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ABSTRACT OF THESIS

{dzo YAGGSR 0@ AO0OG2NRIF t I f A @lucdse sehsingkbgtheR S 3 N.
placenta ¢ the role of the hexosamine biosynthetic pathway in pregnancies
complicated by maternal diabeteQ T ! LINAf HAMT

The hexosamine biosynthetic pathway (HBP) utilises glucose to produce uridine
diphosphate Nacetylglucosamine for pogtanslational addition to side chain hyakyl (O
GIcNACc) 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 birtand an increased likelihood of edeloping
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 changeseptal hexosamine
metabolism, thereby altering the functions controlled by this nutrisetsitive molecular
switch. Such changes may contribute to aberrant placental action and impaired fetal
health.

The first aim was to compare-GlcNAemodified protens from normal pregnancies and
those complicated by maternal diabetes.-GcNAeproteomes 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)-3&kg/nf, n=6; obesecontrol) or no
complications (BMI 2@5kg/nf, n=5; normal control). Ingenuity pathway analysis
identified canonical pathways affected by alterations to theG@NAeomes, including
clathrirmediated endocytosis (CME). The functional relevance of thisnfindias
investigated by assessing uptake of the classical CME ligand transferrin (TF) using flow
cytometry. Stimulating protein €lcNAcylation using glucosamine (2.5mM) increased the
rate of TF endocytosis in the trophoblast cell line BeWo (p=0.02). Fortne,

I OO0dzydz | G A2y 2 Fin kiveRaygh, wisNslgnffigahtly Nabi@dage® an term
placenta from mothers with T2DM (p=0.01).

The effect of glucosamin@duced GGIcNAcylation on signalling pathways activated by
three growth factors (GF) was viestigated. Glucosamine treatment diminished -GF
stimulated receptor tyrosine kinase (RTK) autophosphorylation, reduced phosphorylation
2F GKS Oeidz2L)XaYAO GeNRaAyS LK2aLKIFGlFas {
transition into S phase. The-@GIcNAglation status of downstream signalling proteins AKT

and SHP2 was confirmed in trophoblasidtwo serine residues in the Src homology (SH2

1 & SH2) regions of SHP2 that are important for binding of phosphorylated RTKs were
identified as GGICNAC targets

This study, the first analysis of the placental Glchwe, adds to our understanding of the
molecular mechanisms governing placental function. Components of the CME pathway are
differentially GIcNAcylated in T2DM, leading to altered membrane dynamics in
endocytosis and increased accumulation of irorGIONAcylation of proteins involved in
GFsignalling changes signal transduction across the plasma membrane, altering control of
the cell cycle.

O-GIcNAcylation may be attractive as a target pathway fardpies to aid pregnancies
complicated by maternal diabetes.
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1.0Introduction

I LINBPGOSAYyQa FdzyOuA2y Aa GAIKGEE O2yGNREfSF

can activate intracellular signalling pathvgaythat results in postranslational
modificatiors (PTM) of specific proteins, stimulating a change ieirthfunction by
enhancing, silencing omltering the original function (Karve and Cheema, 2011)
ConsequentlyPTMplay a key role inmaintaining cell homeostasis and cell surviaat
there is now much interest in the dysregulation of PTM in relation to dis@&aeve and

Cheema, 2011)

During pregnancymechanismswithin placental cellsnonitor andobtain a variety of fuels
within the circulating maternal bloodor the maintenancegrowth and survival of the
placental tissue and the developing fetyBesforges and Sibley, 2010)ptake and
delivery of nutrientsto the fetal environment can be modified in response to periods of
low or high availability, allowing a controlled, contous supply of materialsfor steady
development and growth(Aldoretta and Hay, 1995)lhe understanding of placental
nutrient sensing andignallingto alter protein functionfollowing a change isubstrate
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 requiredJones et al., 2007k turn, these may identify treatment strategies

for pathological pregnancies, wherthe placenta is in anunfavourable nutritional
environment.Insultin utero not only affects the programming of the placenta lasothe
development of the fetugLucas, 1991)Should the fetus survive pregnanoympromised

by disruptedplacentalfunction, the child may be subject to poor health in infancy amd

often predisposed to diseases in adultho@hrker, 1995)

1.1 Adaptions of maternal metabolismin pregnancy

Various maternal metabolic changes ooc during pregnancy. The concentrations of
cholesterol, lipoproteins and triglycerides increase in the maternal circul¢Bantels and
O'Donoghue, 2011, Huds al., 2009) as a resulof hormonal influences, such as human
placental lactogen (hPL) aradtered lipolysis in maternal adipose tiss(iereinkel, 1980)

The mother also experiencesised fasting blood glucose leveland hyperglycaemia
following meals(Buchanan, 1991 his occurs through insulin resistaneéhin peripheral
tissues(Butte, 2000jnduced byhormones 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 glicose readily available for the development and function of the

placenta and fetus.
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The metabolic adaptations ohormal pregnancy are similar to that of metabolic
syndromes, where women have increased adiposity, hyperiregrim, hyperlipidemia
as well @ insulin resistancéBuchanan, 1991, Reece et al., 1994, von Veksmeynck and
Powers, 2007)If these naturally occurring adaptations aecessivemothers can develop
gestational diabetes (GDM), causing severe insulin resistanceaarglevated blood
glucose concentration similar to that of a npregnantindividualwith diabetes(Reece et
al., 1994) These adaptations are reversible following delivery; howeveome adaptive
mechanisms of pregnancy can become permanent, leavivegy mothers at risk of
developing GDMin subsequent pregnancies andt much greater risk (fold) of
developingtype two diabetes mellitus T2DM after pregnancy(Bian et al., 2000, Kim,
2014)

1.2 Diabetes in pregnancy
In pregnancies féected bytype one diabetes mellitusTADM= G KS YI G SN¥ I £ LJ

cells cannot produce insulinvhereas mothers witlf2DMor GDMexperiencepersistent,
exacerbatedinsuin resistance(Buchanan, 2001, American Diabetes, 2009%e World
Health Organisation defines diabetes in pregnancyasents exhibitinga fasting blood
3t dz02aS 02y O’gliiAdericanDiabetest 2000, WHO, 2013)

It has beenrestimatedthat in 1996,just 14 million people in the UKad T1DM or T2DM
whereas in 2015, 3.8 million people were thought to have diabetes, mostly (BREHY
(NHSDigital, 2016bHowever, aarge poportion of people arethought to be living with
diabetes,undiagnosedThese data suggest thahe in everysixteen peoplen the UKhave
diabetes,which equatego 4.5 million casegDiabetesUK, 2015%lobally approximately
12% of pregnancies are affected by diabet@sunt and Schuller, 2007)Of the
approximate 700,000 live births in the UK each year,asé6to women that eithehave
pre-existingdiabetesor developGDM(NICE, 2015ompared to 4% in 20QVirjee et al.,
2001)

Obesity (defined ashaving a0 2 Ré Yl aa Ay RS%is dssoaidted withk tha { 3 K
development ofdiabetes(Abdullah et al., 2010xurrently more tharb8% of women in the
UK are overweight or obeg®HSDigital, 2016arausing an increase in the incidence of
overweight mothers with diabetes in pregnan@g the risk of diabetes also increases with
age (Choi and Shi, 2001)he increasel prevalence ofpregnancies affected bgliabetes
may also be, in parta result of theincreasein averagechildbeaing age of first time
mothers which rose from28.5 years in 2000 to 30.3 years in 20{&vw.ons.gov.uk,

2015)
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1.2.1 Complications of pregnancy affected by DM
The natural physiologicamaternal adaptations that occur to supg pregnancy gection

1.1) meanthat it is difficult for a pregnant mother with diabetes to maintain blood glucose
control throughout gestation. As a consequenttee mother is at greater risk of damage
to kidney and nerve function and of developingvascular diseases such as hypertension
which, if severe can develop into preeclamps{éleckbert et al., 1988)

There is an increased risk miscarriagefor pregnancies complicated by pexisting T1 or
T2 DM (Jovanovic et al., 2015ersistent episodes of maternal pgrglycaemia during
gestation can lead to fetacidaemia causinginexpectedn uterodeaths (McLaughlin and
McCance, 2010kEarly fetal deathn pregnancies complicated by maternal diabetes are
double that of the general populatio(Hawdon, 2010knd pregnancies complicated by
T1DM or T2DM are five times more likely to resulate fetal deathor stillbirth compared

to uncomplicated pregnancig€EMACH, 2005)

The successful pregnancies are at further ristiisttetriccomplicationsaffecting thewell-
being of both mother and chilé&t and after delivery (Simmons, 2010)A prolonged
exposureto glucosein uterohas been associated with accelerated fetal growth. Infants are
often large for gestational age (LG fetusthat measuredarger than expected faits age
and gendey over 90th centile or macrosomic (weighing >4kgnd over 90th centile)
(Barker, 1998, Lindsay et al., 2007, Girling and Dixit, 20t@Confidential Enquiry into
Maternal and Child HealthCEMACH noted that in all pregnancies complicated by
diabetes 21% of livebirths weighed >4kg compared to 11% in the-diabetic population
(CEMACH, 2005)ncreased growth is associated with complications at birth, such as
difficulties in delivery and shouldelystocia(Simmons, 2010, CEMACH, 200%)is being
so, mothers are advised to have a caesar delivery at 38 weeK®NICE, 2015, Jovanovic et
al., 2015) Immediately following a successful delivery, the infant is of greater risk of
developing hyperinsulinaemia, hypoglycaer{faaser and Bruce, 1993aundice cardiac
complications, polycythaemjaespratory distressand signs of neonatal encephalopathy
allas a result o€omplications that arise following increasetaternal glycaemidipidemia
and glycated haemoglobinHbA1¢ levels(NICE, 2015)To reducethis risk,women with
diabetes need to feed their babies regularly following delivery, until the infant can
maintain a sufficient préeeding blood glucose concentration (2.0 mmol(NJCE, 2015)
Neonates cartherefore require intravenous fluids or tube feeding special care baby
units to maintain blood glucose as a result of increased insulin produamonitero
(McLaughlin and McCance, 2010)
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Other complications includecardiac, neuonal, gastrantestinal and musculoskeletal
congenitalmalformations(NICE, 2015, Jovanovic et al., 20T%)ese malformations hawe
greater prevalencein preconceptional diabetegJovanovic et al., 2015, Mathiesen and
Damm, 2010, Heckbert et al., 1988, Simmons, 20%0pgestingthat exposure to a
hyperglycaemic environmerduring early developmenaffects organogenesis2(8 weeks

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

Maternal diabetes also has lotgrm implicatiors with respectii 2 (G KS OKAf RQa
infancy through to adulthoodBarker, 1995, Barker, 1998Infants often experience
hyperglycaemiand impaired glucose toleran@es a result of altered insulin sensitivity and
increased insulin resistand@lagemann et al., 1997, Dabelea et al., 200@pughout
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 adulthoodReaven, 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 Peder®n hypothesis:
The development of fetal complications in pregnancies affected by maternal dialsetes

mainly associated witlthe development ofietal macrosomigOrnoy, 2011) Thecauseof
macrosomia is not yet fully understood, but reseampports the Pedersen hypothesis
which suggests that thexcess/e levels ofmaternal glucose pass freely through the
placentaand into the fetal environmentcausng2 @S NJ a G A Ydz F GA2y- 27F
cells and an increase in fetal insulin productiamich increasesdiposedeposition, fetal
growth and macrosomiéPedersen, 1952, Macfarlane and Tsakalako881€atalano and
HauguelDe Mouzon, 2011)

In normal pregnancieghe placenta must adapto maintain control & nutrient transfer
for optimal growth (Aldoretta and Hay, 1995Birthweight generally coelates with
placental weight(Clarson et al., 1989Much evidencesuggestghat a growth restricted
fetus (FGR)ccuss as a result of poor placental adaptation aretluced nutrienttransfer
(Glazier et al., 1997, Desforges and Sibley, 200@ontrastjncreased nutrient transfer in
pregnancies ofwomen with an increasinddMI and or hyperglycaemiaare at risk of
delivering an infantLGAor macrcsomic (Hillier et al., 2008) However, he Pedersen
hypothesis is aw thought to be too simplisticas pregnancies complicated by maternal

diabetes with good glycaemic control, castill result in fetal macrosomiéMartis et al.,
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2016) There isinsufficient knowledge of how insulis utero affect the development of
the placenta so a greater knowledge of intrinsic regulatory control mechanisms is
essential tounderstand how this adaptive response may become deregulated in response

to high glucose and maternal diabetes.

1.3 The Placenta
The placenta is fetatderived,temporary organ that forms the only connection between

the mother and fetusduring pregnancyHuppertz, 2008)It has multiple roles, acting as
the main supply line of nutrientand oxygerto the fetus whilst removing waste products
from fetal circulation(Burton and Fowden, 2015fGrowth and survival of the fetus

therefore depems on a healthy functioning placentgall et al.2003)

1.3.1 Anatomy of the placenta
At term, the placenta is discoid in shape, approximately2%28m wide and 2.5cm deep

(Baergen, 1997)The placenta has two distih 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 ®&h 2010) is orientated towards the wall of the
uterusin situand attaches byneans ofthe invadingtrophoblastcells whichembed deep

into the uterine wall Figurel:1) to form anchoring columnsrhe basal plate is divided into
approximately 20 lobulealso known agplacental cotyledons, whichontain main stem

villi andtheir smaller subsetfanches(Varney, 204) (Figurel:1).

The fetal surface of the placenta, known as the chorionic pldes within the
amniochorionic membranes and is orientated towards the fetusitu (Gude et al., 2004)
The umbilical cordyenerallyattachesto the central region of the plate, where the fetal
arteries and vein of the cord branemd traverseacross thechorionic platesurface(Gude

et al., 2004)Figurel:1). These major vessels branch, formsmaller vesselsvhich then
divide to vascularise theintermediate villi, before branching again to foroapillaries
within terminal villiwithin cotyledon clustergKaufmann et al., 2003Jt is at the terminal
region of these villirich insinusoidalfetal capillaries, wherenost of the maternafetal
exchange takes placé€Gude et al., 2004, Kaufmann et al., 200B)e umbilical vein
supplies the fetal circulation witbxygenated, nutrientich blood, whereas deoxygenated
blood and metaboliavaste products are removed from the fetal circulation through the
umbilical arteries, across the chorionic plate, back through the placenta to the maternal

blood for excretionBaergen, 1997)
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Figurel:1 The structure of a term placentaA 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 ma#dse blastocyst cavity andn outer layer of

trophoblast cells called the trophectoderigNorwitz et al., 2001) The inner cell mass
developsinto the embryo and will continue t@row andmature into a fetus throughout

gestation.

