrane 
2.087 

ARPC3 
Actin related protein 2/3 complex 

subunit 3 
Other cytoplasm 3.13 

CLU Clusterin Other cytoplasm 4.173 

CSNK2B Casein kinase 2 beta Kinase Cytoplasm 2.042 

DNM2 Dynamin 2 Enzyme 
Plasma 

membrane 
3.13 

ITGB4 Integrin subunit beta 4 
Transmembrane 

receptor 
Plasma 

Membrane 
-3.344 

PICALM 
Phosphatidylinositol binding clathrin 

assembly protein 
Other Cytoplasm 2.087 

S100A8 S100 calcium binding protein A8 Other Cytoplasm 2.087 

Proteins identified by proteomic and IPA analysis of enriched O-GlcNAc-modified proteins in term placenta 
lysates (n=6; pooled) from mothers with type one diabetes (T1DM), compared to a BMI-matched control group 
(n=5; pooled). Green shading indicates molecules that were less represented and therefore less O-GlcNAc-
modified and red shading indicates molecules that are more O-GlcNAc-modified in placentas from women 
with diabetes compared to those from control mothers. 

 
Table 4:2:  A summary of the 10 most significantly different O-GlcNAc-modified clathrin-mediated 
endocytosis proteins in T2DM, compared to obese control. 

UniProt  
Entry Name 

Protein Name Type Location Fold Change 

AP2A2 
Adaptor-related protein complex 2, 

alpha 2 subunit 
Transporter Cytoplasm -9.396 

ARF6 ADP-ribosylation factor 6 Transporter Plasma Membrane -2.349 

ARPC3 
Actin related protein 2/3 complex, 

subunit 3 
Other Cytoplasm 2.554 

CLU Clusterin Other Cytoplasm -2.349 

DNM2 Dynamin 2 Enzyme Plasma Membrane 2.554 

ITGB3 Integrin beta 3 
Transmembrane 

receptor 
Plasma Membrane 2.554 

RAB11A Ras-related protein family member Enzyme Cytoplasm -5.481 

RAB5B Ras-related protein family member Enzyme Cytoplasm -2.104 

RAB5C Ras-related protein family member Enzyme Cytoplasm -4.698 

TF Transferrin Transporter Extracellular Space 19.455 

Proteins identified by proteomic and IPA analysis of enriched O-GlcNAc-modified proteins in term placenta 
lysates (n=6; pooled) from mothers with type two diabetes (T2DM), compared to a BMI-matched control 
group (n=6; pooled). Green shading indicates molecules that were less O-GlcNAc-modified and red shading 
indicates molecules that are more O-GlcNAc-modified in placentas from women with diabetes compared to 
those from control mothers. Note TF represents both transferrin and lactotransferrin.  
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4.2.1 Similarities between CME proteins of T1DM and T2DM O-GlcNAc-omes 

The adaptor-protein complexes are found with vesicles: AP1 complexes connect lysosomes 

and the trans-Golgi network, whereas AP2 complexes, made up of four subunits, are vital 

for the recruitment of vesicle-forming proteins and clathrin, to the membrane for uptake 

of a variety of cargo into the cell (UniProt, 2015). The adaptor protein AP1B1 was less 

represented, i.e. less O-GlcNAc-modified, in the enriched placental lysates from mothers 

with T1DM compared to the BMI matched control placental group (-2.38-fold; Table 4:1). 

Similarly, the alpha 2 subunit of AP2 (AP2A2) was less O-GlcNAc modified in placentas 

from mothers with T2DM compared with the BMI-matched control group (-9.4 fold; Table 

4:2). The protein dynamin, involved in the budding and scission of vesicles, was more O-

GlcNAc-modified in both T1DM (3.13-fold) and T2DM (2.55-fold) compared to BMI-

matched non-diabetic controls. Actin subunits ACTG2, ACTR3 and ARPC3, involved in the 

formation and translocation of vesicles and/or endosomes following CME, were 

significantly more O-GlcNAc-modified by 4.00-, 3.13- and 3.13-fold, respectively, in T1DM 

compared to BMI-matched controls (Table 4:1). ARPC3 was not only present in the top 12 

most significant proteins of the T1DM O-GlcNAc-ome compared to mothers with a normal 

BMI (3.13-fold; Table 4:1), but was also found to be more O-GlcNAc-modified in placentas 

from mothers with T2DM than their BMI control group (2.55-fold; Table 4:2). Interestingly, 

the classical CME ligand, transferrin, was identified as O-GlcNAc-modified in all placental 

O-GlcNAc-omes, which increased in abundance by 1.3 fold (T1DM) and 19.46 fold (T2DM).  

These similar changes to adaptor proteins, endosomal scission proteins and actin-related 

proteins, core CME components, suggest that changes in CME protein O-GlcNAcylation 

may be a trait of diabetes per se and independent of disease subtype (T1DM or T2DM).  

4.2.2 Differences between T1DM and T2DM O-GlcNAc-omes 

The GTP-binding protein ADP-ribosylation factor 6 (ARF6), known to regulate protein 

trafficking and endosomal recycling, was significantly more O-GlcNAc-modified in T1DM 

(2.08-fold), but significantly less O-GlcNAc-modified in T2DM (-2.34-fold; Table 4:1 & Table 

4:2, respectively). Clusterin, a protein involved in cell survival and the internalisation of 

chaperone-related complexes for degradation (UniProt, 2015), was differentially O-

GlcNAc-modified between T1DM (4.17-fold more) and T2DM (-2.34-fold less) in 

comparisons with BMI-matched controls.  

These data illustrate some distinct differences in protein O-GlcNAcylation and the 

presence of T1DM or T2DM. The T2DM O-GlcNAC-ome also identified multiple Ras-related 
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protein family members (RABS) as being modified. RAB5B and RAB5C, involved in the 

formation of early endosomal vesicles, were less O-GlcNAc-modified in T2DM (by -2.1 fold 

and -4.7 fold, respectively) compared to the obese controls. RAB11A, a late/recycling 

endosomal related protein involved in endosomal recycling pathways, was -5.5 fold less O-

GlcNAc-modified in these placentas. This protein tended towards being more O-GlcNAc-

modified in T1DM, but the data did not reach significance.  

Three of the five proteins that were differentially O-GlcNAcylated only in placentas of 

mothers with T1DM reached the 2-fold significance threshold. These proteins include 

CSNK2B, PICALM and S100A8 (Table 4:1), whereas only one out of the five unique 

proteins, ITGB3, reached the significance cut off in the respective analysis of the data from 

mothers with T2DM (Table 4:2).  

Together these data suggest that proteins involved in the formation of clathrin-coated 

pits, endosomal traffic and the intracellular processing of endocytosed cargo are 

differentially O-GlcNAcylated in placentas from mothers with diabetes compared to those 

from controls. Although it is not known how altering the O-GlcNAcylation status of these 

proteins affects their function, it is possible that altered O-GlcNAcylation of CME proteins 

may result in more recruitment of clathrin and other vesicle forming proteins to the 

membrane and thus an acceleration of endocytosis rates. This suggests that altered 

placental membrane dynamics may be an important function that becomes deregulated in 

the placenta of a diabetic mother. This hypothesis was investigated further in pregnancies 

complicated by T2DM.  

4.2.3 Analysis of modified sites in the T2DM O-GlcNAc-ome  

The online dbOGAP database of known O-GlcNAc-modified proteins was used to assess 

the ten most altered O-GlcNAc-modified CME proteins of the T2DM O-GlcNAc-ome. The 

database did not list these proteins as O-GlcNAc targets known in the literature.  The 

dbOGAP predictive algorithm was used to identify possible O-GlcNAcylation sites (Table 

4:3).These predicted sites were compared to the individual peptide sequences identified 

by MS. As the Mascot search was set to identify dehydrated and HEXNAc-modified serine 

and threonine residues, it was possible to determine whether the dbOGAP predictions 

matched the MS data. dbOGAP predicted a total of 14 O-GlcNAc target sites in six CME-

related proteins that matched the MS analysis. These proteins included AP2A2, ARF6, 

ARPC3, CLUS, ITGB3 and TF (shaded blue in Table 4:3).  
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Table 4:3:  A summary of modified peptide sites when examining the 10 significantly different O-
GlcNAc-modified clathrin-mediated endocytosis proteins in the placenta of mothers with T2DM, 
compared to obese control. 