In early development, the trophectoderm of the blastocydtaches and rivadesthe
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)he outer layer of trophoblastonsists ofa
multinucleated syncytiotrophoblas{(STB) created bya process described as syncytial
fusion (Potgens et al., 2002, Huppertz, 2008he innerproliferative cell layer of the
trophectoderm the cytotrophoblast (CTB)lies below the STB and continuously
proliferatesto produce daughter cells, one of whi@ises with the overlying syncytium for
renewal and expansion of the placenfaotgens et al., 2002Thetrophoblastcovers the
outer surface of theterminal villiand lies on a basal lamina, beneath which are situated
the fetal capillaries surrounded by a collagenous matrix, or strohh.apical syncytial

microvillous membrane which is heavily glycosylatedis in direct contact with the
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maternal bloodand there is alose approximation (3 cellsdeep) betweenthe maternal
and fetal blood without cross contamination; the human placenta therefore has a

haemochorial utereplacental circulationKigurel:2).

In early developmenta population ofcytotrophoblastsfrom the tips of the villi in contact
with the uterusinvade the endometriumo form anchoringpoints within the uterine wall
(Figurel:2), securelyattaching the placentaSomeof these extravillous trophoblas{&VT)
further invade the spirarterioles of the uterine wal{Kaufmann et al., 2003)reating a
plug which only allows maternal plasma ¢oter the intervillous space. At around 12
weeks gestation, these plugs are removed allowing maternal blood to flow, bathing the
villous tissueOther perivasculainterstitial cytotrophoblasts invade the walls of the spiral
arteries up to the inner thiraf the myometrium breaking down the smooth muscle cells
(SMCrndendothelium creating large diameter structures with low resistance; endothelial
cells are eventually replaced Isophoblastexpressing endothelialcell markerg(Lyall et

al., 2001) Successful EVihvasion is vital dr obtaining & adequatenutrient supply
(Schuenke and Schulte, 201B)gurel:2).

.. Intervillus
Spiral ~ gpace
artery

Decidua

Chorionic
__ Villus

Figurel:2: The human placenta in situ and fetus. '
Magnified section shows detailed structure of the villous tree including floatingdPAlli, 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 underlying
mononuclear villous cytotrophoblast cells (B)Tare 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 fro(Maltepe et al., 2010)
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The STBbears amaternatlfacing microvilous membrane (MVM)while the fetaHacing
basalmembrane (BM)@abuts the cytotrophoblasor basal lamingDesforges and Sibley,
2010) (Figure 1:2). Bidirectional transport across these membranes is essential for
substances to enter the fetal circulation; consequenthey are rich in receptors,
transporters and enzymeggaccioli et al., 2013a, Hiden and Desoye, 20k® CTB lien

the basal laminabeneath which isthe villous core composed afonnective tissueor
stroma containingthe fetal capillarieslined by endothelium (Burton et al., 2009hnd
Hofbauer cells the placental mononuclear phgocytes (Kaufmann et al., 1977, Wood,
1980)

1.3.3 Placentalfunction
The placenta is a complex orgdanctioning as the lungs, gastrointestinal tract, kidneys

and liver for the developing fetugéDesforges and Sibley, 2010, Burton and Fowden, 2015)

Thethree keyfunctions of the villous placentare:

(1)Transport:the specialised micsiructural development of the placenta providés an
optimal exchange of nutrients and gases to meet the demands of both placenta and
fetal growth throughout gestation whilstlsoremoving waste productgKaufmann et
al., 2003, Aplin, 1991)

(2)Peptide and hormonebiosynthesisthe placenta has an endocrine function, producing
and secreting vast amounts of hormones or cytokines that have autocrine and
paracrine actionstegulating pacental andetal growth, parturition and more(Gude et
al., 2004)

(3)Protection for the fetus and its environmentthe placenta actsas a protective
immunologicalbarrier, prevening entry of harmful substancewnhilst drivingunsafe
material back into maternatirculation(Gude et al., 2004)The placenta also provide
the fetus with passi® immunity utilisingantibodies from maternal bloodyut at the
same timeprotecting the fetus fromrecognition bythe maternal immune systerasa

foreignentity (Ishida et al., 2011)

These functions lagely occur in thérophoblastexchange membranesp t is reasonable
to assumeany disruption to trophoblast functionwill have detrimental effects on the

healthygrowth and overall function of the placenta; and consequently that of the fetus.
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1.4 Trarsport acrossthe placental exchange membranes
The diffusion of respiratory gases occurs rapidly as the placertalidy permeable to

oxygen and rapidly removes carbon dioxide from fetal circulaf®ade et al., 2004)The
activity and distribution ofnutrient transporters within the apical and basalSTB
membranesprotect the fetal environment by controlling the rate of transport, permitting
only the amount of nutrientsrequired to meet the demands of the fetus cross the
membranesDesforges and Sibley, 201Thevariety of mechanisms utilised for placental
nutrient transportare summarised iffablel:1, which also includea few select examples

of solutes transported via thesmechanismsSome substances, such as waaed snall
moleculescan freely cross the cell membrane; however largebbstances are bought into

a cell via an energy requiring process known as endocytiesisos, 2008) Substances are
enclosed by a small proportion of the cell membrane, which first invaginates, then pinches
off to internalise the cargavithin an endocytic vesicl@Alberts, 2002) It is thought the
endocytosis of various transport systems can regulate their expression at the membrane

and therefore uptakef substrates

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

Transport Mechanim Examples of Solute Transported
lon Channels Potassium (K, Sodium (N§

Calcium (C?3, Chlorine (G)
Simple Diffusion Oxygen (@), Carbon Dioxide (GO
Facilitated diffusion GlucoseFatty acids
Cotransporter
-e.g. system L Neutral anino Acids
Exchange transporter Na'/H" exchanger
Active Transport Na'/K'/ATPase transporter
Endocytosis: e.g. clathrin Immunoglobulin G (1gG),
dependent Transferrin Low-densitylipoproteins (LDL)

1.4.1 Fatty acidsind triglycerides
Energy can be provided to the developing f@lacental unit from the transfer of fatty

acids(Lager and Powell, 201%atty 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 higin low- density lipoproteins HDL, LDLand
non-esterified fatty acidgLager and Powell, 2Q) The MVM expressed lipases convert
triglycerides into noresterified fatty acids to facilitate their entry and release in placenta
(Magnusson et al., 2004)Transfer of fatty acidsis driven by a maternal to fetal
concentration gradient anéhtty acidscan cross the STBs lipid biolayer by simple diffusion

(Duggan et al., 2008However increased transport is facilitated by fatty acid binding
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proteins FABR localised to both the MVM) and fatty aelchnsfer proteins FAT/FATP
localised to both the MVM and BM of the STBaggarty, 2010)Once transported, fatty
acids are used to synthesise triglyceridfs, biosynthesis of the membrane, cholesterol
esterification, oxidation ofor direct transfer o the fetus(Duggan et al., 2008Jratty 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 gowth largely depends on the supply of amino acisternal serum concentration

of amino acid is lower than that of fetus, suggesting a process of active transport for
amino acids transfe(Duggan et al., 2008Yhe placenta is rich in taurine, glutamate and
aspartate, as well as alanine, glycine, serine, glutamine and thre¢Rmkps et al., 1978,
Duggan et al., 2008Five types ohmino acidgransport systems have been described i
the human placenta for the transport of neutral, anioaitd cationic amino acideamed

by the substrate specificity and where thetake is sodiurrdependent(Jansson, 2001,
Carter, 2012)Neutral amino acids are transported \ddferent transport systemgresent

on both the MVM and BM of syncytiotrophoblast in the human placent#lh greater
transport capacity at the MVMJohnson and Smith, 1988, Jansson, 200ti¢ sodium
coupled system A transportetransportssmallamino acids such as alanine, serpreline

and glycine whereas system ASC transpoatsionic amino acids such aalanine, serine

and cysteingJansson, 2001,Uggan et al., 2008Yhei -transport system can transport
amino acids, such as taurif@anson, 2001)the most abundant amino acid in the human
placenta (Philipps et al., 1978)The sodiumdependentuptake of taurine and other -
amino acidss highly expressed at the MVKEdohnson and Smith, 198&uggesting large

role in STB functionThe sodiurAindependent exchange of system L transporters have a
high affinity for leucine and other branchethain amino acid¢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 systeens ar
present in placental endothelium to supply to thetde for support of development

(Duggan et al., 2008)

1.43 Glucose
In healtty pregnanciesglucoseis utilised to fulfil a large portion of the placental and fetal

energy requirementAldoretta and Hay, 1995, Ishida et al., 2011, Lager and Powell,.2012)
Glucosecan cross thelacental barrieby simple diffusiordown a concentration gradient

however this mechanism is not adequate to suppte fetus with theglucoselevel it
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requires (Butte, 2000) Consequentlythe placentaalso actively transpor$ glucose from
the maternal environmentparticularlywhen the concentration in maternal blood is lower
than that of the villougissue (e.g, between meals)Knipp et al., 1999Placental transfer

of glucose is dependent on glucose transporters (GLFsgdominantly GLUT1 and
GLUT3but placentd tissuealso expresses GLUT4 and GLJ{Stanirowski et al., 2017)
GLUT1 and 3 are nansulin sensitive transporters, so the majority of glucose transport is
passive GLUT1whichis abundanthroughout gestationis presenton the MVM and BM
(Takata and Hirano, 199ihe CTRells,as well as endothelial celts the fetal capillaries
(Tadokoro et al.,, 1996 GLUT1 expression &fold greater in the MVM, than the BM
(Jansson et al., 1993MHowever, itsexpression is thought to adapt to its environment,
increasing in lovwglucose conditions andecreasing its expressiamhen glucose levels are
high (Takata et al., 1992)presumablyto maintain asteady flowof glucose into the
placentafetal environment. GLUT3is a high-affinity transporter, allowing transport of
glucose when availability is loBome reports suggesihat GLUT3s localised to theCTB
andat termthe endothelium of the vesselsuggesting &ole in the transportof glucose to

the fetal environment(llisley, 2000) whilst others proposehat GLUT3 expression is
localised to dividing trophoblast cells and has a distinctie in helping to maintain
placental growth over placenthto-fetal transfer of glucos€Clarson et al., 1997)he
evidence regarding GLUT9 exgs®on is limitegdhowever some evidence sugge&LUT9
expression is splice dependent, with one splice variant (GLUT9a) localised to the BM of the
STB andnother (GLUT9b) localised to the MV(Bibee et al., 2011)suggesting spiicg-
associated roles for GLUT transporters in the placenta. In cont@&tT4 is insulin
sensitive and is expressed in stromal cells of tdren placenta,co-localised with insulin
receptors (Xing et al., 1998)Some evidencelso suggests GLUT4 is expressed in STB
during the first trimester, but lost at terr{Ericsson et al., 2009)ue todiscrepancies iits
location, the precise role of placental GLUT4 owever, unclear (Xing et al., 1998,
Ericsson et al.,, 2005he placenta express insulin receptors in the MVM, but this
decreases at ternfDesoye et al., 19949nd studies have failed to shoan increase in

insulinstimulated glucose transpolty placental cell§Boileau et al., 2001)

1.5Hormone egulation 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 gestati@®ude et al., 2004)

These hormones includenultiple growth factors (GHs which act via tyrosine kinase
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receptors Maternal circulating and placentally produced GFs can influgsleeental
morphogenesis and expansion(Forbes and Westwood, 2010, Ong et al., 2000)
example, in normal pregnancies maternal insdilke growth factor | (IGH levels were
found to correlate with fetal birth weighfCaufriez et al., 1994Dther GFs such as IGF
platelet-derived growth factor (PDGF), epidermal growth factor (EGF) and fibroblast
growth factors (FGF) increase in the maternal circulation throughout gestatimgesting
maternal GF$ave the potential tanfluence placentagrowth (EvainBrion, 1994, Forbes
and Westwood, 2010, Rab et al., 201Bhisis supportedexperimentallythrough gudies
of human first trimester placental explantwhich exhibited increased cytotrophoblast
proliferation when supplemented with exogenous I&Gfr IGFI (Forbes et al., 2008)
Exogenous IGFalsoincreased both placentaand fetal size and nutrient uptakén the

guineapig (SferruzzPerri et al., 2007)

The insulidike growth factor(IGF) systenrcomprisng the ligands insulin, IGFand IGHI,
has a critical role inplacental and fetal growti{Gicquel and Le Bouc, 2006, Hiden and
Desoye, 2010)The insulirreceptor (IR) and the IGF type 1 recepti@KIR) are similar in
structure, so consequentlythere iscrossoverin the stimulationof downstream signalling
pathways, such as theextracellular signal regulated kinase (ERK) 1/2 pathway or the
phosphoinsitide &inase (PI3K)/protein kinase B\KT pathway. Activation leads to
increased proliferation and modulation ofetabolic function, respectivelfHiden et al.,
2009) Insulin is thought tdhave mainly metdolic actions particularly in skeletal muscle
and adipose tissues, whereas I@Fect mitotic ratesand have a role in thprogressiorof

the cell cycle(Werner and LeRoith, 2014)R is expressed in trophoblasts in early
pregnancy, but restricted to endothelium at ter(hliden et al., 2009)Some studies have
observed cdocaliseof the IR with Ki67 (a cedlycle dependent protein), suggesting insulin

signalling can also have a role in stimulating proliferaf{l@esoye et al., 1997)

In human pregnancgythe IGFI protein is expressed throughouall placentd cell types
(Dalcik et al., 2001 whereasIGFIR is mainly expressedn the MVM of the STB and to
some extent the BMFang et al., 1997, Hayati et al., 200iMe|IGFIIRis alsopresent at
the MVM, but this expression is thougho represent the unoccupied receptors. When
stimulated IGHIR is localised to the B{ffang et al., 1997 ThelGFll protein expression is
however localised to villous trophoblasts and EVTs in first trimester, betomes
undetectableat term (Hiden et al., 2009)logether these data suggestat IGFsystem can
stimulate both trophoblast mitosis and the placentalmetabolic functionsin response to
placentaly and maternaly producedinsulin andiGFsA normal functioningGF systenis
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therefore necessary tanaintain adequate placental and fetal growthhis is emphasised
by the fact thattotal IGFI(-/-) or IGRI(-/-) null mutated miceproducegrowth restriced
pups (Baker et al., 1993, Gicquel and Le Bouc, 2@@@)the placentd-specificlGFII(-/-)
(PO) mouse modetesulted in sevex growth restriction of both facenta and pups

(Constancia et al., 2002)

PDGFhas two main receptor$ h | variel four digand chains (B), making up PDGFR
ligands: AA, AB, BB, CC, (Bedriksson et al., 2004)he classical PDGFs (A and B) mainly
target mesenchymal or neurologiceglls;in humans, PDGK is hghly expressed in heart

and pancreagFredriksson et al., 2008)hereasPDGHB, although expressedbiquitously

is particularly abundanin the heart and placent@Holmgren et al., 1991, Holmgren et al.,
1992) ¢ KS t5DCwi A& (GK2dzAaAKG G2 KIFI@S | YFAY N
blood vesseformation and fmematopoiesis (the formation of new blood cel($ndrae et

al., 2008) In early embryogenesi®DGF A &4 LINPRdzZOSR o0& SLIAGKSTE
expressed in the adjacent, underlying mesenchymal ¢@liisUrtreger and Lonai, 1992)

Simikrly, embryo expresen of PDGFB is located to immature capillary and arterial
SYR2GKStAlIf OStfa IyR t5DCwi (Rellstbim &tCatizt | NJ
1999) These data suggest that the PDGF systemtlmagapacity to medite signaling

across different cell layergOrr-Urtreger and Lonai, 1992, Holmgren et al., 1991)

|l RRAGAZ2YFftes YdzitGSR t5DCwi | F7F patticual®y G KS
in the labyrinth zone causingdisorganised vessel formation and/perproliferation of

smooth muscle and endothelial ce(lsooman et al., 2007)These data suggeBRDGR and

its receptor have a major role in the dardevelopmentand formation of the placental

vasculature

The epidermal growth factor and receptor (EBGFR) translate extracellular stimuli
through the protein kinase 1/2 (ERK 1/@athway and have a major role in placental
growth and developmen{EvainBrion and Alsat, 1994)n ealy gestation (45wk), EGF and

its receptor are localised t€TBs, whereas later gestation (6L2wk)both arelocalised to
the STB(Maruo et al., 1995, Mochizuki et al., 1998)ith strong staining foEGFRn the
MVM and only faint stainingin CTBgHofmann et al., 1992)0n stimulating first trinester
explants with EGF, receptonediated transcytosis of EGF is observed (5min), with
increased BM stainindnowever at term EGF is localised to syncytial nféleiholdt et al.,

1991)demonstrding alternative signalling of EGF throughout gestation.

EGF stimulates the initiation of cell divisignincluding that of trophoblast as

demonstratedby EGRnduction of proliferation in cultured placentalexplans (Maruo et
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al., 1995) EGF alsstimulates the production of human chorionic gonadotrophin (hCG)
and human placental lactogen (hRh)human placentgMaruo et al., 1995)These data
suggesthat EGFhas both autocrine and paracrine rolesearly implantaton (Hofmann et

al., 1992) Thereis some evidence that placental E&¥pressionis reduced(Rab et al.,
2013)and differentially activated (by phosphorylatiof@abriel et al., 1994h pregnancies

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

normal fetal growth

Studies have showthat Y I G SNy I £ aSNHzy O2y OSy ( NMiak2y a
significantly higher in the third trimester of pregnancies complicatedliaypetesand a
macrosomic infant when compared to control pregnancies with an appropriately sized
infant (Grissa et al., 2010)Additionally the placental expression ahRNA for theGF
NBEOSLIi2NAR t 5DCuUR afe rddsBddmwpregnariRies lc@mPlicated by diabetes
(Jiang et al., 2009, Grissa et al., 20Bdggestinghat the placenta can sense and adapt in
response to a change iGF availability to maintain optimal growth, but aberrar@F
availabilty may causelacental 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 irpregnancies 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 hypervascularise@ayhew et al., 1993, Boyd et al., 1986, Hod et24l16)

1.6.1 Structural changes
Increased placentalolume andtherefore weight are commotty reportedin pregnancies

complicated by maternal diabetd8oyd et al., 1986, Taricco et al., 2003, Hod et al., 2016,
Buhary et al., 2016, Nelson et al., 200Bpwever many other studies have found no
significant change in placental weight association withdiabetes(Clarson et al., 1989,
Mayhew et al., 1994)It is therefore unclearwhether increased placental size &
compensatory mechanism wupport a greatedemand ofnutrientsfor the largerfetus, or
whether an increased placental sizausesa comparableincrease in fetal siz@/ambergue
and Fajardy, 2011)Nonetheless, accelerated growttf placenta and fetus aretill a
common phenomenonA number of studies have documented thickening loé fplacental
basal laminain pregnancies complicated by diabefeshich maybe a consequence of

increasedfibrin deposition at sites of damaggMayhew and Sampson, 2008y an
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increased endothelial cell turnover resulting in basal lamina reduplicaoacko and
Benditt, 1972)

Other observations of placentasom pregnancies complicated by diabetes have revealed
increased lesions, fibrinoid necrosis, unspecialised immature villi as a result of hypoxia and
a reduced fetaplacental weight ratio; suggesting placental insufficie(@gskalakis et al.,
2008) The precise mechanisms undamty these placental changes in diabetes are
unclear, but it is thought they may be a compensatory adaptation to the insults caused by

increased glucoskevels.

1.6.2 Functional consequences
Hypoxia a condition whereoxygen levelsre below the metaboliddemand, is a common

phenomenon in placent of pregnancies complicated by diabetemainly due to
increased fetal glucose metabolism in the hyperglycaemic fé@atic et al., 2014)
Increased fetal distress induced by hypoisi@vident by increasedumbers ofnucleated
red blood cells observed in placenta and cord bl¢bDaskalakis et al., 2008pacental
hypoxia is thought to induce the synthesi©f proangiogenic factorsmainly vascular
endothelial growth factor VEGJF and angiopoietin (ANGPT), tbin addition, increased
production of leptin, fibroblast growth factor 2 (FGF2), erythropoietin (EPA), adiponectin
(ADIPOQ), placental growth fact@GF)insulin andGFgINS/IGF{Cvitic et al., 2014)ave
been reported As a resultplacentd angiogenesiincreasesconsistent withthe reported
hypervasculaappearancgCvitic et al., 2014)it islikely that pre-gestationaldiabeteshas
an increased detrimental effect orvasculogenesisompared to GDMas the metabolic
insult occurs irearly development{Rizzo et al., 2012piabetes in pegnang isalsolinked
to hypertropicdecidual vasculopathyausing an increase smooth muscle cell sizand
consequently increased risk of materndlypertenson, with the greatest risk in

pregnancies complicated By2DM(Huynh et al., 2015)

Maternal and fetal hyperglycaemia and hyperinsadimia alterplacental gene expression
and increaseplacentalglycogenesigDesoye and Haugude Mouzon, 2007, Hiden et al.,
2006, Hiden and Desoye, 201@&s well aghe production, secretion and transport of
placental peptides, growth factors, cytokines and hormo(feadaelli et al., 2003, Jansson
et al., 2001, Desoye and Haugdel Mouzon, 2007, Cvitic et al., 2014, Coya et al., 2001)

Increase in the placental transport of glucose, amino acids, fatty acids, folic acid and
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calcium are also associated with maternal diabetésnsson et al., 2001, Jansson et al.,
2002, Desoye and Haugts Mouzon, 2007)

The transport of amino acidga system Ancreases in placensaof mothers with TIDM
and GDM by as much as 80%, regardless ahiniveight at birth(Jansson et al.,a02)

This increase is seen most significantly at the MM no change tdhe activity of BM
transporters is observedsuggestinghat the accelerated growtlof placenta and/or fetus

in pregnancies complicated by maternal diabeteay, in part be attributed to increased
transport of all neutral amino acidglansson et al., 2002Hormonalinfluences, such as
leptin or insulinstimulation, canalsoexacerbate this effechy 37% and 56% respectively
(Jansson et al.,, 2003Jhese 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 outcomegCarter, 2012)however this effect seems to be system A specific, as
lysine and taurine transportin isolated MVM preparations, do not alter in diabetes

(Jansson et al., 2002)

Jarsson et al {999) also studied the expression of GLUT1 in placentd mothers with
T1DM and foundhat its expression was elevated (40%) in the Bi\ resulted in a 59%
increase inplacental glucose transport(Jansson et al.,, 1999Wwhich increased when
mothers received insulin treatment compared to nsulin treated didetic mothers
(Osmond et al., 2001)As there was no difference in GLUT1 expression and glucose
transport in GDM and control ptantae, Jasd 2 Y Q& 3INR dzLJ O2y Of dzRSR
more sensitive to changes in glucose transport in first trimes@DM mothers only
develop hyperglycaemia toward the second half of pregngdensson et al., 2001)he
change irglucose transporto placental and fetal environmentstherefore thought to be

a consequence of a change@LUT transporteexpressionGLUT4 and GLUE&3pression

is alsoincreased in the placenta of womewith pre-existing diabetegompared to control

and GDM pregnancigStanirowski et al., 2017Jhe expression of GLUT@areasain the

BM, whereasGLUT9b expressioncrease in the MVM (Bibee et al., 201]1)ncreasng

fetal exposure to glucos@ansson et al., 1999, Gaither et al., 1999)

Fatty acid transport ilsoknown to increase in the placentaofn mothers with diabetes
as maternal plasma levels are elevatg&hafrir and Barash, 1987, Duggan et al., 2008)

Macrosomic fetal lipoprotein concentrations are elevatedrtigularly when mothers have
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poor glycaemic contro{Merzouk et al., @00), suggestinghe placenta cannofilter the
transfer of excessive nuénts to the fetal environment in pregnancies complicated by
diabetes. Altered lipid metabolism in placenta has also been observed in pregnancies
complicated by maternal diabetess high glucose levels are thought to reduce fatty acid
oxidation in mitochondria, preventing triglyceride accumulatiqiisiedo et al., 2013)
Altered placental metabolism in these gmancies is thought to be an attempt to reduce

fetal fat accumulation and macrosomia

Many of these studies wre conducted over 30 years ago arithere are some
inconsistenciesbetween 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 altglacental developmentwhich has many
functional consequencedt. is likely he 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 diabéBssoye and
Hauguelde Mouzon, 2007, Hiden and Desoye, 2010k placenta protectthe fetus from
environmental insults by a change in signallifidugent and Bale, 2015)he exact
biomolecular mechanismsghat sensechanges in the maternal environment to cause
appropriate adaptation of placental structure/functiomre unclear Understanding how
placental function adapts when nutrient availability is unfavourable is vital to provide
explanations of how uptake and transcytosistegss become dysfunctional the onset of

diseaseHowever, me possiblenechanism may involveutrient signalling pathways.

1.7 Nutrient Signalling Pathways

Three well established nutrient signalling pathwagé eukaryotic cellsinclude 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 adjusactivity of a cell in response to nutrient
availabilitythrough a series of shoterm and longterm regulatory processesontrolling

the PTMs of multiple protein@viarshall, 2006) The focus of this discussion will follow the
HBP, as this pathway senses glucose availabiljtfominstance,muscle and adipose
tissues (McClain, 2002) to regulate protein function through cycical O-linked
glycosylation.It is possiblethat flux through this pathway is disrupteth placentas of

mothers with diabetess a result oéxcessive glucose exposure
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1.7.1 O-Glycosylation
Glycoproteins are generated through the pdsinslational attachment of carbohydrate

moietiesto the protein through Nglycosidic (nitrogen) dd-glycosidic (oxygen) covalent
bonds (King, 1996) When Gglycosidic bonds form, the attachment is located the
hydroxyl serine or threonine residues of the protein, whereagly¢osidic bons form
with the amide group of asparagine residu@sing, 1996) The addition of the single
monosaccharide, fcetylglucosamine (GIcNA¢) a protein is a uniqueofm of protein
glycosylation called @IcNAcylation(Torres and Hart, 1984D-GIcNAcytion is unique
because, once attached, there is no further elongation of the monosaccharide sugar into
more complexpolysaccharidestructures(King, 1996)TraditionallyO-glycosylation occurs
within the lumen of intracellular comparients such asthe Golgi apparatus or
endoplasmic reticulun{Lennarz, 1987, Hart et al., 200&pwever, in 1984, it became
apparent that this unique form of protein glycosylation alsoccurs on nuclearand

cytoplasmic proteingTorres and Hart, 1984)

Many different protein classes are now known to beG@NAemodified, including
transcription factors, cytoskeletal proteingyultiple kinases transmembraneproteins and
oncogenegHart et al., 1996, Hart and Akimoto, 200@)nce modifiedthe activity of a
protein may change, either silencing or enhancire tactivity or protein-protein
interactiors. The biological consequence of@xNAcylation depergdon the protein and
site in which the GIcNAc is attach€éHart and Akimoto, 2009)The addition/removal
(cycling) of @GIcNAchas a role in cellular signalling, cellular stress, transcription,
translation, maintenance of the cytoskeleton, protein trafficking and developr{idatt et
al., 2011) Protein O-GlcNAcylatiomdepends on the presence ah aminesugar conjugate,
uridine diphospheN-acetylglucosamine(UDRGICNAg, which is gnthesised through
hexosamine metabolisrwithin the HBP O-GIcNAcylation isherefore dependent onflux
through theHBP, whichin turn, isdependent on nutrient availabilitgKing, 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 acidsnino acids nucleotide and nitrogen
(Hart and Akimoto, 2009, Hanover et al., 2012)e production d the pathway a&nd
product (UDRGIcNAC) depends on the availability of these nutriitartet al., 2007) On
entering the cell, glucose mapidly phosphorylated to form glucosé-phosphate (&-6-P)
by hexokinasesdc-6-P is then isomerised to form fructofephosphate (Fu-6-P)(Lima et
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al., 2012) whichis utilised to produce energy through oxidation in glycolysis or stored as
glycogen(Figurel:3). A small percentage &iru-6-P (approximately %5%) enters the HBP
(Marshall et al., 1991b, Hawkins et al., 1991Me first step catalyses the formation of
glucosamines-phosphate  GICN6-P), incorporating glutamine viathe enzyme
glutamine:fructoses-phosphate aminotransferase (GFAThis stepis referred to asthe
rate-limiting step in the HBP, a3FATunction issubject to feedback and partiathibition
through the accumulation of UBBIcNAdBouche et al., 2004The subsequengénzymatic
steps convert GIcN6-P to glucosaminé-phosphate (GIcNA&-P), which is then
isomerised and acetylated by ace@bA:Bglucosamines-phosphate Nacetyltransferase
(GAT) to produce {dcetyl glucosamind-P (GIcNAA4-P). The next step involves uridine
diphosphateN-acetylglucosamine pyrophosphorylase (AGX) to produce thepeoduct,
UDRGIcNAg¢ the substrate donor for @IcNAc cycling of proteindima et al., 2012)
Glucosamine enters the cell and is converted to GdNby ahexokinase, feeding directly
into the HBP distal to GFAWIcClain, 2002, Marshall et al., 1991a, Ross et al., 2600n
representation of the HBP flux within a cedlee Figure 1:3 with the incorporation of

glutamine
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Figurel:3: Flux through the hexosaminbiosynthesis pathway (HBP) and prote@®GIcNAcylation.
Glucose (Glcglutamine (Gln)and glucosamine (GInN) enter the cell via GLUT transporters. Following
rapid phosphorylation of glucos€ructose6-phosphate Fruc6-P) and glutamine (GIn) are converdeo
glucosamines-phosphate(GIcN6-P) byglutamine:fructose 6-phosphate(GFAT; the first step of the
HBP A series of enzymatic steps occur, producingddtytD-Glucosamines-Phosphate(GICNA€EG-P)
and N-AcetytD-glucosaminel-phosphate  (GIcNA&-P) and finally uridine diphospheN-
acetylglucosamine (UBBIcNAc)GlucosamingGIrN) entersthe cell and is converted to GleéNP by a
hexokinase feedingdirectly into the HBRlistal to GFATUDRGIcNAds a sugar donofor both classical
glycosylation an@®-GIlcNAcylation O-GIcNAc cycling is controlled bgzymes;N-acetylglucosaminyl
transferase(OGT for the additionand N-acetytbeta-glucosaminidas¢OGA for the removal of GIcNAc
to serine (S) or threonine (T) residues on the tagetein. Adapted from(Chaiyawat et al., 2014)