Protein dbOGAP predicted sites
Ϟ
: Peptide modification (MS): 

AP2A2 

T863, T811, T414, S227, S622, S5, T649, T238, 

S923, S302, S418, S179, S677, T178, S542, S137, 

S239, S678, S225, S533 

T623, S590 

S84, S85, T89,  T160, T224, S225, S227, S231, S234, 

S622, T623, T630, S586, S590, S609, S610, S516, 

S517 

S18, T160, S542, S609, S610, T342, S533, T623, T630, 

S515, S516, S526, T224, S225, S227, S231, T898, 

T899, 

ARF6 T27, S158 T27, T28,  T27, T28 

ARPC3 T36, S76, T97, T39, S172, T13, S174, S7, S6 S172, S174,  S172, S174, T67, T72, S76 

CLUS T387, S131, S356, S400, T203, S17 T88, T93, S391, S34, S396, S400 

DNM2 S740, S45, S773, S389, S742, S640 

T200, T205, T280, T286 S298, S302, S306,  S302, 

S306, T461, T462, T527, S532, S538,  

S302, S306, T461, T462, T527, S532, S538,  

ITGB3 T420, S85, S424, S103, S123 S411, S422, S424,  T221, T223, T227 

RAB11A S78, T77, S115, T203, T67 S20 

RAB5B S52 S123, S125, 

RAB5C S52 NA 

TF S31, T537, S687, S208, S389, S227, S317 S317, S47, S51, S55, T250 

LTF T603, T548, S231, S31, S699 
S463, S466, S471, S271,  

S463, S466, S471 

The online dbOGAP database and predictive algorithm tool were used to identify known/unknown O-

GlcNAc-modified proteins and identify predicted O-DƭŎb!Ŏȅƭŀǘƛƻƴ ǎƛǘŜǎΦ Ϟ{ƛǘŜǎ ŀǊŜ ǊŀƴƪŜŘ ƛƴ ƻǊŘŜǊ ƻŦ 

significance. Predicted sites were compared to the peptides identified by mass spectrometry of O-GlcNAc 

enriched placental lysates. Entries represent serine (S) or threonine (T) predicted sites (left; black) or 

peptide sequences in the obese O-GlcNAc-ome (right; blue) and T2DM O-GlcNAc-ome (right; red). A 

modification consistent with O-GlcNAc represented by dehydrated serine (S) or threonine (T) or HexNAc 

presence (underline). Identical sites between the dbOGAP prediction tool and the MS analysis are 

highlighted with yellow. Proteins both predicted by dbOGAP and confirmed by MS peptide analysis as O-

GlcNAc-modified are shaded blue.  
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Twenty two predicted O-GlcNAc sites were defined by dbOGAP for AP2A2 (Table 4:3). 

Seven of these were also identified by MS analysis of placental tissue, five in each of the 

obese, T2DM O-GlcNAc-omes, with three - S225, S227 and T623 - being common to both 

obese and T2DM AP2A2 peptides. Dehydrated S590 and S622 modifications were exclusive 

to the obese O-GlcNAc-ome, whereas dehydrated S533 and S542 modifications were 

exclusive to the T2DM O-GlcNAc-ome) in the MS analysis of AP2A2 (Table 4:4-A). 

Thirteen of the sites identified as possible O-GlcNAc target sites by MS analysis of AP2A2 

were not predicted by the dbOGAP predictive algorithm. These sites are summarised in 

Table 4:4-B. Seven of the sites identified were the same between the obese and T2DM O-

GlcNAc-omes; six differed. It is possible that a change in these site modifications, by a gain 

or loss of O-GlcNAcylation, may alter the function of AP2A2 (and other CME proteins) 

T2DM, leading to a change in placental CME.  

Table 4:4 ςA: AP2A2 amino acid modifications identical between dbOGAP predicted sites and MS 
identified sites of placental tissue 

OB peptides: S225 S227 S590 S622 T623 

T2DM peptides: S225, S227 S533 S542 T623 

 

Table 16 ςB: AP2A2 amino acid modifications identified by MS analysis of placental tissue but not 
predicted by the dbOGAP algorithm 

OB peptides: 

S84 S85 T89 T160 T224 S231 S234 S516 S517 S586 S609 S610 T630 

T2DM peptides: 

S18 T160 T224 S231 T342 S515 S516 S526 S609 S610 T630 T898 T899 
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4.2.4 Validating proteins in the CME pathway as O-GlcNAc-modified in 

placentas from mothers with T2DM compared to the BMI-matched obese 

group.  
 

Western blotting was used to confirm that proteins identified though MS analysis of the 

sWGA pulldowns were indeed O-GlcNAcylated. Figure 4:3 demonstrates that the early 

endosomal protein, RAB5, as well as the late endosomal protein, RAB11, are O-GlcNAc-

modified in both placental tissue from normal pregnancies and those complicated by 

diabetes. Integrƛƴ ʲо ǿŀǎ ŀƭǎƻ ǾŀƭƛŘŀǘŜŘ ŀǎ h-GlcNAc-modified (Figure 4:3). The early 

endosomal protein, RAB4 and clathrin heavy chain were identified by MS analysis of the O-

GlcNAc-enriched protein fraction, but did not reach the 2-fold significance limit for IPA 

analysis. These proteins were demonstrated to be O-GlcNAcylated in Western blot 

analysis. There was no apparent difference between the intensity of the bands in samples 

from the T2DM and control placental groups (lanes 1 and 2, respectively); a larger 

proportion of total protein remained unmodified for each of the proteins investigated 

(lanes 3 and 4). The expression and O-GlcNAcylation of these CME proteins was also 

validated in a placental trophoblast cell line (BeWo). All proteins were identified in BeWo 

control lysates (lanes 5 and 6). Rab5, Rab11 and Clathrin heavy chain could be seen 

following a sWGA bead pulldown (lane 5) and in the remaining depleted supernatant (lane 

сύΣ ǿƘƛƭǎǘ wŀōп ŀƴŘ ƛƴǘŜƎǊƛƴ ʲо ǿŜǊŜ ǇǊŜǎŜƴǘ ƻƴƭȅ ƛƴ ǘƘŜ ŘŜǇƭŜǘŜŘ ǎǳǇŜǊƴŀǘŀƴǘǎΦ  
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Figure 4:3: Components of clathrin-mediated endocytosis are O-GlcNAc modified: 
Western blot analysis of O-GlcNAc-modified proteins isolated by sWGA-lectin pulldown from term 

placenta lysates (n=6; pooled) obtained from mothers with type two diabetes (1), or BMI-matched 

controls (2). The remaining supernatants, depleted of O-GlcNAc proteins, were also assessed (lanes 3 

and 4, respectively). (A) Plain, unconjugated agarose beads exposed to tissue lysate and precipitate 

were used as a negative control, loaded to show any nonspecific binding. Three ǇƻǎƛǘƛǾŜ ŎƻƴǘǊƻƭǎ όпл˃Ǝ 

each): (EP) first trimester human placenta (TP) term human placenta and (M) mouse brain were loaded 

to demonstrate the specificity of the primary antibodies. Lane (5) was BeWo lysate, from control 

untreated cells, following sWGA-lectin enrichment and (6) depleted BeWo supernatant. Membranes 

ǿŜǊŜ ǇǊƻōŜŘ ǿƛǘƘ ŀƴǘƛōƻŘƛŜǎ ǎǇŜŎƛŦƛŎ ŦƻǊ w!.пΣ w!.рΣ w!.ммΣ ƛƴǘŜƎǊƛƴ ʲо ŀƴŘ ŎƭŀǘƘǊƛƴ ƘŜŀǾȅ ŎƘŀƛƴΦ  
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4.3 Development of methods to investigate CME in vitro, using a placental 

trophoblast cell line (BeWo) 

4.3.1 Immunocytochemical analysis of CME in BeWo 

An initial study was conducted to determine if it is possible to localise a fluorescent 

conjugate of transferrin in BeWo cells (Figure 4:4). 2-5 minutes after cells were exposed to 

the conjugate, little to no transferrin was observed, suggesting that 5-10 minutes is 

required for transferrin uptake by BeWo cells.  