1.7.2.1 The enzymes of @5lcNAc cgling
O-GIcNACc cyclingf a proteinis a fundamental mechanisfor regulating function, similar

to a switch, turning the protein oor off in response to cellular nutrient availabilitfwo
enzymes control the addition and removal of -GItNAc to proteins.i-N-
acetylglucosaminyfransferase (OGTYO2y aArada 2F | mwmni]5F b
subunit, where the ratio of larger or smaller subunits is thought to vary considerably
between tissuetype and speciegHaltiwanger et al., 1992)OGTis responsible for the

addition of OGIcNAc toserine or threonineresidues(Kreppel and Hart, 1999}t is a
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bifunctional enzyme with both a catalytict€minal domain and an {f&rminal protein

protein interaction tetratricopeptide(TRP)repeat domain (Kreppel et al., 1997)The
presence of TRPs provslthe protein with multiple docking sites for targeroteins and

O2y UNRT & hD¢ QA Ay (SN dlawhg@ greatér Arégilatioh iofi-O & dzo 2
GlcNAcylatiorfHart et al., 2011, Slawson et al., 2006)

In more recent yeardjifferent isoforms of OGT have been discovered. A smaller 103 kDa
isoform wagdentified in mitochondria(lmOGT) compared to the longer 116 kDa isoform of
the nucleus ad 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 role in O-GlcNAcylation oftransmembrane/
membrane bound proteins angroteins of the cell surfacéSakaidani et al., 2011Jhe
cellular location of OGT is also thought to change as a result of nutrient availabditell
stimulation (Whelan et al., 2008, Yang et al., 2Q08us changingthe substratesin its
proximity and therefore the class oprotein that is modified. For example, insulin
stimulation causes OGT migratiaiorh the nucleus to theoplasma membran€Yang et al.,
2008) OGT substrate specificity is also regulated by the cellular concentration of UDP
GlcNAKreppel and Hart, 1998sOGT is also and-GIcNAc target; altered HREx and
UDRGIcNAc production will alter the degree of OGTGIONAcylationFurthermore,OGT

can be both pbsphorylated and €5lcNAcylated in response taltered nutrient
availability (Kreppel et al., 1997)Together these data suggests a cell is capable of
regulating the binding propertiesf OGT and therefore GIcNAcylaon of target proteins

in response to altered nutrient availability.

O-GIcNAcylation is cyclithus the O-GIcNAc monosaccharide can be removedeawe a
protein in its original unmodified statgShafi et al., 2000)The enzymeatalysing GGIcNAc
removal from a protein is O-N-acetylglucosaminidase (GIcNAcase or OGA)
(Haltiwanger et al., 1990)This enzymelso contains two domains, the catalytic domain
and a histone acetyl transfer (HAT) doméifart et al., 2011)suggesting a major role in
regulatinggene transcriptionThe mechanisraby which OGA target©-GIcNAc removal is
unknown (Macauley et al., 2009)ut the activity ofOGA is also thought to be influenced
by PTMs and nutrient availabilifzazarus eal., 2006)

The OGIcNAcylation cycle is summarised Rigure 1:4, illustrating the addition and

removal of GGIcNAc by OGT and OGA, respectively.
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Figurel:4: Protein GGIcNAcylation cycle
O-GIcNAc transferase (OGT) attacheSIONAc to proteins at specific serine or threonine residues. O

GIcNAcase (OGA) hydrolyses the removal @BI€ENAc from proteins. The end production of the
hexosamine biosynthetic pathway, uridine diphospgit@cetylgluosamine (UD#5IcNAc) is utilised for
O-GIcNAc attachment. Figure adapted fr¢htart and Akimoto, 2009)

The HBP flux can beamipulaid at various stages t@lter the activity of @GIcNAc cycling,
which in turn alterdotal protein OGGIcNAcylation in vivfHawkins et al., 1997, Ostrowski
and van Aalten, 2013)Exogenoustreatments with high glucose or glucosaminare
typically used to increase HBP flux and stimulate proteinGNAcylation, whereas
pharmacological interventionthat target and inhibitspecificenzymes of theHBP or O
GlcNAecyclingcan both increase or decrease proteirGICNAcylation{Ostrowski and van
Aalten, 2013)this, in turn, has a variety of effects on cell fumm and can beparticularly
useful for investigating the functional consequences of proteiGIENAcylation and how

this process may be disrupted in the development of diseases.
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1.8 O-GIcNAcylation angbhosphorylation crossover
Dynamic cross talk has been established betweenGIENAcylation and the

phosphorylation of a proteiffChou et al., 1995, Haltiwanger et al., 1997, Comer and Hart,
1999, Butkinaree et al., 2010, Wang et @010, Hart et al., 2011, Hanover et al., 2012)
These two PTMs have a level of interplay mainly because ®blits occuat the hydroxyl
groupof serine or threonineesidues(Torres and Hart, 1984, Chou et al., 1993iginally,
the site occupancy for phosphorylation or@cNAcylation was thought to be competitive,
modifying the protei® function according to where a protein is phosphorylated er O
GIcNAcylated; however it is now well established that the twadifications are not just
reciprocal, but can occur in parall@Comer and Hart, 2000, Butkinaree et al., 2010)
Although not fully understood, phosphorylation or@cNAcylation of neighbouring sites
are believed to regulate the addition of each moiétyma et al.2012)suchthat the close
proximity of these PTM#crease the level of controleach modification exerts on the
target protein (Comer and Hart, 1999py further increasing or decreasing signal
transduction (Comer and Hart, 1999)Signal transduction is also modified when O
GIcNAcylation prevents neighbouring tyrosine residues from being phosphorylateder

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

In contrast to GGIcNAcylationwhich only requies the coordination of two regulatoy
enzymes (OGT and OGA), protein phosphorylation and dephosphorylation requires the
action of over 300 different kinases and phosphatases, respecf(ivese et al., 2010, Hart

et al., 2011) Furthermore, studies have shown that the rate ofGxNAcylatin is similar

to that of phosphorylation; occurring with a hdife of just 1 minutesor less. In contrast,
others have demonstrated much slower@-cNAcylation cycles in response to external
stimuli (Slawson et al., 20060 fully understand the effect of proteinrGIcNAcylation on
function, the roleof protein phosphorylation may also need exploring in response to
altered HBP flux.

1.9 The roleof O-GIcNAcylation in relation to protein function
The literature provides evidence that strongly argues for the importance of protein O

GlcNAcylation in early developmenby maintaining cell homeostasis and regulating
cellular activity in many multicellar organisms such aplants eukaryotic organisms
(including humans)s well aacteria, viruses and funffart et al., 2011)1000 poteins

have been identified abeing O-GIcNAcylatedHart et al., 2011and the number of ©

39



GIcNAcylated proteins is ever increasing as more are being discovéhed.online
databaseof O-GIcNAcylatedINR (1 SA y adbOGAR A A GSa W
<http://cbsb.lombardi.georgetown.edu/OGAP.htmlreports 800 proteins that are ©
GlcMcylated, where approximately 526 are from homo sapiélast updated 2010
(Wang et al., 201}))Such nodifications are tbught to regulate transcriptiortranslation,
cellular signallingjntracellular transport,cellular division and maturation, stress and

glucose sensinfVang et al., 2011)

1.9.1 Transcription Factors
According to the dbOGAP databasgany transcription factorsincluding AL, ESR2, Maf,

caeOX t ¢Cmh athd Stat3 p6d, o€ and §eleral morare modified by ©
GIcNAc(Wang et al.,, 2011)RNA polymerase Il (Pol II), a highly abundant transcription
factor, is alsoextensively GGlcNAemodified (Hart and Akimoto, 2009)Silening of OGT
using shRNAed to a reduction in transcriptional activitfRanuncolo et al., 2012)
suggesting @sIcNAcylation is essential for sonkel 1l transcription, but the story is
complex.Several studies suggest that the housekeeping transcription factor, Sp1, which
regulates multiple cell processes, isGNAcylated(Jackson and Tjian, 1988The
dbOGAP database identifies sixGENAc attachments sites on Spslrikingly four of
these six sites arelso phosphorylation sites suggesting tight regulatory control of
transcription activity O-GIcNAcylation of Spl within the activation dom#®484) was
found to significantlyreduce transcription activity in HeLa cellsas Spicould no longer
associa¢ with a TATAvinding protein(Yang et al., 2001Yhese data demonstrate ho@
GIcNAcylation regulate protein-protein interactiors with large transcriptional
consequencedt is possibleghat altered GGIcNAcylation of these transcription factors can
mediate the effect of high glucose on the expression of several gene products in
pregnancies complicated by diabetesnhhancing transcription for some proteirbut
silencing othergHart and Akimoto, 2009which will ultimately modifycell and placental

function.

1.9.2 Intracellular signalling cascades
O-GIcNAcylatiorhas been investigated icomponents of intracellular signallingszades

A potentially relevantexampleis insulin signalling particularly activation othe insulin
receptor substrates(IRS1 and IRL) / phosphatidylinositol 3kinase (PI&K) / AKT
signalling cascadéo modulate endothelial nitric oxide synthase (eNO®sulting in
vasodilatation(Morello et al., 2009)Qulture of human coronary endothelial celis high
glucose concentrationted to the development of insulin resistancevhich isassociated
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with increasedO-GIcNAcylation of IRBand IR, PI3K and eNQ®hich in turnreducd
the activity of eNOSFederici et al., 2002)These observationsighlightthe link between
O-GIcNAcylation of signalling proteins and a change in downstream fun¢dR&1, IRS2
and phosphoirpsitide-dependent kinasd (PDK) are known GGIcNAe and
phosphorylation targetfWhelan et al., 2010)Treatment of cells to increase total-O
GIcNAcylatiorlevels caused a decrease in phosphorylation of 18&¥Sddipocytes which
reducedPI3K binding to bdt IRS1 and 2 in response to insulin stimula(dfhelan et al.,
2010) Interestingly OGT aciation with FDK1following insulin stimulationsuggestd a
direct effect of protein G@GIcNAcyldbn on mediating signal cascades in response to
stimulus The effect of pratin OGIcNAcylation in noinsulin sensitive tissues is unknown;
increased nutrient availability and altered protein-GcNAcylationmay explain the
mechanisns in which hyperglycaeraiin utero results in upregulation of placental IGF

signallingand subsequent fetal overgrowiffrerraro et al., 2012)

1.9.3 Transporters
There is limited evidence for-GlcNAcylation of transportey however themain reason

for altered HBPflux is a change in glucose availabijlithus glucose must enter the cell
through the GLUTs before hexosamine metabolkismoccur.As mentioned in section 4,

the expression of GLUT1 is higher in the MVM than BM in normal pregnancies and
increases in placensaof mothers withpre-existing diabetesbut not in the placentas of
mothers with GDM. These data suggestthat, in addiion to increased transporter
expression, aother complication must occur in placent&®m mothers with GDMvhich
also contributes to the increased placentatansfer of glucose in pregnancies complicated
by diabetes. The online database indicatethat the human GLUT1 protein is-O
GIcNAcylated at serine 4g8bOGAP), which on mutation effects glucose uptake in breast
cancer cellgPadillaMeier and Mishra, 2015)it is possible @slcNAcylation of GLUT1
results in irregulauptake orhexosamine metabolism ithhe STBdt canbe speculated that

an increasedplacentalglucose exposurén utero of GDM pregnancies may also cause a
change in activity of the GLUT3 and GLUT9 transpargiscental endotheliumleadng

to increased glucose transport afetal hypeglycaemia.
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1.10The role of GGIcNAcylation 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 vigBitigfiet al., 2000)
while mutations of the OGT gergevented thecompletionof embryogenesigShafi et al.,
2000) Total body knockout of the OGT gene resulted in embryonic death at day 5.5 in
mice (Shafi et al., 2000Bnd knockout isalso lethal in multiple other speci€$rapannone

et al., 2016) highlighting the importance of protein-GlcNAcylation in early development
and ontogeness. In more recent years, tisspecific knockout models of OGT and OGA
have been developed; these animals have viable offsglivigtson et al., 2014, Howerton
and Bale, 2014Yhus enalihgthe study of GGlycosylation in the progression of diseases.
Although studiesinvestigating GGIcNAcylation in placenta are lackingarticularly in
humans and in relatioto diabetes in pregnancgya recent study developed placental
specific knockdown of OGM atransgenic mous€Howerton and Bale, 2014Yhe adult
offspring present a phenotype typical of early prenatal streglsere pups are typically
small with reduced mitochondrigunction, suggestingthat disruption to placental OGT
action may be linked tofetal growth andmetabolic disordergHowerton et al., 2013,
Howerton andBale, 2014)

The only other study to investigate placentglecific GGIcNAcylation generated
placentatdeficient OGA mouse.ld&entas were abnormal in shapeith signs of poor
vasculogeesis(Yang et al., 2015Jinking redwed vascularisation of the labyrinth with
developmental delayThis suggests expansion of placental vessels may by regulated by the
action of OGT and OGA cyclamdthat disruption of this procesi diabetes may alter the
rate of vasculogenesis in thepéacentas.As placental development is, in part, regulated
by oxygen tensionyYang et allooked at the activity o hypoxiainducible factor (HIFR;
responsible for increasing the expression of genes under hypoxic stredsobserved a
significantinhibition of HIFZh activityin the absence of OGAhe authors concludkthat
altered O-GIcNAcylation can modulate the activity ldfFth by a change in placent&-
GlcNAecycling, whichmay lead to poor fetal development as a result of hypoxic stress
(Yang et al., 2015)

High levels ofglucose or glucosamine have also been usedhe culture of mouse
embryos causingreduced cell proliferation and developental failure(Pantaleon et al.,
2010) As the effect of treatment was reversed following -adture with a
pharmacological inhibitor of OGT, the authors concluded thaBIENAcylation 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 actin and protein OGIcNAcylation (Pantaleon et al., 2010)Poor embryo
development as a result oftated OGIcNAcylation may contribute the increased risk of
early miscarriage in mothemwith poorly controlled diabetegMcLaughlin and McCance,
2010)

1.11 BvidenceO-GIcNAcylation is altered idisease

A large amounbf work has investigatedhe role ofprotein GGIcNAcylationn relation to
the development ofneurologicaldiseass, e.g.,t I NJ A rid2 Y QXK SA YSNDa
variouscances and metabolic complications such as insulin resistance diatletes(Hart
and Akimoto, 2009, Hart et al., 201Brotein O-GIcNAcylation is highly responsive to
external stimuli such as cellular streas well asncreasedcirculating glucosand insulin
levds. It istherefore probabk that altered exposure to these stimuli sn important factor

in the developmentof disease It was noted that, in adipocytes the development of
insulin resistancelepends on the presence afsulin, gucoseand glutamineg(Marshall et
al., 1991a, Marshall, 2008he latter two areutilised byGFAT in the HBByusthe role the
HBP and proteil®-GIcNAcylabn in the development of diabetelsas become the focus of

much researctfWells et al., 2003)

1.11.1 OGIcNAcylation ircell culture
Cell cultures supplemented with exogenous glucose or glucosaprioguce UDRGICNAC,

leading toincreased protein €@slcNAcylation andlater, insulin resistancéRoss et al.,
2000, Wells et al.,, 2003)This effect is also evident following pharmacological
manipulation of the HBP pathway and@&cNAecycling(Park et al., 2005, Akimoto et al.,
2007) In normal cells, insulin stimulates the tréomation of OGT to the cell membrane
where it binds to the insinh receptor causing phosphorylation of OGWhelan et al.,
2008) and activated AKT signallingkohn et al., 1996, Wells et al., 2003hsulin
stimulation, in turn initiates translocationf GLUT4ontaining vesicles to the membrane
for insulinstimulated glucose transpor{Pati, 1999) As mentionedearlier, multiple
proteins of the insulin signalling pathway proximal to AKT ai@®lcNAcylated, causing
insulin resistance of adipose and muscle c@lithelan et al., 2010, Hart and Akimoto,
2009, Wells et al., 2003, Marshall et al., 199Mbich is associated with a reduction in
GLUT4 translocatiofCooksey et al., 1999)he activity of AKlas been reported to both
increase and decrease in response to hyperglycadiMalls 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 tucose transpor{Wells et al., 2003)

1.11.20-GIcNAcylation in animal models of diabetes
The role of the HBP in the development of insulin resistancatro is further supported

by the fact that hyperglycaemia and hyperinse@mia are linked to an increase in the
accumulation of UDISICNAC in liver and muscle tissue of r@®&obinson 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 UBENAC in skeletal
muscle (Buse et al., 1997)Similarly, tansgenic mice with targeted ovexpression of

DC! ¢ Ay Ldeli@aidHdiali 2000)adipose or muscle tissuglebert et al., 1996,
Cooksey et al., 199%so exhibit increased accumulation of UBRNAc, as well as poor
glucose disposal rate, a reduction in GLUT4 protein expression and insulin resistance
(Hebert et al., 1996)Amongst manyother rodent modelsthese suggest a link between
altered HBP flux and protein-GlcNAcylation in diabete$slucosamine infusedodents

have reducedjlucoseA Y RdzOS R Ay adzZ Ay a-&BERaidkareyal., 2998, LI y C
Balkan and Dunning, 1994particularly through the development of insuliesistant
skeletal tissuegHawkins et al., 1997Againthese data sggestvarious methods that alter
HBPprocessingll contribute to the development of a diabetic phenotype, strengthening
this pathway® importance in modulating hexosamine metabolism to maintain

homeostasiendindicatehow this may be disrupted in diabetes.

1.11.30-GIcNAcylation in human studies
In diabetic patientsa study reported thathe expression of GFAT in skeletal muscle was

increasedby 46%(YktJarvinen et al., 1996)Similarly there was a positive correlation
between BMI, serum leptin levels and the UBRNAcC concentrations within adipose
biopsiesand the activity of GFAT in cultured primary adipocy(€®nsidine et al., 2000)
suggesting that the functioand possibly the increase, of fatty deposits in patients with
diabetes may be attributed to altered-GlcNAc cycling in these cells.
Some studies have observed the effect of glucosamine infusionahhlyeindividualsand
reported an increase in fastinggsma glucose levels compared to contr(M4onauni et
al., 2000) Analysis of human serum samples identified 25 erythrocyte proteins-as O
GlcNAemodified (Wang et al., 2009)Isolation of the @GIcNAemodified erythrocyte
proteins and quantification revealed differences in exgzien and therefore modification
between diabetic individuals and contrgd/ang et al., 2009)The GGIcNAcylation status
of these proteins ws later confirmed and identified ashaving more OGIcNAe
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modificationin a cohort of prediabetic and diabetic patients coraped to heathy controls
(Park et al., 2010kuggesting a change in@lcNAcylation correlates with the degree of
patient hyperglycaemia. The authors sug@gektthat altered OGIcNAcylation of these
proteins, isolated from a simple blood testould serve as a potdial biomarker for the
early detection of diabetesA more recent study also found increased protein O
GIcNAcylation of leukocytes in pdiabetic and diabetic patientsparticularly in
granulocytes and lymphocytegmphasising the potential clinical relevance in the early
detection of diabetes using a standard blood san{fpringhorn et al., 2012)

Together these data strengthen the evidertbat, in human studiesaltered HBRIux as a
consequege of increased glucose availability lestd a change iprotein GGIcNAcylation
and therefore functionn diabetes

Diabetesassociated complications, such as endothelial dysfunction, kidney disease and
the development of atherosclerotic plaguesre all assoeited with increased protein O
GlcNAcylatior(Brockhausen et al., 20Q%uggestinghat altered protein GGIcNAcylation
can have detrimental effects oorgan function.Aberrant organ function is also apparent
in rodent models wherdéreatment with Streptozotocin (STZ), a chemically reactive GIcNAc
analogue used to induce diabetegsultsin St SOG A @S | L2 LJi 2elsadd 2 F
impaired insulin secretion as a result of increased HBP througififask et al., 2007, Hart
and Akimoto, 2009)Recent analysis of mitochondria in Siduced diabetic rats models
demonstrates thatSTZalso causes an increade the degree ofprotein G-GIcNAcylation
(Ma et al., 2016) suggestingincrease&l O-GIcNAcylationmay also alter mitochondrial
metabolism

Overallthere is greatevidence thatincreased HBP flux and proteir@cNAcylation may
result in glucoseelated cell toxicity and the development of insulin resistance and
diabetes particularly in tissues that contain insuliesponsive GLUT transporte(¥ki
Jarvinen et al., 1996As glucose transport in the placandoes not depend on insuland
therefore the translocation of GLUT4 transporters, the placenta may continue to transport
excesgylucose in pregnancies complicated by maternal diahetksring HBP and protein
O-GIcNAcylation This in turn may havdetrimental consequences on placental function
and therefore pregnancy succeg§Schleicher and Weigert, 2000, Buse, 2006)ere is
therefore a clear need to understand the role protex*GIcNAcylation plays in placehta
function. To date few observations have been made in human placental tissuerder to
ascertain how protein €lycosylation may regulate signalling pathways anar an

individual proteif2 function and how this may be deregulated in pregnancies complicated
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by maternal diabetesthe O-GIcNAemodified proteins present in placenta @ed to be
identified. If placenta have differences in proteins that ar®GlcNAemodified in
pregnancies complated by diabetesand these modifications impact no placental
function, future research can focus on developing therapeutic targets of placental O
GlcNAcylation to help reluce or preventfetal complications assodied with diabetes in

pregnancy.
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ResearctOverview
Our understanding of how the placenta senses nutrient availability and altefsnittion

in response to nutrient fluctuations is poofhe hexosamine biosynthetic pathway and
consequential protein @lcNAcylations utilised in othertissues as a means oérsing
nutrient fluctuatiors and maintaing homeostatic controlof individual protein function
and consequentlycellular behaviourThis projectinvestigatel placental GGIcNAcylation

and relatal changes in protein modification tminctional consequences.

Hypothess
A different repertoire of proteinsis O-GIcNAcylated in placergafrom mothers with

diabetes compared tmormalpregnancies. These changes in prote#GONAcylatioralter

placental function.

Aims:
The initial aimsvere
1. To conduct aproteomic studyusinghuman term placentgtissueto identify O-GIcNAe
modification in normal pregnancies ando identify whether placental proteins are
differentially OGIcNAcylated in pregnancies complicated by maternal diabetes.
2. To utilise bioinformaticsand network analysiso map the candidate O-GIcNAcylated
proteinsto placental functions and identifyhich functions aresensitive to change

pregnancies complicated by pexisting maternatliabetes.

This work led to the identification and selection divo pathways for further study:
clathrin-mediated endocytosis (CME) argtowth factor GH-stimulated trophoblast
proliferation. Both pathways are important for the uptake and transfeisobstrates to
support the growth andexpansion of the placenta and therefore healtly fetal

development.These findingged to an additional aim:

3. To designexperimental assays and model systemsetlore the effect of altered

protein OGIlcNAcylation 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 CellCulture

BeWo, a cell line derived from a human choriog@ma, were used as a model of
placental trophoblastgPattillo et al., 1968y / St & G6SNB 206Gl AySR 7T
liquid nitrogen stores, but originated from European Collection of Animal Cell Cultures
(ECAC; Porton, Wiltshire). These cells are a-egédblished trophoblast model and
extensive phenotype profiling suggeskat they produce the full complement of placental

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

2.1.1 BeWo cell culture
Complete culture medium comprised aml: @2 f dzYSY @2t dzyS O2 Yo Ay (

Y2ZRAFTASR 91 3ftSQa& YSRAdzY 65a9a0 FyR I IYaQ C
supplemented with 10% fetdlovine serum (FBS; Gibco, UK) &wmhicillinStreptomycin
Glutamine mix (Penicillin 1U/ml of medium,N$ LJG 2 YR OAY wm>3AkYE 27
glutamine (2mM); Thermo Fisher, UKElls were incubated at 37°C in 5% carbon dioxide /

95% air. Maintenance culture was performed in 78aulture flasks (Appleton Woods;

UK) until 80% confluency was reached; at thisihaiells 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 tryparue (Sigma; UK). Cells were seeded at 2°% 10
75 cni flask, 3x10/ well of a 6well culture plates, 8x1B1x10 cells / well of a 12vell
culture plates, 2.5x185x10" / well for 24well culture plates and at 6xf0r4x1d cells /

well of a 96well 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 thfivhM) or glucose (Sigma; UK) (dose range
5mM -25mM). Control culture medium was 17mM glucose. Cells were cultured in glucose
or glucosanme-containing medium for various lengths of timetypically 24 or 48h.
Sometimes BeWo cells were acclimatised to these solutes through longer exposure

typically 510 cell passages.
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Pharmacological inhibitors were used to reduce the activity of ensymeolved in the
HBP pathway and the-GlcNAcylation cycld &ble2:1; all sourced from Sigma, UK). Times

of treatment are given in the relevant relésichapters.

Table2:1: Pharmacological inhibitors used to manipulate levels of proteirGItNAcylatiorin vitro.

" . Final
Inhibitor Action 52y OSy i
DON Inhibitor of GFATprevents glucose
6-Diaze5-oxo-L-norleucine flux of HBP and reduces UDP MAAa>a

GIcNAc concentration
BADGP . Inhibitor of OGTdecreases ©
Benzyl 2acetamide2-deoxyh -D- . 1mM
. GlcNAcylation
galactopyranoside
(F;_Lg Z::A;ami d62-deoxvD- Inhibitor of OGAincrease<D>- .
¥ GIcNAcylation

glucopyranosylidenamino)-Nhenylcarbamate

U CAYylf O2yOSYiliNl}GA2ya 6SNB a4St SO0 SR (Gstharvski ahdNB G A 2
van Aalten, B13)

2.14 Fixing cells
BeWo cells intended for fluorescence analysis were cultured iwel¥plates on glass

cover slips (13mm in diameter by 0-:08.2mm thick; Fisher Scientific). Following culture,
cells were washed twice, on ice, in 4oeld phoghate-buffered saline (PBS; 10mM
phosphatebuffered saline, containing 2.7mM potassium chloride, 137mM sodium
chloride, 10mM sodium hydrogen phosphate and 1.8mM potassium dehydrate phosphate;
pH7.4) and once in ieeold methanol. Cells were then fixed nesh icecold 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 anifGtaining.

2.1.5 Cell lysis
Cells were washed twice, on ice, in-mdd PBS before adding iceld RIPA buffer (Tris

Base (50mM), NP40 (1%), Sodium deoxycholate (6mM), Sazhioride (150mM) and
EDTA (20mM), pH 7.4; supplemented with 100uM PUGBBxthining 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 bufferI0nbn and were then scraped using

a sterile plastic scraper and transferred aslurry into an Eppendorf tube. Cell lysates
were centrifuged at 13,000 rpm (16089 x g) for 15min. The resulting supernatant was

removed and stored a0°Cuntil use. The cell pellet was discarded.
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2.2 Tissue Acquisition

2.2.1 Early Pregnancy Tissue
Early pregnancy placental tissue-i8 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 Commjitesep

the use of tissue in this study (Prior to April 20138/H1010/28 April 2013 onwardsg
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 Pregnanctissue
Placental tissue was collected following term 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 2048g 201308/H1010/55and Aug 2013 April
201608/H1010/55(+5) approved the use of tissue.

2.2.3 Storage of fresh tissue
On collection, fresh tissue (5minpieces) was preserved by snfipezing at-80°C. An

equal proportion of villous tissue was selected from the centre, teidahd edge of

placenta.