The localisation of the TfR changed between 2 and 5 minutes from a scattered stain to 

tight clusters suggesting that the receptors group together, perhaps in an early CCV or 

endosome as transferrin starts to be internalised by the cells. At ten minutes, more 

transferrin was observed intracellularly and at 15 minutes transferrin and the receptor 

could be seen co-localised in clustered structures surrounding the nucleus and the Golgi 

network, possibly within endosomes or MVBs. Co-localisation increased over 60 minutes. 

This suggests that the BeWo cells endocytose and accumulate both transferrin and its 

ǊŜŎŜǇǘƻǊ ŦǊƻƳ җмл ƳƛƴǳǘŜǎΦ  

The cells were assessed for the early endosomal marker, RAB5 and the late endosomal 

marker, RAB11, by immunofluorescence microscopy (Figure 4:5). Initially, transferrin co-

localised with RAB5. After 15 minutes, it had shifted to co-localise with RAB11. This 

persisted for the duration of the assay (60 minutes) confirming that transferrin followed 

the vesicular pathway from early to late endosomes and is therefore an appropriate 

marker for investigation of the effect of HBP manipulation on endosomal trafficking in 

placental cells.  
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Figure 4:4: Transferrin CME over time in a cell 
model of placenta: 
Fluorescence microscopy of BeWo cells cultured 

with Alexa 488-conjugated transferrin (green) for 

2, 5, 10, 15, 30 or 60 minutes, then immunostained 

for the transferrin receptor (red). Nuclei are 

stained with DAPI (blue), scale bars represent ten 

micrometres. A negative control image is shown 

(bottom left) where cells were not exposed to 

transferrin during culture and primary antibody 

was omitted. Images are representative of two 

experimental repeats. 
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Figure 4:5: Clathrin-mediated endocytosis in BeWo cells: co-localisation of transferrin with markers of 
early or late endosomes: 
Cells were cultured with Alexa 488-conjugated transferrin (green) for 2, 5, 10, 15, 30 or 60 minutes then 

immuno-stained for RAB5 or RAB11, early and late endosomal markers, respectively (red). Nuclei were 

visualised using DAPI (blue). Scale bars represent ten micrometres. Images are representative of those 

obtained from 2 independent experiments with three replicates per condition. 
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Co-localisation of transferrin with endosomal and lysosomal markers was quantified by 

performing a total count of transferrin and marker per field of view, using ImageJ and Cell 

Profiler and then normalised to the total number of DAPI-positive nuclei. This method did 

not provide consistent data between replicates (data not shown). When the mean 

fluorescence intensity of total cell lysates (± transferrin) was measured using a 

fluorescence plate reader,  the mean fluorescence readings were relatively low, rendering 

the assay insensitive when measuring small changes in CME of transferrin between  

treatments. A more reliable method to quantify CME of transferrin in BeWo cells was 

developed.  

 

4.3.2 Flow cytometry of BeWo cells following exposure to transferrin  

To quantify changes in CME as a consequence of altered HBP flux and therefore protein O-

GlcNAcylation, a flow cytometric assay was used. In brief, fluorescently-labelled 

transferrin, at doses ranging from 0.097 ς 50 µg/ml, was cultured with cells for 15 minutes, 

then uptake was assessed by flow cytometry, measuring mean fluorescence intensity of 

10,000 events per condition. The background mean fluorescence for control cells not 

exposed to transferrin, was approximately 11,000 (Figure 4:6). Cells maintained on ice 

όϤпх/ύ ŦƻƭƭƻǿƛƴƎ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ǘǊŀƴǎŦŜǊǊƛƴ ƘŀŘ ŀ ƳŜŀƴ Ŧƭǳƻrescence of 8,962, suggesting 

endocytosis of transferrin was temperature-dependent and cellular trafficking was paused 

by cold conditions.  

 

The highest concentration (50µg/ml) resulted in the greatest internalisation of transferrin 

over 15 minutes, with a mean fluorescence intensity of 441,400 (Figure 4:6), whereas, the 

lowest concentration (0.097µg/ml) produced a mean fluorescence intensity of just 57,650 

(87% less than the highest concentration). 6.25µg/ml was chosen as an experimental 

concentration as it did not saturate the CME machinery and produced readouts within the 

assay sensitivity.  
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Figure 4:6: Assessment of clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 
488) analysed by flow cytometry in BeWo cells: 
Cells were cultured in serum-depleted medium for one hour, placed on ice (~4°C) to stop all trafficking 

(5 mins) prior to transferrin treatment (0.097ςрл˃ƎκƳƭύ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ отɕ/Φ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ 

with an acid solution (pH2.2) to remove extracellular bound transferrin, fixed and analysed by flow 

cytometry. The negative control represents background fluorescence of cells not exposed to transferrin. 

Data displayed as mean fluorescence in 10,000 events per treatment (n=3 or 4), Mean with SEM.  

 

A series of inhibitors was used to confirm that the uptake of transferrin was clathrin-

dependent (Figure 4:7). BeWo cells were exposed to the clathrin inhibitor, chlorpromazine 

(CPMZ) prior to the addition of transferrin. Initial experiments revealed that the dose of 

CPMZ typically reported in the literature (50-млл˃aύ (Ivanov, 2008) reduced the uptake of 

transferrin in BeWo by 0.12-ŦƻƭŘ όрл˃aύ ŀƴŘ лΦмм-ŦƻƭŘ όмлл˃aύ όǇғлΦлллмύΦ IƻǿŜǾŜǊΣ 

these concentrations of CPMZ caused the cells to look unhealthy, often forming irregular 

ǎƘŀǇŜǎ ǘƘŀǘ ǿŜǊŜ ǊŜŘǳŎŜŘ ƛƴ ǎƛȊŜΦ [ƻǿŜǊ ŘƻǎŜǎ ƻŦ /ta½ όнл ŀƴŘ ол˃aύ ǎǘƛƭƭ ǊŜŘǳŎŜŘ ǘƘŜ 

uptake of transferrin in BeWo cells by 85.8% and 94.3% respectively compared to the 

positive control, suggesting that transferrin uptake is clathrin-dependent (Figure 4:7). 

Methyl- -̡ŎȅŎƭƻŘŜȄǘǊƛƴ όaʲ/5ύΣ ŀƴ ƛƴƘƛōƛǘƻǊ ƻŦǘŜƴ ǳǎŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŎŀǾŜƻƭŀŜ-mediated 

endocytosis due to its ability to alter the structure of membrane bound cholesterol 

(Hailstones et al., 1998), also reduced transferrin uptake in BeWo cells by 51.4% when 

using 5mM (Figure 4:7ύΦ aʲ/5 ŦǳǊǘƘŜǊ ǊŜŘǳŎŜŘ /a9 ƻŦ ǘǊŀƴǎŦŜǊǊƛƴ ōȅ утΦу҈ ǿƘŜƴ ǳǎŜŘ ŀǘ 

10mM. The polyene antibiotic, filipin, is used to induce cholesterol aggregates at the 
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membrane, reducing its availability for caveolin endocytosis (Orlandi and Fishman, 1998). 

Filipin treatment reduced transferrin endocytosis by 2.1%, having minimal effect. 

Nocodazole, an inhibitor of microtubule polymerisation (Samson et al., 1979) reduced 

ǘǊŀƴǎŦŜǊǊƛƴ ŜƴŘƻŎȅǘƻǎƛǎ ōȅ ƻƴƭȅ пΦс҈ ŦƻƭƭƻǿƛƴƎ р˃a ǘǊŜŀǘƳŜƴǘΦ ¢ƘŜ C-actin depolymerising 

drug, cytochalasin D, disrupts the polymerisation of actin and therefore the formation of 

vesicles required for macropinocytosis and phagocytosis (Ivanov, 2008). Cytochalasin D 

reduced transferrin uptake by 28.8%. Together, these data indicate that endocytosis of 

transferrin in BeWo is clathrin-dependant and any reduction exhibited with these 

additional inhibitors is a result of altered actin and tubulin function required in CME vesical 

formation and movement.  

 

Figure 4:7: Assessment of pharmacological inhibitors in relation to clathrin-mediated endocytosis of 
fluorescently labelled transferrin (Alexa 488) by flow cytometry in placental trophoblast BeWo cells: 
Cells were pre-ŎǳƭǘǳǊŜŘ ǿƛǘƘ ƛƴƘƛōƛǘƻǊǎ ƻŦ ŜƴŘƻŎȅǘƻǎƛǎ ŦƻǊ мƘǊ ŀǘ отх/ ōŜŦƻǊŜ ŜȄǇƻǎǳǊŜ ǘƻ ǘǊŀƴǎŦŜǊǊƛƴ 

(15mins), acid washed and fixed. Data displayed as mean fluorescence in 10,000 events, presented as 

fold change from a positive control (transferrin uptake with no inhibition) shown with an intercepting 

line at 1. Negative control represents background fluorescence of cells not exposed to transferrin. 

Chlorpromazine (CPMZ) inhibits clathrin-mediated endocytosis, Methyl- -̡ŎȅŎƭƻŘŜȄǘǊƛƴ όaʲ/5ύ ƛƴƘƛōƛǘǎ 

caveolin-dependent endocytosis and is a partial inhibitor of clathrin-mediated endocytosis. Filipin 

inhibits caveolin endocytosis specifically. Nocodazole disrupts the polymerisation of tubulin. 

Cytochalasin inhibits the polymerisation of actin. Data displayed as mean SEM. Statistical significance 

was determined using Wilcoxon signed ranked statistical analysis was used where * p=0.05, **p=0.01, 

***p=<0.001 and ****p=<0.0001. Each data point represents the number of experimental passages. 
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4.4 Development of tools to manipulate both HBP flux and total protein O-

GlcNAcylation levels in vitro.  

In order to assess how altered protein O-GlcNAcylation could affect CME of transferrin in 

BeWo cells, experimental culture conditions that increased the level of O-GlcNAc-modified 

proteins in vitro first needed to be determined.  

 

A variety of approaches have been used to alter protein O-GlcNAcylation levels in vitro 

(Hawkins et al., 1997, Ostrowski and van Aalten, 2013). The addition of glucose or 

glucosamine during culture increases flux through the HBP and the production of the OGT 

substrate, UDP-GlcNAc, to increase total protein O-GlcNAcylation. Compounds that target 

key enzymes involved in protein O-GlcNAcylation also exist. For example, the widely 

accepted in vitro pharmacological inhibitor, PUGNAc, limits the activity of OGA (Ostrowski 

and van Aalten, 2013), increasing the level of protein O-GlcNAcylation by preventing de-

GlcNAcylation. In contrast, compounds are used decrease protein O-GlcNAcylation by 

inhibiting the action of GFAT and OGT (DON and BADGP respectively). DON reduces the 

biosynthesis of UDP-GlcNAc and therefore O-GlcNAc modified proteins, whereas BADGP 

targets the enzyme OGT, preventing the addition of O-GlcNAc to serine and threonine 

residues. The next series of experiments sought to determine if these approaches were 

suitable for altering the O-GlcNAcylation of proteins in BeWo cells.   
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4.4.1 Pilot data to develop BeWo culture conditions to that sufficiently alter HBP flux 

and increase protein O-GlcNAcylation using extracellular nutrients: 

 

Glucose or Glucosamine 
Cells were exposed to a range of glucose or glucosamine concentrations for 24 or 48 

hours, then analysed by Western blotting using an antibody that recognises all O-

GlcNAcylation sites on proteins (Figure 4:8). The concentration of glucose in control BeWo 

cell culture medium is 17mM. There was no change in the degree of protein O-

GlcNAcylation when glucose levels were reduced to 12mM. After 24h, low glucose (5mM) 

reduced protein O-GlcNAcylation to 0.75-fold; however 25mM glucose raised total protein 

O-GlcNAcylation to 1.18-fold. After 24h exposure of cells to glucosamine (1mM or 10mM), 

total protein O-GlcNAcylation increased by 1.16-fold and 1.77-fold, respectively.  

 

Figure 4:8: Manipulating nutrient flux through the hexosamine biosynthetic pathway (HBP): 
BeWo cells were cultured for 24 or 48 hours in a range of (A) glucose or (B) glucosamine concentrations, 

where 17mM glucose represents control culture conditions for BeWo cell growth. Western blot analysis 

was conducted for total protein O-GlcNAcylation using a specific anti-O-GlcNAc antibody. Data are 

ŘƛǎǇƭŀȅŜŘ ŀǎ ŀ ŦƻƭŘ ŎƘŀƴƎŜ ŦǊƻƳ ŎƻƴǘǊƻƭΣ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ!ŎǘƛƴΦ 5ŀǘŀ ŀǊŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘǿƻ 

experimental passages performed on separate occasions. These data were underpowered for statistical 

analysis, but indicate a trend for increased protein O-GlcNAcylation following exogenous glucose and 

glucosamine treatment.  
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Proteomic analysis of BeWo cells following 10mM glucosamine treatment showed 

increased abundance of stress proteins such as GRP78 (1.58-fold) (data not shown). 

Subsequent flow cytometry analysis of the cell cycle following treatments of cells with a 

range of glucosamine treatments (0.5mM-10mM) showed that cells are still able to cycle 

at concentrations of <5mM glucosamine (data not shown). Further work in the laboratory 

examined increments of glucosamine concentration on cell number and the recovery of 

cells after 24 and 48 hour exposure to glucosamine (performed by S Paijens (2013), under 

my supervision). 2.5mM glucosamine treatment at 48h increased total protein O-

GlcNAcylation without causing stress and cells remained proliferative after treatment was 

removed. 2.5mM glucosamine was therefore adopted as a standard treatment 

concentration. Figure 4:9 ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ Ҕн ƘƻǳǊǎΩ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ нΦрƳa ƎƭǳŎƻǎŀƳƛƴŜ ƛǎ 

required to increase global protein O-GlcNAcylation.   

 

 

 

Figure 4:9: Manipulating nutrient flux through the hexosamine biosynthetic pathway (HBP): 
BeWo cells were exposed to glucosamine treatment (2.5mM) for time periods ranging from 0.25-8 

hours. Western blot analysis was conducted for total protein O-GlcNAcylation using a specific anti-O-

GlcNAc antibody. Data are displayed as fold change in O-DƭŎb!Ŏ ƛƴǘŜƴǎƛǘȅΣ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-actin (median 

and interquartile range) (n=3 of experimental passages). These data were underpowered for statistical 

analysis, but indicate a trend for increased protein O-GlcNAcylation following exogenous glucosamine 

treatment.  
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4.4.2 Increasing protein O-GlcNAcylation using pharmacological inhibitors:  

PUGNAc  
BeWo cells were cultured in control medium for 24 or 48 hours with the addition of 

enzyme inhibitors that manipulate HBP flux, or the degree of protein O-GlcNAcylation in 

vitro. Multiple different PUGNAc concentrations (50-нлл˃aύ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀture 

to increase total protein O-GlcNAcylation during culture (Teo et al., 2016, Jo et al., 2016). 

The concentration of PUGNAc required to increase protein O-GlcNAcylation with minimal 

toxicity in BeWo cells was assessed by observing cell morphology microscopically at 48 

ƘƻǳǊǎΦ рлΣ млл ŀƴŘ нлл˃a t¦Db!Ŏ ƛƴŎǊŜŀǎŜŘ ǇǊƻǘŜƛn O-GlcNAcylation by 1.16-fold, 1.20-

fold and 1.56-fold, respectively (Figure 4:10 -A). Cells withstood PUGNAc concentrations 

ǳǇ ǘƻ млл˃aΦ нлл˃a t¦Db!c caused cells to look unhealthy and to have severely 

ǊŜŘǳŎŜŘ ƎǊƻǿǘƘ ǊŀǘŜǎΦ млл˃a t¦Db!Ŏ ǿŀǎ ǘƘŜǊŜŦƻǊŜ ǎŜƭŜŎǘŜŘ ŦƻǊ ŀƭƭ ŦǳǊǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘŀƭ 

work. Cells were then exposed for short durations (0.25-1h). Short exposure was not 

consistent when increasing global O-GlcNAcylation (Figure 4:10 -B), so culture periods of 

24 and 48 hours were adopted. 