2.2.4 Tissue culture
Fresh tissue was thoroughly washed in sermepleted DMEM:F12 culture medium and

dissected into 3mrhpieces under sterile conditions. Tissue explants were then cultured in
complete medium (as described in siea 2.1.1), supplemented with treatments (section
2.1.3) for 48h in 24 or 4®%ell plates precoated in 1% agarose gel. To determine total
protein OGIlcNAcylation byVestern blot, tissue was lysed at this stage and storediat x /
until analysis. Alternately, for endocytosis assays, tissue was moved at this point to
serumdepleted medium for 1h before the addition of transferrin (conjugated with Alexa
488; Thermo Fisher; UK) at 50ug/ml for -G and then washed in PBS before fixing or

lysis, as describdoelow, 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 @raffin:
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 paraffiblacks

(Leica EG1150H Embedding Station). Once set, blocks were chilled at 4°C prior to being
aSOUA2YSR G p>Y dzaAy3 | Y| ydz € NRBGFNE YA
sections were mounted on polylysine 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).
Followirg NBF fixation, tissue explants were placed within the moulds and cool&Dt€

to allow the OCT to set. Set blocks were unwrapped, mounted onto a cryostat (Leica
laonpn {T !YO0O YR aSOGA2ySR |0 p>Y®d {SO0A:
fixed by incubating in 4% PFA for 30min at RT, then thoroughly washed and stored at

HnNnx/ @&

2.26 Tissue Lysis
Following culture, each tissue explant was washed twice with PBS and transferred to an

Eppendorf containing iceold RIPA G&nnkxf 0 GAGK (GKS | RRAGAZY
mini-electronic homogenising probe was used to lyse the tissg#ant 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 at20°Cuntil use. The remaining pelletas discarded.

2.3 Staining

2.3.1 Immunocytochemistry

BeWo Cells
Coverslips were transferred cslide up onto a glass slide covered with Parafiim M

laboratory film. Cells were washed thrice (5min each) with-Guigered saline (TBS; 0.05M
containing 1M Tris and 150mM NacCl, 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 %% bovine serum albumin (BSA) in TBS) was applied for 30min at RT to
prevent nonspecific 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 theprimary antibody. Refer to Table 2:2 for antibodies and dilutions.
Additionally, an isotypecontrol was carried ouby omitting the primary antibodyand
incubating with a noammune immunoglobulin of the same isotype and concentration
(Sigma; UK)Cells were then washed with TBS to remove primary antibody. Alexa
conjugated antimouse or antrrabbit antibodies were used as a secondary antibdb(e

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 iheobated with

DAPI, a nuclear counterstain. A final TBS wash followed by a brief wash in distilled water
was completed and coverslips were mounted falmevn onto clean glass slides using
fluorescent mounting medium (Dako; UK). Slides were stored intf@if@ 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.

Table2:2: Primary or secondary antibodies used for staining of cells and tissue.
Stock

Antibodies Species concentration Dilution  Company
Primary Antibodies
Anti-O-GIcNAc Mouse ~1mg/ml 1:100 Covance

: . : Giftedfrom
Anti-OGT Rabbit NA 1:100 Hart lab: USA

. Chicke ) Gifted from
Anti-OGA n NA 1:100 Hart lab: USA
Anti-HumanKi67antigen clone MIBL Mouse 46pg/ml 1:500 Dako

. ) BD Transductior
Anti-Rab 5 Mouse 250ug/ml 1:100 [ Fo2NI 3

: : BD Transductior
Anti-Rab 11 Mouse 250ug/mi 1:100 [Fo2NI 3
Anti-Transferrin Receptor Rabbit Img/ml 1:200  Abcam
Secondary Antibodies
HRPlinked: Goat  7.7mg/ml 1:500 DAKO
Goatanti-mouse
HRPlinked: ‘ .
Swineanti-rabbit Swine 4.5mg/ml 1:500 DAKO
Biotinylated ] .
Goatanti-chicken Goat 7.5mg/ml 1:500 Thermo Fisher
Followed by . .
HRPconjugated streptavidin | - 1.25mg/ml 1:1000 Thermo Fisher
I £t SEI  Cf dz2 NM -moyseg/Ilg& Mouse 2mg/mi 1:500 Thermo Fisher
' f SElF Cf dz2 N -rabhitygG | Rabbit 2mg/ml 1:500  Thermo Fisher
AlexaCf dz2 N pc y—md’\?lﬁayfgp Mouse 2mg/ml 1:500 Thermo Fisher
' £ SEF  Cf dz2 NJ -rabliitygG | Rabbit 2mg/ml 1:500  Thermo Fisher
' f SElF Cf dz2 N -mousalg@ Mouse 2mg/ml 1:500 Thermo Fisher
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2.3.2 Immunohistochemistry

Paraffin embedded tissues:
In brief, slides bearing sections of parafmbedded 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 tiss Heatinduced 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 {Bb) for 10min at RT. To premt nonspecific binding of
antibodies, the sections were incubated in a Aonmune blocking solution (4% BSA, 10%
normalserumof species to match secondary antibo@igma; 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. Avigimoxidat S o p >3k YE Ay ¢. { =
then applied for 30min at RT. The avihiotin interaction was used to localise the
antigenantibody complex of interest. Finally, colour development was performed using
diaminobenzidine (DAB; Sigma; UK), which reacts kD, to create a brown stain at the

site of the peroxidase enzyme (antigantibody complex). Sections were counterstained
dza Ay3d FAEGSNBR | I NN &aQa KISYlFLG2Eet Ay o{ A3
dehydrating solutions) and then mounted ngia mixture of distyrene, a plasticiser and
xylene (DPX Mountant; Sigma; UKI. sections were stained simultaneously to allow for
direct comparison of staining intensity between samples. Sections weaged using an
Olympus light microscope BX41 and/@pus UCMANS video capture (Olympus®; USA),
where stain was visualiseals brown deposits3-5 random images were taken for each

immunostained tissue section.

2.3.3 Tissues exposed to dubrescerly-labelled ligand during culture

OCTembedded tissues:
OCT tissues were also sectioned (at 5uM) and transferred to a glass sliddixpdsto

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 coversligs and
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 blueash
Prussian blue staining was used to detect and quantify iron deposits in {@sceard 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
IAFG FTNRY GKS w2eéelf al yOKSAaGSNI / KAfRNByQa
Slides were dehydrated, mounted under glass coverslips in DPX, then left to dry. The stain
was visualised alue or purple deposits and imaged using an Olympus light microscope
BX41 and Olympus-OMANS3 video capture in a blind controlled manner, using a x20
objective, where % images were obtained per placenta. Images were analysed using
TissueGnostics HistoQst® software. The parameters were set to quantify the area of

t SNX & & ithik tfie régions of Fast Red stain. Datere 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-(fRCR)

2.4.1 RNA extraction
Total RNA was extracted from placental tissue using Absolutely RNA miniprep kit

(Stratagene, La Joll&A) according to the manufactures guidelinasd 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 transtribging the Precision

nanoScript Reverse transcription kit (gifted from Primerdesign; UK). Each 10ul reaction
O2YLINAASR 2F GKS wt -idhlaeSaNd edhersdmple or keflerendeS k 5 b
RNA (Quigen; UK). Samples were incubated for primer angg@5°C; 5min).

bSEGZ | YIFaAaGSNI YAE 2F NBF3ASyda O2yidl AyA)
RS2EeydzOf S2G0ARS 6Rb¢tUv YAES wm>f -yee yaef, ONR LI
were added to each reactioand incubated at 42°C for 20mand at 75°C fo.Omin for
conversion to cDNA. cDNA product was stored28°C until use. Two control reactions
GSNBE O2yRdzOGSRY o6mM0 Qy2 (GSYLIXIGS O2y (NP
transcriptase enzyme but no sample, reptarthe sample volume with watemd (2)RF

reaction that contained sample but not the reverse transcriptase enzyme.
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2.4.3 Gene expression using §PCR
cDNA from placental samples was amplified by gPCR using 300nM specific |ffiaxes

23;IAFISR FTNRBY tNAYSNBESAEAAIAYL YR GKS t NAYSN
with SYBR Green. A passive reference dyearBoxyx-rhodamine, was also used.
Amplification was conducted using a Stratagene MX3000Rtireal PCR machine. The

amplificationprotocol 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®%or 1min, 5%5C for 30se@nd 95C for 30sec,

with continuous fluorescence readings from°85t0 95C.

The gPCR data was analysed using the delta delta Ct m@thadk and Schmittgen, 2001)
Firstly, the delta Ct for the gene of interest for each sample mutated by normalising to

the housekeeping gene (YWHAZ):
Yo & ¢ C
The delta delta Ct is then calculated by the following formula:
Y¥6 ¢ Y6 €QQi ‘GG IQQ MO ¢ VS wé £ D E a

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 statigticsiig a Kruskal

Wallis test in GraphPad Prismihe protocol was optimised for 3 genes (OGT, OGA and
GFAT) with the addition of a housekeeping gene YWHigdre2:1 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 dra lack of contamination. Negative controls showed no

amplification throughout experiments.
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Table2:3: Primer Pairs and relevant information for optimised protocol

Gene |t NAYSNJ aSdjasSy O0S opQ Annealing Size
Temp (°C)| (base pairs)

OoGT Sense AATATGTTCCCTCACCTGAAGAA 60 127
Anti-sense TCACATCTGGTAGACTATCAAGAA

OGA Sense AATAGTAGTGTTGTCAGTGTCAATI 60 128
Anti-sense TTGGAGAGCCGAGTGAACA

GFAT Sense TGAACACAATGAGAGGAAGAGT 60 115
Anti-sense CCACAAGCAATAAGAATCAAACG

YWHAZ | Sense CCTGCATGAAGTCTGTAACTGAG 60 150
Anti-sense TTGAGACGACCCTCCAAGATG

A) Dissociation Curve B) Amplification Plots
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Figure2:1: Representative (A) disassociation curve and (B) amplification plot forgRCRreactions
conducted using the primers for OGT

Red- 50ng of pooled (n=6) placenta RNA; bigOng reference RNA and greesample replaced with
water (no template control).

2.5 Analysis of BeWo cell cycle
BeWo cell turnover was an important aspecttbé work presentedin this thesis. It was

difficult to obtain an accurate measure growth in these cétiBowing >24h culture
treatments The work therefore focused orhe development of multiple assays,
incorporating different techniques to establish \Be cell turnover dynamics. The next
section outlines the final protocols for the measurement of: BEWo DNA synthesiby
detecting the incorporation of BrdU) (2)he duration of each cell cycle transition (by
measuring the DNA contentsing propidium idide) 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 optichiserelation to cell seeding density,
duration of incubation, presemcor absence of serum in mediuand the timing and

duration of growth factor (GF) exposures. The finalised protocol is outlined below.
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BeWo cells were seeded at 6X1ger well of a 9éwell culture plate in serurtontaining

medium, left overnight to adhere and then washed thrice in PBS prior to the addition of
medium without serum. At this point, PUGNAc (100uM) or glucosamine (2.5mM) was
added for 24h. The following dagells were supplemented with a BrdU Labelling Reagent
6azftdziazy mMT YIydzZFlI OGddzZNBNR&a NBEO2YYSYRSR 02
Insulinlike growth factor | (IGE 20nM; GroPep Bioreagents Pty Limited); epiderlikal

growth factor (EFG; Ghg/ml; Cell Signaling) or platelderived growth factor (PDGF;
20ng/ml; Cell Signalinggll diluted using serudree medium FBS (10%) was used as a
positive control. One control culture lacked BrdU, to estimate background staining. Cells
were incubatedfor 3h, medium was removed and cells were immediately fixed in ethanol

(solution 2) for 30min at RT.

Next, the antiBrdU-POD (solution 3) was diluted 1:100 (with solution 4) and added to each

well for 90min. The antibody binds to BrdU incorporated dugA synthesis over 3h.

The kit also provided a wash solution (solution 5), which was used to remove unbound
anti.- NR! ® / 2f 2dzNJ 61 a8 @GAadad t AaSR dzarAy3d (GKS adz
develop over 30min. The plate was read at 370nm,qitle FLUOostar Omega microplate

reader. The plate was read every 5mand 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 calculatedsaa change from control serutfepleted conditions.

Statistical differences were estimateding KruskaWallis multiple comparisongest.

2.5.2 Ki67positive cell staining
Cells were grown for 24h on glass coverslips, washed twice in PBS, then covttred w

medium without serum (referred to as serufree from this point on) and left to incubate
overnight. Cells were supplemented with FGEOnM; 24h) before fixing with methanol
(section 2.1.4), then stained (as described in section 2.3.1), using aKi@ntantibody.
Coverslips were imaged using the Zeiss microscope at magnification x40. Six fields of view
were assessed for each condition in each experimen&7Kiositive cells were counted

and recorded as a percentage of total number of nuclei (DAdhesd) 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 (3x¥@ell) then cultured with or without glucosamine (QEmM) for

24 or 48h. Acell 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
compaed with the relevant 24 or 48h control count. Data were tested for normality using

the KolmogorovSmirnov test. Hole§f A R 1 Q& YdzZf GALX S O2YLI NAaz2y
whether a change in cell number between glucosamine treatments and control was

signifcant. These data were obtained by Sterre Paijens under my supetvision

2.6 Flow cytometry

2.6.1Cell cycle analys usingpropidium iodide
Cells were seededlx1CF well) and following 24h incubation, washed (2x PBS), cultured

overnight in serurfree medum and then supplemented with PDGF (20ng/ml) for 0.5, 1,

2, 4, 6 or 8h. Cells were washed twice with-codd PBS, detached using trypsin and
transferred to Eppendorf tubes containing complete cell culture medium to neutralise the
trypsin. Cells were thenentrifuged (400 x g for 8min), supernatant was removed and the
pellet was resuspended in iceold 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 lodide (PI). Cells were centrifuged (400 x g for 8min), ethanol removed and the
pellet reda dza LISYRSR Ay t.{® tL OFAYIf 02y OSyi
O2yOSYiUNYGA2Y wmnn>3kYf0 6SNB | RRSR (2 GKS
37°C. Cellwere then pelleted once more, discarding the supernatant ardugpending in

PBS containing EDTA (5mM).

DNAINRLR aAGAOGS OSfta 461a ljdz yiAFTFASR o0& TFf 24
Analyzer (Beckman Coulter) or the Accuri C6 Flow Cytometer (BBidrices). Detection
thresholds were set using the F8(Jforward scatterg area) and SSE (side scatter

area), gated to exclude debris and double cell evegure 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

fluorescene intensity.
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Figure2:2: A representative image of flow cytometric analysis of BeWo cells stained with Propidium
lodide (PI).
A dot plot (left) shows the gated area (P1) of cells used to create a hastognight) illustrating the

fluorescent intensity (FL-2) per cell (Count). P1 gate is less stringent than traditional gating for Pl as
cells of small and larger sizes are expected, due to the cell population being in active cell cycle.