 

 

Figure 4:10: Manipulating total O-GlcNAc-modified proteins in culture using PUGNAc to inhibit OGA: 
Western blot analysis was conducted for total protein O-GlcNAcylation using a specific anti-O-GlcNAc 

antibody. O-GlcNAc intensity is displayed as fold change from control after BeWo cell culture with (A) 

PUGNAc treatment of increasing dose (50-нлл˃aΤ пуƘύ and (B) short exposure to 10л˃a t¦Db!Ŏ όлΦнр-

2hours). Data are displayed as a fold change from the control, (n=3 of experimental passages) 

ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ!ŎǘƛƴΣ mean and SEM.  
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BADGP, DON and PUGNAc  
!ǎ ŜȄǇŜŎǘŜŘΣ .!5Dt όмƳaύ ŀƴŘ 5hb όмлл˃aύ ǘǊŜŀǘƳŜƴǘǎ ǊŜŘǳŎŜŘ ǇǊƻǘŜƛƴ h-

GlcNAcylation by 0.22- and 0.68- fold, respectively (Figure 4:11 -B). In this assay, PUGNAc 

ǘǊŜŀǘƳŜƴǘ όмлл˃aύ ŀƎŀƛƴ ƛƴŎǊŜŀǎŜŘ ǇǊƻǘŜƛƴ h-GlcNAcylation by 2.27-fold following 24 

hour treatment (Figure 4:11). These data demonstrate that pharmacological interventions 

are capable of manipulating total protein O-GlcNAcylation in vitro. In some experiments, 

free GlcNAc (10mM) was mixed with the anti-O-GlcNAc antibody prior to incubation with 

the Western blot membrane to test the specificity of the antibody. No bands were 

observed (Figure 4:11 ςA).  

 

 

Figure 4:11: Pharmacological manipulation of protein O-GlcNAcylation in placental trophoblast 
(BeWo) cells: 
BeWo cells were cultured (24h) with inhibitors that target specific enzymes within the HBP pathway by 

inhibiting GFAT using DON όмлл˃aύΣ ƻǊ ŜƴȊȅƳŜǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ŀŘŘƛǘƛƻƴ όhD¢Σ ƛƴƘƛōƛǘŜŘ ōȅ .!5DtΣ 

мƳaύ ƻǊ ǘƘŜ ǊŜƳƻǾŀƭ όhD!Σ ƛƴƘƛōƛǘŜŘ ōȅ t¦Db!ŎΣ млл˃aύ ƻŦ h-GlcNAc. (A) Western blot analysis of 

total O-GlcNAc-modified proteins (left). Free O-GlcNAc was pre-incubated with antibody prior to 

exposure to membrane (right). (B) O-GlcNAc intensity displayed as fold change from control, normalised 

ǘƻ ʲ!ŎǘƛƴΣ ƳŜŘƛŀƴ ŀƴŘ interquartile range (n=3 of experimental passages). 

B) 
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Experimental conditions required to alter HBP flux and protein O-GlcNAcylation in BeWo 

cells having been defined, the effect of altering this post-translational modification on 

CME of transferrin was then investigated.  

 

4.5 The effect of altered protein O-GlcNAcylation on endocytosis of transferrin 

in vitro.  

4.5.1 CME of transferrin is altered in BeWo cells following altered protein O-

GlcNAcylation 

Cells were cultured for 48 hours in conditions optimised to increase global protein O-

GlcNAcylation (as defined in section 4.4). Flow cytometry was used to asses if altered HBP 

flux and protein O-GlcNAcylation altered CME of transferrin (for a detailed experimental 

protocol see section 2.6.2).  

Figure 4:12 is a representative image of a cytometric scatter plot and histogram typically 

generated from this assay. The scatter plot (A) has been gated (P1) to exclude cellular 

debris and double events, where cells are aggregated. The histogram (B) displays a 

summation of the events recorded (i.e. mean fluorescence of transferrin-positive cells) 

against the number of events detected. The negative control (cells not exposed to 

transferrin) is shown in dark blue, the positive control (cells that internalised fluorescent 

transferrin) in green. Transferrin uptake during culture produced a rightward shift, 

confirming the majority of BeWo cells endocytose transferrin under normal culture 

conditions. CPMZ treatment (1 hour) prior to transferrin exposure significantly reduced 

uptake (yellow). 
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Figure 4:12: Assessment of clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 
488) analysed by flow cytometry in BeWo cells: 
/Ŝƭƭǎ ǿŜǊŜ ŎǳƭǘǳǊŜŘ όҕ/ƘƭƻǊǇǊƻƳŀȊƛƴŜΣ ŀƴ ƛƴƘƛōƛǘƻǊ ƻŦ ŎƭŀǘƘǊƛƴΤ /ta½ ол˃aύ ŦƻǊ мƘΣ ǎǳōǎŜǉǳŜƴǘƭȅ ǇƭŀŎŜŘ 

ƻƴ ƛŎŜ όϤпϲ/ύ ǘƻ ǎǘƻǇ ŀƭƭ ŎŜƭƭǳƭŀǊ ǘǊŀŦŦƛŎƪƛƴƎ όр ƳƛƴǎύΣ ǇǊƛƻǊ ǘƻ ŜȄǇƻǎǳǊŜ ƻŦ ǘǊŀƴǎŦŜǊǊƛƴ όсΦнр˃ƎκƳƭύ ŦƻǊ мр 

Ƴƛƴǎ ŀǘ отɕ/Φ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ ŀƴ acid solution (pH2.2), fixed and analysed by flow 

cytometry. Scatter plot (left) and histogram (right) displaying mean fluorescence per event of 10,000 

events, within the gated region P1. Data displayed: positive control cells exposed to transferrin (green), 

negative control (background fluorescence of cells not exposed to transferrin (dark blue) and CPMZ 

treated cells followed by transferrin (yellow). Image is representative of 25 experimental repeats.  
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Figure 4:13 and Figure 4:14 summarise the quantitative analysis of transferrin uptake in 

BeWo cells in response to pre-culture periods designed to alter HBP flux. Data are 

displayed as a fold change compared to a positive control in each experimental repeat.  

 

Figure 4:13 indicates that as glucosamine concentration increased, there was an increase 

in the internalisation of accumulated transferrin (1.16-fold at 2.5mM versus 1.06-fold 

increase at 0.5mM). This increase in CME of transferrin reached significance when pre-

culturing cells (48h) with 2.5mM glucosamine (p=0.02).  

 

 

Figure 4:13: Assessment of clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 
488) analysed by flow cytometry in BeWo cells: 
Cells were pre-cultured (48h) with increasing glucosamine concentrations: 0.5mM (n=7), 1mM (n=11), 

1.5mM (n=15), 2mM (n=14) and 2.5mM (n=21), before the addition of transferrin (6.25ug/ml) for 15 

ƳƛƴǳǘŜǎ ŀǘ отх/ όҕ/ƘƭƻǊǇǊƻƳŀȊƛƴŜΣ /ta½ ŎƭŀǘƘǊƛƴ ƛƴƘƛōƛǘƻǊύΦ LƴǘŜǊƴŀƭƛǎŜŘ ǘǊŀƴǎŦŜǊǊƛƴ ƛǎ ŘƛǎǇƭŀȅŜŘ ŀǎ 

mean fluorescence per event in 10,000 events, as a fold change from the positive control (indicated by 

the green intercepting line). Mean and SEM. Wilcoxon signed ranked statistical analysis was used, where 

* p=0.05, **p=0.01, ***p=<0.001 and ****p=<0.0001 versus positive control. Each data point 

represents the number of experimental passages.  

An investigation of the effects of high glucose or PUGNAc treatment on CME of transferrin 

was also conducted (Figure 4:14). In contrast to glucosamine, increasing HBP flux via 

exposure of cells to high glucose (25mM), significantly reduced CME of transferrin by 0.74-

fold (p=0.0078) compared to the positive control. Pharmacological inhibition of OGA and 

therefore increased accumulation of total O-GlcNAc-modified proteins, also reduced CME 

of transferrin by 0.71-fold (p=0.0078).  
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Figure 4:14: Assessment of clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 
488) analysed by flow cytometry in BeWo cells: 
Cells were pre-ŎǳƭǘǳǊŜŘ όпуƘύ ǿƛǘƘΥ ƎƭǳŎƻǎŜ όнрƳaΤ ƴҐфύΣ t¦Db!Ŏ όмлл˃aΤ ƴҐ9) or glucosamine 

(2.5mM; n=21) before the addition of transferrin (сΦнрǳƎκƳƭύ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ отх/ όҕ/ƘƭƻǊǇǊƻƳŀȊƛƴŜΣ 

CPMZ clathrin inhibitor). Internalised transferrin is displayed as mean fluorescence per event in 10,000 

events, as a fold change from the positive control (indicated by the green intercepting line). Mean and 

SEM. Wilcoxon signed ranked statistical analysis was used where * p=0.05, **p=0.01, ***p=<0.001 and 

****p=<0.0001. Each data point represents the number of experimental passages. Data obtained from 

treatment of cells with 2.5mM glucosamine (presented in Figure 4:13), is repeated for the ǊŜŀŘŜǊΩǎ 

convenience.  