2.6.2 Analysis otlathrin-mediated endocytosis using fluorescently labelled
transferrin
BeWo cells were seede8x10' per well) in a 12vell culture plate and left overnight to

adhere. The medium was changed to treatment medium the subsequent morning and the
cells incubaed for 48h. Treatments are summarised Trable 2:4. Following 48h
incubation, cells were washed twice with PBS and medium replaced with dezem
medium, containing treatments. Cells were incubated at 37°C in serum free medium (1h),

before keing placed on ice for 5min to pause all cellular trafficking.

Table2:4: Cell culture treatments used to modulate HBP flux and proteirGIENAcylation to assess
the effect of altered protein GGIcNAcylationon the rate of Clathriamediated endocytosis of
transferrin.

Culture Treatment

Final concentration

17mM glucose

25mM

100pM

0.52.5mM(0.5 increments)
100uM & 2.5mMfespectively.

Control (normal medium)
High Glucose

PUGNAc

Glucosamine

PUGNA@: Glucosamine

Each well was then supplemented with transferrin (conjugated with A&8& Thermo
Fisher; UK) at an optimised concentration of 6.25ug/ml and cells returned to the incubator
for 15min. Plates were then removed and placed on ice, washed gt 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; Smin/wash) to remove membradsound transferrin. Cells were then thoroughly
washed in PBS and detached using trypsin. Trypsin was then neutradiseomplete
culture medium. Eppendorf tubes containing cells were centrifuged (400 x g for 8min),
medium removed and cell pellets -eeispended in 4% PFA (12min at RT), before an
additional centrifugation to remove all PFA. The fixed pellet wasuspen@éd 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 FSL (forward scatterg area) and SS& (side scattecarea). For each
culture condition, 10,000 events, within a P1 gated region, were analysddagain
displayed as a logarithmic intensity of scattered light using a 488nm laser and the 533/30
fiter in FL1 channel. The histogram plots display a single parameter (i.e., mean
fluorescence of a transferrin positive cell) against the number of ev&ash 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 meaneBaence 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 summarise@iaiie 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 Inhibits the formation of clathrin and, therefore, chatn-coated vesicles, H n > a

(CPMZ) reducing clathrirmediated endocytosis on>a

n>a

If)lll'l n>

Methyld -cyclo  Sequester membrane bound cholesterol to inhibit cavedtiediated 2.5mM

RSEGNX Y endocytosis 5mM
10mM

Cytochalasin D Inhibits the polymerisation of actin filaments and reduces the formatio m n > a
of membrane protuberances, therefore prevent cellular translocation ¢

transport

Filipin Causes aggregation of cholesterol at the membrane, reducing its Mp>a
availability for cavelin-mediated endocytosis

Nocodazole Disrupts the polymerisation of microtubules effecting vesicular traffick p > 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 otlathrin-mediated endocytosis using IGRQuantum Dot nanocrystal
To generate the QIGFI complex, biotinylated IGE 6 Mmn>aT DNRt SLI . A2

incubated with streptavidirconjugated QDots® (emission maxima ~605nm105
streptavidira LISNJ VR2GT ¢KSNXY2 CAAKSNIT !'YO0 FyR ¢N
generate QBEIGFI (3:1 molar ratio; Molecular probes). QBFI solution was then purified

using Micro Bi LIAY n / KN Yl 023N} LIK& [/ 2fdzyya FyR OS
Smilar to the flow cytometric method described in section 2.6.2, cells were cultured for

48h in treatments and then washed twice in P8l replaced with seruAree medium

QDIGFI were then added andellsincubated for 2h. The remaining of the protogslthe

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 egétite P1 gated region.

2.7 Proteinquantification using the Bradforcassay
The Bradfordorotein 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
10ul/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 (200ul) and
incubated for 10min, with moderate agitation. The plate was read on the FLUOostar
Omega nuroplate 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 4 value less than 0.95 was rejected and protein

assqy 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 SEFSAGE electrophoresis at 120V for 80min (optimised protocols using a
lower voltage and grdar running time were adopted for proteins >150 kDa). The
percentage of acrylamide was adjusted depending on the size of the protein of interest.
lyiSaa adliSR 20KSNyAasSs y» 2F | ONEBfFYARS
(Precision plus dual calo protein standard, range 2500 kDa, Bio Rad, UK) was loaded on

to each gel.

Once resolved, proteins were transferred to a nitrocellulose membrane fe80f@in at

110V, though an extended duration and a lower voltage was used for larger proteins of

62



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
sedions 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% féitee milk, or the commercially available Wdstier Supe

Blocking Buffer for Phospho Antibodies solution (Novusci Ltd; UK) were used to block
YSYONrySad / K2A0S 2F o0f201Ay3 azfdziazy o1 a
or following protocol optimisation.

Membranes were incubated with primary antibo@@S Ny A 3 K Table2:6rfor / 6 & ¢
specific details) then washed (x3 TBSt for 10min) to remove unbound primary antibody.
Membranes were subsequentlgdubated with horseradish peroxidase (H&®njugated
anti-rabbit or anttmouse 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. Som&mbranes were developed using theQor fluorescent
antibody system. In brief, the secondary antibody was replaced with thenamtise or
anti-rabbit LiCor secondary antibody (1h at RT; dilution 1:10,000), subsequently washed

and then scanned using theCor scanning instrument (Cor Biosciences, Lincoln; USA).

2.8.2Western blot- densitometry
To confirm equal protein loading, membranes were incubated with an-iaAttin

FYydAo2Re |yR GKS | LILINE LINR I (i S-Adiirt ugiiy the yhagd y a A
{GdzZRA2un [ A0GS p ®HCor)Bjpscierces ALicold; D FAJ. i lbrieBriesiefnA

blot bands of interest were expressed as a pixel density and these were divided by the

Y S| & dzNB Y-Bdfiri bar®l Tntensity per sample/lan The background intensity was

alsocalculated and subtractefibr each sample.

2.8.3 Weston Blot¢ re-probing

aSYONIySa ¢SNB adi2 NPrébedbyiincobating ikaygentle sfrip bfleS y N
(0.2M Gilycine, 2%(w/v) SDS, 10ml Tween in 1L pH2.2) or harsh strip buffer (2%(w/v) SDS,
M 1 1Y anertaptoethanol, 62.5mM THEL, pH6.7) for two x 20min, changingftesh

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 descrizieove.
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Table2:6: A summary of primary antibodies used to probe/destern blot membranes.

. Monoclonal (mAb) , Product .
Primary Species Dilution Company
/ Polyclonal (pAb) number
. #MMS
Anti-O-GIcNAc mAb Mouse 1:750 Covance
248R500
Anti-O-GIcNACc mAb Mouse  #07764 1:750 Sigma Aldrich
Anti-SHP2 pAb Rabbit  #sc280 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 #sc255 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 75Tyr) mAb Rabbit #4549 1:250 Cell Signaling
Anti-pPDGFR 771 (Tyr mAb Rabbit #3173 1:250 Cell Signaling
Anti-pPDGFR 1009 (Tyi mAb Rabbit #3124 1:250 Cell Signaling
Anti-pPDGFR 1021 (Tyi 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-pIGFL wi M M C 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
. BD Transduction
Anti-Rab 4 mAb Mouse  #610889  1:1000 _ B
[ F02NX 0
. BD Transduction
Anti-Rab 5 mAb Mouse  #610281 1:500 .
[ F 02 NX G:
] BD Transduction
Anti-Rab 11 mAb Mouse  #610656  1:1000 ) B
[ F 02 NX G:
Anti-Clathrin Heavy BD Transduction
. mAb Mouse  #610499  1:1000 _ .
chain [ 02 NI U
Anti-L y G S 3 NXR pAb Rabbit #4702 1:500 Cell Signaling
Anti-Grb2 pAB Rabbit  #se255 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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2.84 In-cell Western Blot analysis

2.84.1 SHP2 phosphorylation studies
BeWo cells were seeded at 4XJter well of a 98well 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 (100uM) or glucosamine (2.5mM) to appropriate wells. Cells
were incubated for 24hta37°C. Medium was removed and cells washed thoroughly with
PBS, before the addition of serdiee medium (containing treatments) and overnight
incubation. The next day, cells were stimulated with the appropriate growth factor

(section 2.5) for 2, 5, 10 d5min 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 pripantibody (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 th€dkLi speciespecific
secondary antibody for 1h at RT. Finatlglls were washed and each well was loaded with
200pul distilled water. Plates were then scanned on the Odyssey@rlLiscanner.
Phosphorylation intensity was averaged (3 wells per treatment) and normalised to total
SHP2 intensity.

2.84.2 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
OO0t S OSttad Ly i Sattniniemsityard Kiepgivedcell ighsinBaRs G 2

calculated as a fold change from serfiree conditions.

2.85 Immunoprecipitation
Protein G sepharose beads (Thermo Fisher; UK) were used to isolate an immune complex

of interest from cell or tissue lysates. Lysates (260Qug of protein, mae up to a total
volume of 2561 in RIPA buffer) were incubated with 25ul of protein G beads at 4°C for 1h
with rotation to remove proteins that bind to the beads nspecifically, centrifuged (1000

x g for 1min) and then the preleared lysate was trangfieed to a fresh tube. Beads were
discarded. The primary antibody of choice was incubated with thecl@ared lysate at 4°C

for 2h with rotation then the antibodyysate mix was transferred to fresh 25ul of protein

G beads and left overnight at 4°C for With rotation. Finally, the beatl/sateantibody

mix was centrifuged (1000 x g for 1min) and supernatant removed. The bead irfnmune
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complexes were then washed in RIPA three times before the addition of a standard
[ FSYYf A NYzyy Ay 3 -nedzaptedandl) @ ampleés wgrd hoid for S5min
at 95°C to elute proteins. Finally, samples were centrifuged (13,000 rpm, 16089 x g, for

1min) before supernatant was resolved by SES5E electrophoresis.

2.86 Lectin isolation of GIcNAmodified proteins.
The potocol is detailed irFigure2:3. In brief, cell or tissue lysates were first grieared

using plain agarose beads at 4°C for 1h, rotating, to renmawvespecific protein binding.

The bead and lysate mix was centrifuged (1000 x g for 1min) and thelgaeed
supernatant was transferred to a fresh tube containing fresh agarose beads conjugated
with the lectin succinylated wheat germ agglutinin (sSW@G4AgEtin 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 additioraaftandardLaemmliloading buffer and
boiled at 95°Cto elute proteins A final centrifugation (13,000 rpm for 1min) was
performed and the supernatant of enriched GlcNAaodified proteins was resolved by

SDSPAGE electrophoresis, typically using an 8% gel.
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Total Agarose Beads
(25ul per samples)

Centrifuge 1 min at 5000g

Resuspend pellet ice cold RIPA (100ul)—
(no reducing agents)

Centrifuge 1 min at 5000g
Keep beads

Add sample (BeWo lysate)
(250-500ug per 25ul beads)
Rotate 20 mins RT

Protein assay =

Centrifuge 20 sec 5000g
Collect pre-cleared supernatant

Discard
Beads

Add pre-cleared sample to
fresh pre-washed sWGA-
agarose beads

Rotate 4°C
overnight 4°C

[ Centrifuge 1 min at 5000g |

g

Collect Wash beads 3x
supernatant RIPA (100ul)
| ) | ,
Add sample buffer
Boil @95°C for 5 minutes
|  Centrifuge 1 minat 13000rpm |

} |
Control: Control: pre- SWGA beads SWGA bead — Pre-washed
sample only cleared supernatant enriched fresh agarose
sample proteins bead control

Figure2:3: The typical experimental work flow for the lectin succinylated wheat germ agglutinin
(sWGAjagarosebead enrichment of @GGlcNAemodified proteins from cell or tissue lysate.



2.9 Mass spectrometry

2.9.1 Sample preparation
Placental tissuavas collected, as described in section 2.2.2. Tissue was selected from

pregnancies with a singleton In@rth and from either vaginal delivery (VD) or caesarean
section (CS)A detailed descrifon 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. Maternd 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 tissuesvere homogenised (see section 2.2.6) and analysed for protein content
6aSO0A2Y HPTOD 9ljdz-f LINRPLRNIA2YAE 2F LI I OS

create four sample groups

- Controlgroup- Normal BMI (25 kg/nf); uncomplicated pregnancies (n=5)
- Obese group; Obese BMIC{O—35kg/mZ); uncomplicated pregnancies (n=6)

- T1DM- Type one Diabetes Mellitus (n=6)

- T2DM- Type two Diabetes Mellitus (n=6)

2.9.2 Enrichment of @5lcNAemodified proteins
240ug protein was incubated with 50pul of agare8&GA lecti conjugated beads, then-O

GlcNAemodified proteins were isolated (as described in section 2.8.5), eluted and

separated by SDBAGE electrophoresis (1¥0for 90min) in a 7.5% acrylamide gel.

2.9.3 Coomassie blue staining
Proteins within the gel were stained using Coomassie bl R@6.6g/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 @aining solution overnight at 4°C onshaking

plate.

2.9.4 InGel digestion of Coomassie stained bands with reduction and alkylation of
proteins
Individual lanes of the gel were cut into small cubes (approximately mhiternating

washes (10min) using ammonium bicarbonate {NEQ; 100%)solution and NFHCQ
(50mM) with acetonitrile (ACN, 1:1) solution (10min) were performed to remove

| 22YF&aaAS aidtAyd bSEGZ LINRGSAYya 6SNB NBRdz
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made up fresh in (100mM) ammonium bicarbonate (10mM DTT), then tdklylasing
iodoacetamide gH;INO (55mM) for 20min, protected from light, at RT.