4.5.2 Acclimatised BeWo cells internalise more transferrin by CME  

Previous investigations examined the effect of altered HBP flux, caused by 48 hours 

exposure to treatments, on CME. In order to simulate an elevated HBP flux that might 

occur in a (diabetic) environment in which glucose is chronically raised, cells were cultured 

for a range of time points in glucosamine, PUGNAc or high glucose to allow varying 

degrees of acclimatisation. CME of transferrin was then assessed by flow cytometry.  

Cells acclimatised in 2.5mM glucosamine for 12 and 14 days exhibited a greater uptake of 

transferrin than cells exposed for 48 hours (Figure 4:15 -A). After 14 days, CME of 

transferrin had increased 1.9-fold and remained elevated at 21 days. Overall, CME of 

transferrin following glucosamine treatment (2.5mM) increased from a mean of 1.16 fold 

(48h glucosamine culture) to 1.5 fold after 12-нм ŘŀȅǎΩ acclimatisation. This indicates that a 

prolonged exposure to glucosamine further increases CME of transferrin from 16-50% 

more than the positive control. In contrast to 48h, prolonged exposure (35 days) to high 
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glucose or PUGNAc resulted in a trend towards increased CME of transferrin by 14% and 

56% respectively, compared to a positive control (Figure 4:15-B).  Statistical analysis was 

not possible because of small numbers. 

 

Figure 4:15: Clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 488) analysed 
by flow cytometry in acclimatised BeWo cells: 
Cells were cultured in either: (A) glucosamine (Gln) containing medium (2.5mM; ω) for 2 days and Gln 

containing medium (2mM ; O or 2.5mM; ω) for 12, 14 or 21 days, or (B) high glucose (25mM) or PUGNAc 

όмлл˃aύ ŦƻǊ н ƻǊ ор ŘŀȅǎΦ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ŜȄǇƻǎŜŘ ǘƻ ǘǊŀƴǎŦŜǊǊƛƴ όсΦнрǳƎκƳƭύ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ отх/ 

(±Chlorpromazine, CPMZ clathrin inhibitor). Internalised transferrin is displayed as mean fluorescence 

per event in 10,000 events, as a fold change from the positive control (indicated by the green 

intercepting line). Each data point represents the number of experimental passages, displayed as mean 

and SEM. These data were underpowered for statistical analysis, but indicate a trend for increased rate 

of CME in cells that were exposed to treatments for longer periods.  
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4.6 Investigating an alternative CME ligand: Insulin-like growth factor 

(IGF-I) in BeWo.  

The internalisation of IGF-I was tracked in BeWo cells using fluorescent nanoparticles 

(quantum dots; QD) conjugated with IGF-I (QD-IGF-I) and analysed by flow cytometry. 

Initial time course investigations suggested two hours was sufficient for detectable uptake 

(Figure 4:16 -A). Control experiments confirmed that uptake was inhibited when cells 

remained on ice (Figure 4:16 -B); however, analysis after acid washes of cells exposed to 

QD-IGF-I for 120 minutes demonstrated that the mean fluorescence intensity was reduced 

in comparison to cells that were unwashed, suggesting the QD-IGF-I complex bound to the 

cells, but only a small proportion had been internalised.  

 

 

  
 
Figure 4:16: Flow cytometry assessment of clathrin-mediated endocytosis of quantum dots 
conjugated to insulin-like growth factor-I (QD-IGF-I) in BeWo cells: 
BeWo cell uptake of QD-IGF-I (QD: 20nM; IGF-IΥ мллƴaύ ƻǾŜǊ нƘ ŀǘ отх/Σ ǊŜŎƻǊŘƛƴƎ ƳŜŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ 

intensity per treatment. Data are displayed as percentage of cells with positive red fluorescence in 5000 

events (A) over time and (B) exposure for 30 minutes, at different temperatures, with and without a 

post-incubation acid wash. Data represents on single experiment.  

 

¢ǊŜŀǘƳŜƴǘǎ ǿƛǘƘ /ta½ ŀƴŘ aʲ/5 ǊŜŘǳŎŜŘ ƳŜŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴǘŜƴǎƛǘȅ лΦсп-fold and 

0.70-fold respectively (Figure 4:17). Filipin reduced mean fluorescence intensity 0.79-fold. 

Pre-ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ t¦Db!Ŏ όмлл˃aύ ƘŀŘ ƴƻ effect on QD-IGF-I uptake, glucose (25mM) 

tended to reduce uptake (0.86-fold) and both doses of glucosamine increased uptake 1.12-

ŦƻƭŘΦ /ƻƳōƛƴŜŘ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ƎƭǳŎƻǎŀƳƛƴŜ όнΦрƳaύ ŀƴŘ t¦Db!Ŏ όмлл˃aύ ƛƴŎǊŜŀǎŜŘ v5-

IGF-I uptake 1.32-fold. All these data are underpowered for statistical analysis, but the 

resemblance to changes in uptake of transferrin in BeWo cells with altered HBP flux is 

notable.  
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Figure 4:17:  Flow cytometry assessment of clathrin-mediated endocytosis of quantum dots 
conjugated to insulin-like growth factor-I (QD-IGF-I) in BeWo cells: 
BeWo cell uptake of QD-IGF-I (QD: 20nM; IGF-IΥ мллƴaύ ƻǾŜǊ нƘ ŀǘ отх/Σ ǊŜŎƻǊŘƛƴƎ ƳŜŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ 

intensity per treatment. Data are displayed as mean fluorescence per event of 10,000 events, as a fold 

change from the positive control (indicated by the red intercepting line) following pre-culture (48h) with 

ƎƭǳŎƻǎŜ όнрƳaΤ ƴҐоύΣ t¦Db!Ŏ όмлл˃aΤ ƴҐпύΣ ƎƭǳŎƻǎŀƳƛƴŜ όнƳaΤ ƴҐнύΣ glucosamine (2.5mM; n=3) or 

glucosamine όнΦрƳaύҌt¦Db!Ŏ όмлл˃aύΤ ƴҐмύΦ Each data point represents the number of experimental 

passages and displayed as mean and SEM. These data were underpowered for statistical analysis. 

 

Although the QD-IGF-I assays provided promising results, similar in pattern to the changes 

observed in the experiments using transferrin to measure CME, additional experimental 

repeats were not pursued. This was because classical CME observations are often rapid 

(occurring in minutes); however uptake of the QD-IGF-I conjugate required considerably 

more time to be internalised. Similarly, in the time periods investigated, just 5% of cells 

were able to internalise the conjugate, suggesting internalisation was restricted in some 

manner, possibly due to its increased size. Subsequent experiments therefore focused on 

the development of placental tissue assays to measure how altered protein O-

GlcNAcylation might change CME of transferrin, rather than the uptake of other CME 

ligands in BeWo cells.  
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4.7 The effect of altered protein O-GlcNAcylation on endocytosis of transferrin 

using placental explants  

4.7.1 Development of an ex vivo model to investigate placental CME of transferrin 

First trimester placental tissue (5-12 weeks gestation) was used as a multicellular, ex vivo 

model of early placental development. Tissue was dissected into small (3mm3) fragments 

for explant culture with transferrin (50µg/ml) at times zero (T0) or following 24 hours 

incubation (T24) for 30 minutes. Fluorescence microscopy confirmed transferrin was 

endocytosed and capable of crossing the exchange membranes of the placental explants 

(Figure 4:18). Transferrin speckles were visible in both the syncytium (sy) and underlying 

ŎȅǘƻǘǊƻǇƘƻōƭŀǎǘ όŎȅύ ŦƻƭƭƻǿƛƴƎ ол ƳƛƴǳǘŜǎΩ ŜȄǇƻǎǳǊŜ ŀǘ ōƻǘƘ ǘƛƳŜ ȊŜǊƻ ŀnd after 24 hours 

culture in control conditions (Figure 4:18). CMPZ inhibited CME of transferrin at both time 

points, where it remained bound to the extracellular membrane of the syncytium. This is 

indicated by the green fluorescence accumulating on the syncytial microvillous surface and 

the absence of green internalised speckling. These data indicate that transferrin has the 

ability to enter first trimester explants, transporting iron to the placenta and fetal 

environment for growth and development, suggesting first trimester placenta as an 

appropriate model to investigate how altered HBP flux may influence CME of transferrin in 

placental tissue and therefore pregnancy.  
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Figure 4:18: Assessment of clathrin-mediated endocytosis of fluorescently-labelled transferrin (Alexa 
488) in first trimester human explants, using fluorescence microscopy: 
Placental tissue was cultured with transferrin (50µg/ml; green) ±clathrin inhibitor Chlorpromazine 

ό/ta½Τ рл˃aύ ŀǘ ǘƛƳŜ ȊŜǊƻ ό¢лύ ƻǊ ŦƻƭƭƻǿƛƴƎ нп ƘƻǳǊǎΩ ŎǳƭǘǳǊŜ ƛƴ ŎƻƴǘǊƻƭ ŎƻƴŘƛǘƛƻƴǎ ό¢нпύΦ 9ȄǇƭŀƴǘǎ ǿŜǊŜ 

ŦƛȄŜŘΣ h/¢ ŜƳōŜŘŘŜŘ ŀƴŘ ǎŜŎǘƛƻƴŜŘ όр˃aύΣ ōŜŦƻǊŜ ƳƻǳƴǘƛƴƎ on slides and staining with DAPI (nuclear 

stain blue). Images are representative of two repeats, x63 magnification, where all scale bars represents 

10µM. Abbreviations: Sy ς syncytium, Cy ς cytotrophoblast. Green arrows highlight fluorescent 

transferrin. 
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4.7.2 Development of tools to manipulate both HBP flux and total protein O-

GlcNAcylation levels in placental explant culture 

Similar to the BeWo cell assay, explants were cultured (48h) in a range of glucosamine 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ t¦Db!Ŏ όмлл˃aύ ƻǊ ƘƛƎƘ ƎƭǳŎƻǎŜ (25mM). Explants were lysed and total 

protein O-GlcNAcylation analysed by Western blot. All treatments shows a trend for 

increased total O-GlcNAc modified proteins compared to control (on average by 1.45-fold), 

but data did not reach significance (Figure 4:19) with just 8 experimental repeats.  

 

 

Figure 4:19: Manipulating flux through the hexosamine biosynthetic pathway (HBP) and increasing 
total protein O-GlcNAcylation in ex vivo first trimester tissue: 
Western blot analysis was conducted for total protein O-GlcNAcylation using a specific anti-O-GlcNAc 

antibody. O-GlcNAcylation intensity is displayed as fold change from control explants following 48h 

culture with increasing glucosamine (1-10mM), PUGNAc (100uM) or glucose (25mM) treatment 

ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ!ŎǘƛƴΦ !ƭƭ ǘƛǎǎǳŜ ǿŀǎ ƻŦ ƎŜǎǘŀǘƛƻƴŀƭ ŀƎŜ р-12 weeks following medical or surgical 

termination. Displayed as mean and SEM (n=8). A statistical analysis was carried out using Wilcoxon 

signed rank test; results were non-significant.  

 

4.7.3 Investigating whether altered HBP flux changes the rate of transferrin CME in 

placental explants 

Next, an assay to quantify the uptake of transferrin by tissue was developed. Subsequent 

to three hour exposure of transferrin (50µg/ml), tissue was lysed in RIPA buffer and the 

fluorescence intensity of the lysates was read on a plate reader then expressed in relation 

to protein concentration. These assay conditions were used to assess CME of transferrin 

following a pre-incubation of 48hours with glucosamine, glucose or PUGNAc. 
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Overall, no change in transferrin uptake was detected when explants cultured with the 

various treatments were compared to the positive control.  

The tissues used for this assay were obtained from both medical and surgical termination 

of pregnancy (MTOP/STOP). To take into account the variation in each method of 

termination, data were reanalysed by procedure type (Figure 4:20). This sub-analysis 

identified some variation in the rate and direction of CME between tissue types, but these 

observations were not significantly different.  

 

25mM glucose had a small, positive effect on the accumulation of transferrin in tissue 

obtained following STOP or MTOP (1.11-fold; p=0.33 and 1.14-fold; p=0.44 respectively; 

Figure 4:20 A&B). CME of transferrin was unchanged in tissue from STOPs (mean 0.92-fold; 

p=0.51), but seemed to increase in tissue from MTOPs (mean fold change of 1.18) 

following PUGNAc treatment; but failed to reach significance (p=0.43). Two concentrations 

of glucosamine were tested on first trimester placental tissue. Following treatment with 

2mM glucosamine, CME of transferrin was unaffected in tissues following a STOP (p=0.77) 

but reduced in MTOP tissue (by 0.85-fold), but again but failed to reach significance 

(p=0.16). 2.5mM glucosamine raised CME of transferrin by 1.26-fold when using STOP 

tissue (p=0.09), similar to BeWo cells assessed by flow cytometry, whereas CME of 

transferrin was unchanged in MTOP tissue (0.90-fold; p=0.64). The combination of 

glucosamine and PUGNAc treatment had no effect (Figure 4:20 A&B).   

 

As data was not available on pre-existing co-morbidities such as maternal diabetes, these 

data were instead analysed in relation to maternal BMI as a proxy (Figure 4:20 C, D & E). 

Assessment of tissues from pregnancies with a maternal BMI of 20-25kg/m2 indicated that 

altered protein O-GlcNAcylation had no effect on CME of transferrin. The number of 

samples from women with a BMI of 25-30kg/m2 was too small to perform statistical 

analysis; however data indicated a trend for raised CME of transferrin by 1.38-fold 

following 25mM glucose, by 1.13-fold following 1лл˃a t¦Db!Ŏ ŀƴŘ ōȅ мΦпп-fold following 

2.5mM glucosamine treatments. Although significance was not reached, a trend towards 

ƎǊŜŀǘŜǊ /a9 ƻŦ ǘǊŀƴǎŦŜǊǊƛƴ ƛƴ ǘƛǎǎǳŜ ŦǊƻƳ ƻōŜǎŜ ό.aL җолƪƎκƳ2) women was also 

observed. 25mM glucose and 2.5mM glucosamine treatment increased CME of transferrin 

by 1.23-fold (p=0.37) and 1.33-fold (p=0.15) respectively, however failed to reach 

significance with the small number of experimental replicates.    
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Data displayed as mean and SEM, statistical analysis assessed using a Wilcoxon signed ranked test, 

where * p=0.05, **p=0.01 and ***p=<0.001. Tissue was separated by (A) surgical termination STOP, (B) 

medical termination MTOP, or maternal body mass index (BMI; kg/m
2
): (C) 20-25, (D) 25-30, (E) >30.    

Figure 4:20: Assessment of clathrin-mediated 
endocytosis of fluorescently labelled transferrin 
(Alexa 488) in first trimester human placental 
tissue (5-12 weeks): 
Tissue explants cultured (48h) with conditions to 

alter protein O-GlcNAcylation levels ex vivo (as 

indicated in figure), then changed to serum 

depleted medium (with treatments) 1hr and then 

exposed to transferrin (50µg/ml) for 3h. Tissues 

were acid washed (20s) and lysed (RIPA buffer). 

Negative control tissue was not exposed to 

transferrin. Fluorescent intensity of lysate read by a 

plate reader and normalised to total protein. 
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The experiments included tissues from a wide range of gestational ages (5-12 weeks). As 

iron requirements are low in the first half of the first trimester, due to the lack of 

menstruation (Bothwell, 2000) and the process to unplug maternal spiral arteries to allow 

maternal blood (containing iron) to perfuse the placenta begins at approximately 8 weeks 

gestation (Pijnenborg et al., 2006), tissue samples were divided accordingly for analysis.  

Subsequent separation of data by gestation indicated that 25mM glucose (p=0.56) or 

млл˃a PUGNAc (p=>0.9) had no effect on CME of transferrin and that glucosamine 

treated tissues (2mM; p=0.15 or 2.5mM; p=0.07) reduced CME of transferrin by 0.73-fold 

in tissues <8.5 weeks gestation (Figure 4:21-A). In contrast, CME of transferrin was raised 

by 25mM glucose treatment (1.19-fold; p=0.26) in tissues >8.5 weeks, although data was 

non-significant. CME was unchanged by PUGNAc treatment, but increased following 

2.5mM glucosamine treatment by 1.39-fold (p=0.004) (Figure 4:21-B).  

 

When the data were further separated by gestation for tissue following STOPs only, 

glucosamine treatment significantly increased CME of transferrin by 1.42-fold (p=0.039) 

(data not shown). 

 

 

Figure 4:21:  Assessment of clathrin-mediated endocytosis of fluorescently labelled transferrin (Alexa 
488) in first trimester human placental tissue (5-12 weeks): 
Tissue explants cultured (48h) with conditions to alter protein O-GlcNAcylation levels ex vivo (as 

indicated in figure), then changed to serum depleted medium (with treatments) and exposed to 

transferrin (50µg/ml) for 3h. Tissues were acid washed (20s) and lysed (RIPA buffer). Negative control 

tissue was not exposed to transferrin. Fluorescent intensity of lysate read on a plate reader and 

normalised to total protein. Data displayed as mean and SEM, Wilcoxon signed ranked statistical 

analysis was used, where * p=0.05, **p=0.01 and ***p=<0.001. (A) gestation <8.5 weeks (B) 

gestation >8.5 weeks.  
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4.8 Peptide analysis of transferrin and the transferrin receptor in term 

placental tissue 

Transferrin was 19-fold more O-GlcNAc-modified in T2DM O-GlcNAc-ome compared to the 

obese O-GlcNAc-ome. One out of seven predicted O-GlcNAc target sites was found to be 

dehydrated in the obese O-GlcNAc-ome, but not T2DM (Table 4:3). This site was S317. 

Four additional dehydration sites were identified in the T2DM O-GlcNAc-ome compared to 

the obese O-GlcNAc-ome; however, none was related to a known function of transferrin 

(UniProt, 2015). The proteomic analysis also identified lactotransferrin (LFT), found in 

exocrine fluids and having antimicrobial activity (UniProt, 2015). On analysis of these 

peptides, three serine sites (-463, -466 and -471) were modified in both T2DM and the 

obese O-GlcNAc-ome. No site-specific information was available. Interestingly the obese 

O-GlcNAc-ome also had an additional dehydration site (serine-271), which neighbours a 

metal binding site, histidine-272 (UniProt, 2015).  

The TfR, although not significantly O-GlcNAc-modified in diabetes compared to the BMI-

matched control, was identified in all placental O-GlcNAc-omes and there were differences 

in the modification sites between T2DM and the obese controls. The sequence 

SAFSNLFGGEPLSYTRFSLAR, spanning residues 7-27, part of the cytoplasmic tail region 

(residues 1-67) was found to be dehydrated at T21 in T2DM compared to the obese 

control. This threonine is part of the motif known to signal endocytosis (residues 20-23; Y-

T-R-F) (Collawn et al., 1993). Additionally, the cytoplasmic tail sequence 

LAVDEEENADNNTKANVTKPK (residues 40-слύ ƻǾŜǊƭŀǇǎ ǘƘŜ ƳƻǘƛŦ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨǎǘƻǇ-

ǘǊŀƴǎŦŜǊ ǎŜǉǳŜƴŎŜΩ όǊŜǎƛŘǳŜǎ ру-61) (UniProt, 2015). Two dehydrated threonine residues 

were in close proximity, T52 and T57, in T2DM but not the obese control. The sequence 

GDFFRATSR (residues 647-655), part of the ectodomain (residues 121-760), was found to 

be dehydrated at T653 and S654.  It is close to a highly conserved RGD motif (646-648) 

crucial for transferrin binding to the TfR. 
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4.9 Investigating iron levels in maternal serum and placental tissue of mothers 

with and without diabetes 

Table 4:5 summarises data collected from patient records of mothers with T1DM or T2DM, 

as well as uncomplicated pregnancies with a BMI range 20-35. There was no significant 

difference between maternal ages, smoking habit or ethnicity. Maternal BMI for mothers 

with T2DM were significantly greater than the control group (p=0.004).  There was no 

significant difference between fetal sex, individual birth centile or placental weights, 

although mothers with T1DM and T2DM delivered on average 2 and 1.9 weeks earlier than 

the control group (p=0.0003 and p=0.108, respectively).  Maternal serum ferritin levels 

were missing for nine patients in the control group, one patient with T1DM and one 

patient with T2DM (Table 4:5), meaning no conclusion could be made regarding maternal 

iron concentrations. However, the average ferritin level for control pregnancies was 

47ng/ml and 40ng/ml in T1DM, which increased to 76.63ng/ml in T2DM. 

Table 4:5: Demographics, obstetric and biophysical data for participants. 

 
BMI 20-35 (n=12) T1DM (n=7) T2DM (n=5) p value 

Maternal Age 
34 

(26-42) 
34.5 

(21-43) 
36 

(26-42) 
a)ns 
b)ns 

Maternal BMI 
(kg/m

2
) 

30.3 
(22-32) 

26.5 
(22.9-33.8) 

32.4 
(31-41) 

a)ns 
b)**  

Smoker (%) 0 0 16.67 
a)ns 
b)ns 

Ethnicity  
(% Caucasian) 

75 83.33 80 
a)ns 
b)ns 

Placental Weight 
(g) 

522.4 
(465-780) 

778 
(563-787) 

591.5 
(473-725) 

a)ns 
b)ns 

Gestation (wks) 
39 

(38-41.3) 
37 

(35.6-38.6) 
37.9 

(36-39.3) 
a)***  
b)ns 

Fetal Sex  
(Males; %) 

58.33 57.1 80 
a)ns 
b)ns 

Birth Weight (g) 
3340 

(2900-4200) 
3823 

(2740-4340) 
3360 

(2990-3867) 
a)ns 
b)ns 

IBC 
48.85 

(12-100) 
88.95 

(26-100) 
67 

(24-95) 
a)ns 
b)ns 

Maternal Ferritin 
(ng/ml) 

32.8 
(10-161.8) 

14.8 
(4-167.1) 

55.15 
(12.9-187.4) 

a)ns 
b)ns 

Participants grouped by condition: type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM) and 

two BMI-matched controls. Data are median with range. Abbreviations: BMI: body mass index (kg/m
2
), 

IBC: individualised birthweight centile. p-values were calculated for (a) T1DM compared to controls - BMI 

range 20-35mg/k
2
 and (b) T2DM compared to controls - BMI range 20-35mg/k

2
, using Mann-Whitney 

test, or Fishers exact test for smoking, ethnicity and fetal sex only. * p=0.05, **p=0.01 and ***p=0.001. 

ns = non-significant. 

It was not possible to obtain postpartum maternal or fetal ferritin levels. Maternal glucose 

was not available for all participants and even when available was not matched for 

gestation, so could not be accurately compared.   
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4.9.1 Histological analysis of placental iron in placental tissue  

Perls Prussian blue stain was conducted to determine the presence of iron granules 

(haemosiderin) in term placental tissue (Figure 4:22). The blue histochemical reaction 

most commonly represents iron stored as ferric deposits within the ferritin complex 

(Orchard and Nation, 2011). Placental villi stained mainly in the stroma (see obese and 

T2DM section of Figure 4:22) and within the syncytiotrophoblast basal membrane (see 

T1DM section of Figure 4:22; blue arrows).  

 

 

Quantitative analysis of ferric iron was conducted using HistoQuest image software. The 

area of Prussian blue stain was calculated as a percentage of neutral red stain for 5 

random fields of view (stitched into one image), per placental sample. There was no 

(A) Control  (B) Control 

(D) T2DM 

(E) Mouse spleen 

(C) T1DM 

50˃ M 50˃ M 

50˃ M 50˃ M 

50˃ M 

Figure 4:22: Analysis of iron deposits in term 
placental tissue, obtained following delivery 
from mothers with or without diabetes: 
Iron deposits (blue-purple) were detected using 

Perls Prussian blue stain: Neutral red was used 

as a counterstain (pink-red) and tissue imaged 

by light microscopy at x20 magnification. 

Images are representative of 24 placentas. (A-B) 

Control - BMI 20-35, (C) T1DM, (D) T2DM and 

(E) positive control, mouse spleen. Blue arrow 

indicates basal membrane staining. 




































































































































