Next, gel pieces were washed with N Q (50mM) for 5min, followed by 100% ACN for

5min. For protein digestion, trypsin (Promega; UK) was used, cutting proteins at the

O Nb2E&t SyR 2F GKS IYAy2 | OAR& | NHAYAYS |
made up in 50mM NHHCQ) was incubd SR 6AGK &l YL S& 2 3SNYA:
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% formicid®2% ACN for 5min, retaining the
adzLISNY Gl ydG 2F SIFIOK ¢FaKed t SLIWIARSa 6SNB

Remaining peptides were reconstituted in 0.1% formic acid and storgd atx / ®

2.9.5Mass spectrometric analysis
Peptides were analysesbn a 5600 TripleTOMnass spectrometer (AB Sciex) and

NanoAcquity High Performance Liquid ChromatograpfitPLC; Waters) Peptide
chromatographic separation was performed by LC with a gradient that compigést A

(0.1% formic acid in HPLC grade water) and buffer B (0.1% formic acid in HPLC grade
acetonitrile). Sample was separated onglCy | f @ 0 A OF f O2f dzYy o621 4GS
cm) on a linear gradient from-80% B over 40min at a flow rate of 300/min. The mass
ALISOGNRYSUGSNI 2LISNF GSR Ay Wi 2mdst abur@antyichdkdd Ay
charge state 5, at m/z greater than 350 and intensity greater than 250 cps identified in a
survey scan were selected for MS/M&gmentation by collisioinduced 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

AyaldNHzySy i @ yMS2CHdvadter brogiafn./ Dag were searched with the
MASCOTengine againstSwissProt (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 afrdigment ion mass tolerances to 0.5 Da. The maximum
SELSOGIGA2Y @FtdzS F2N I OOSLIiAy3d AYRAODARdZ
probability that the observed match is a random eveAdditional MASCOT search
parameters are in appendi, 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 tdsa
modification at the respective site. Variable modifications also searched for N
acetylnexosamine (HexNAc) of serine, threonine or asparagine residues, for a
monoisotopic mass of 203.0794 (see apperAlitable 1for more details). This parameter
was used to identify peptides and, therefore, parent proteins with the addition ef O

GIcNAc, should the modification survive talisiorrinduced dissociatiofCID)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 longengprotei
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 numlbeanino

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 Scaffoldeardn irFigure2:4.

The NSAF score for each identified protein was then used to calculate a fold change in
protein abundanceThis allowed proteinshat 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 moreor less O-GIcNAemodified proteins from this point forwards.

All preparation of samples for pr@omic 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., 2013nd 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, trypseted proteins

and serum albumins likely to have been derived from bl@dddge et al., 2013)These
LINPGSAya 6SNB NBY2OSR TNRY (KAa addzRReQa L

analysis.
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2.9.8 Ingenuity Pathway Analysis (IPA):
¢KS LINRGS2YAO RIEGE 8SNB | yI hoeruifyPathiveyNBalysisk (i K
(IPA) softwarelfigenuity Systems, QIAGEN Redwood City, CA, USA www.giagen.com/ingatidty

has been broadly adopted by the life science research community and is cited in over 12,500
peerreviewed journal articles. IPA is lknowledgebased 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, usirtbe 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 néworks of algorithmicalhgenerated pathways (inferred pathways), illustrating
potential molecular interactions in the experimental system. In addition, IPA usesHalthe
values to predict if a particular canonical pathway is activatedctivated or mchanged in
relation to the change in abundance of proteins from the dataset entered. IPA analysed the

fold-change in protein expression using the Rigioled Fishers exact test (p<0.5).

IPA proteomic software is able to highlight trends and similaritiéthin 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®O@IcNAemodified proteins between
treatment groups. IPA also allows visualisation of known prepeatein interactions within

the dataset entered and uses this information to generate causal networks, identifying
upstream regulators of pathways. In atidh, IPA predicts downstream effects, indicating
whether a change in protein expression within the dataset entered is known to regulate the
expression of other proteins downstreaand predict what particular biological function or

activity of adiseasehat 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 ratioeaddey To
calculate the ratio, IPA takes the number ©fGIcNAemodified 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 additionahmlue calculated by an internal Ingenuity algorithmgsw
then used to rank know canonical functions, so that identification of chance associations
between OGIcNAemodified proteins and identified functions is minimised. The smaller the p
value, the less the likelihood that the association betweeGIENAemodified proteins and a

particular function is randonandthe more significant the association.
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Chapter 3- Proteomic analysis of the human placenta; investigating

protein O-GIcNAcylation in term human placental tissue
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3.1 Introduction

Little is known about the role of protein-GIcNAcylation in development. The existence of
O-GIcNAemodified proteins and presence of the biochemical machinery required to
perform protein GGIcNAcylation in human placenta have not been studied. In preiparat
for a proteomic analysis, a proeof-principle investigation was completed to provide
evidence for GGlcNAemodified proteins and the distribution of OGT and OGA; the two
enzymes regulating the addition (OGT) and removal (OGA) of tH8IcKAC

monosacchride, in human placental tissue.

Identification of the repertoire of €slcNAemodified proteins (referred to as the -O
GIlcNAeome from this point forward) in uncomplicated pregnancies, followed by pathway
and network analysis will further our understandiof how this PTM could govern normal
placental function. Comparison of the placentaBENAeome in pregnancies complicated
by maternal diabetes will provide a platform for the increased understanding of how

placental function is altered in these pregraes.

3.2 The biochemicamachineryrequired for protein GGIcNAcylation is
present in human placenta

3.2.1 Immunohistochemical (IHC) analysis
Analysis of placental tissue by IH&g(re3:1) demonstrated that both OGT and OGA are

expressed, Kigure 3:1 A-B and DBE respectivgl), 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 thel ceémbrane and cytoplasm, although some staining

is present in a few nuclei.
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Figure3:1: Localisatiorof enzymes OGT and OGA in human term placenta.
Sections were probed with anatabbit OGT (A+B) or arthicken OGA (D+E) primary antibody, followed

by a HRRinked swineanti-rabbit IgG or biotinylated antthicken respectively. Immune complexes were

-~
- 4
L 2 o

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 (syncytiggt)(cytotrophoblasts), cap (fetal
capillaries), str (stroma), ivs (inteillous space). Images are representative of multiple tissues (n=4),
magnification x20 (A, B, C, F) and x40 (B+E).

The presence of endogenous@}cNAeamodified proteins was assessé first trimester

and term placental tissue using an antibody that recognis€slédAeattached to serine

and threonine residues of proteins vid &-glycosidic linkagé€Comer et al., 2001)igure

3:2 (A-D) demonstrates staining for-GlcNAemodified protein in termtissue. 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 tisdwe 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 evidenFEigure3:2 -E).

Figure3:2: Localisation of @GlcNAemodified proteins in human placenta.
Term placental tissue (®) and first trimester placental tissue (Eg§re observed Sections were probed

for O-GIcNAc modified proteins ugirapan OGIcNAcylated proteimntibody (CTD 110.6), followed by
HRPlinked 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 antitasd
added. The structural compartments are labelled: syn (syncytium), cyt (cytotrophoblasts), cap (fetal
capillaries), str (stroma), ivs (intgillous space), fib (fibrin). Images are representative of multiple
tissues (n=5), magnification x10 (A) xBOE, F) and x40 (C+D).
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3.2.2 mmunofluorescencglF) analysis
Investigation of GGIcNAemodified proteins in the placental choriocarcinoma cell line,

BeWo, revealed that GIcNAcylated proteins are present in both the cytoplasm and
nucleus of cellsRigure3:3). There is substantial nuclear speckling visiBligure 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
GIcNAcylated proteingSakaidani et al., 2011)n 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.

Figure3:3: O-GlcNAemaodified proteins inthe human trophoblast celine, BeWo.

Immunofluorescent staining of cultured placental BeWo cells using (A) a {i2lcNAc mouse antibody
(CTD 110.6) to label-GlcNAc modified proteins (gregn(B) A negative control using moulgG.
Immune complexes were visualisedbyff S E | -cErfjudafeditibmkeyanti-mouse IgGnd nucle were
stained using DAPI (blue). Images are representative of multipldependent experimentgn=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 proteinGIcNAcylation.

3.2.3Analysis of traascript expression usingeal-time quantitative polymerase
chain reaction (RPCR)
Term placenta samples were obtained following delivery from mothers with type ane

type two- diabetes mellitus (TI1DM and T2DM respectively), as well as mothers with a
matched body mass index (BMI; 26kg/md or 30-35kg/md, respectively). Patient
demographics are shown ifable3:1. There was no significant differeedetween the
BMI of mothers with TADM and a normal BMI rangewever 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 betweerbtse and

77



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.

Table3:1: Demographics, obstetric and biophysical data for participants with type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitusT@DM) and BMimatchedcontrols used for RIPCR analysis

Normal Obese P
BMI 2025 E_DS'\;' BMI 3035 Iﬁ_DS'\)"
(n=6) - (n=5) -

Maternal Age 33 21 38 36.0 a)ns
9 (29-38) (19-37) (30-42) (2642) | b)ns
23.1 24.7 30.5 36 a)ns

Maternal BMI (kg/n) (21.927) (20-26.2) (30.1:31) (31-41) | b)*
Smoker (%) 0 0 0 0 E‘;Ez
. : a)ns
Ethnicity (% Caucasian) 66.66 60.00 60.00 80.00 b)ns
Gostation(wks) 39.0 37.1 39.0 37.9 a)ns
(36.741.3) | (36.939) (38:39.6) (36:39) | b)ns
Fetal Sex (% Males) 50.00 40.00 100 80.00 ‘32:
. . 3130 3240 3640 3360 | a)ns
Birth Weight (g) (25803600) | (25204340) | (30503880) | (29903867) | b)ns
BC 54 88.5 60 69 a)ns
(7-80) (9.9100) (30-87) (3595) | b)ns

Data are median (range). Abbreviations: Bhddy mass index, IBfDddividualised birthweight centilga-
values were calculated for (a) TLDM compared to controls with a Bi252ZB) T2DM compared to
controls with a BMI 3@5, usingMann-Whitney test, oFshers exact test for smoking, ethnicity and

fetal sex only. * p=0.05

The expression of OGT, OGA and the HBRlimaitng enzyme GFAT in placental samples

was analysed by RJPCRHKigure3:4) after first optimising primer annealing temperature

to ensure accuracy of results. A commonly used housekeeping gene for placenta, YWHAZ

(Cleal ¢ al., 2009) was selected for normalisation of transcript expression for each

sample. There was no significant different between the expression of YWHAZ between

each sampleRigure3:4 -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 TabBdjheir

respective BMimatched controlsKigure3:4).
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Figure3:4: Analysis of mRNA expression efizymes OGT, OGA and GFAT in human term placenta by
RTgPCR.
Term placental tissue samples from mothers with type 1 diabetes mellitus (T1DM), type 2 diabetes

mellitus (T2DM) compared to BNtatched control groups were used to analyse the mRNA expression

of a panel of genes (A) GFAT, (B) OGA and (C) OGT. (D) A plaeemtatiged housekeeping gene,
YWHAZ, was used to normalise mRNA expression of individual samples. Expression of the housekeeping
genes was unaltered between the patient samples (determingdKiuskaWallis, 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: enrichig OGIlcNAcylated 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 lysi (Wang and Hart, 2008)Therefore, to prevent the
monosaccharide @IcNAc being removed from proteins, an inhibitor of OGA (PUGNAC)
was incorporated into processing protocols to impeday anaturally occurring de

GIcNAcylation during the lysis stage.

Protein OGGIcNAcylation is difficult to detect by MS, largely due to the lack of readily
available tools that are sensitive, simple and ch@Mang and Hart, 2008Yhe difficulty in
detecting GGIcNAemodified proteins is exacerbated by the low number of modified sites
per protein and the instability of the -Qlycosidic bond. The monosaccharide is readily lost
from the peptde before backbone fragmentation during the collisiaduced
disassociation (CID) gas phase of the MS analysis, leaving behind no mass si@natsire
et al., 1996, Alfaro et al., 2012, Hahne et al., 2012)

Efforts to identify the exact @IcNAemodified site are even more challengifigosseller

et al., 2006, Hahne et al., 201Z)onsequently, as little as 25% of knowRGEZNAG
modified proteins have documented sigpecific information (Wang et al., 2011)
Furthermore, most @slcNAemodified sies 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 @IcNAemodified proteins
[ dZNNByYy G | LILINR | OKSa jelfinatidnratd OGIENASsbellirg Fusng A a G N.

radioisotopes.

Gurcel et al. (2008) attempted to identify-@cNAemodified proteins by using the
hexosamine salvage pathway to labelGzNAemodified proteinsas it can tolerate and
metabolise an unnatural azido analogue ofGIZNAc (GIcNAz). 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 alkymetinylated probe are
used as the 1;B®ipolar cycloaddition. Streptavidin affinity columns are then used to pull
out modified proteins for M§Gurcelet al., 2008) This method successfully identified 32
O-GIcNA modified proteins of a breast cancer cell liIMGF-7).
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Other authors, such as Greis et al (19%@&)ve employed methods traditionally used in N
fAY1 SR 3Jfeodz2aefl GA2y -dlibidathh, Niéh>reledsdzOiikedl a
glycans from synthesised-GicNAemodified peptides, thereby converting glycosylated
serine or threonine to dehydroalanirer deydrobutyric acid with loss of the sugar moiety.
This technique can also be coupled with capillary {migiformance liquid chromatography
and electrospray ionisation MS (ESMS). The altered @IcNAemodified site can then

be distinguished as the sitof modification by CID tandem M&reis et al., 1996)This
technique has been further developed, by a Michael addition using dithiothreitol (DTT)
T2t 2-dikhigadon (BEMAD), to attach an affinity tagttee modified peptide, which
allows selective enrichmerfRusnak et al., 2004, Vosseller et al., 2006)

A more traditional method to detect GIcNAemodified proteins, following PNGase F
treatment (cleavage of finked carbohydrates), involves uridine diphosphate (UDP)
[*H]Gatbased galactosyltransferase labellifiprres and Hart, 1984 he fH] Gallabeled
peptides are first purified by multiple rounds of reveqsiease higkperformance liquid
chromatography (HPLC), keeping only the radiolabelled fractions. The enriched fragments
are used to provide @IcNAc site informatiofWang and Hart, 2008)

All these techniques are proven to identify@cNAemodified proteins; however they
require a considerable amount of molecular manipulation and expensive labtansive
protocols (Greis et al., 1996, Wang and Hart, 200B)ey are complex, costly and time
consuming techniques that are solely used in specialised laboratories. We sought a
relatively simple, inexpensive method to isolateGzNAGmodified proteins prior to MS

analysis.

3.3.1.3 The use of antibodieto enrich O-GIcNAemodified proteins
The antibodies CTD 110.6 and RL2 recogmiaey proteins that are GGIcNAemodified

serine or threonine residues and may consequently be usethédetection of protein ©
GIcNAcylation byestern blot analysis, or following immunoprecipitation of a candidate
protein. Alternatively these antibodies can be used to enricBIENAemodified proteins

from a sample by immunoprecipitation prior to MS analysis, increasing the abundance of
modified proteins and therefore detection rate by M&omer et al., 2001, Wang and Hart,
2008 | 26 SOSNE dza DGElENAd#tDEdis pHsehte sbihd didadvantages:
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 tls® modified by one single-GIcNAqWang and Hart, 2008)
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3.3.1.4The use of plant lectinto enrich GGIcNAemodified proteins
The lectin wheat germ agglutinin (WGA) contains two imgdsites; one for N

acetylglucosamine (GIcNAc) residues in glycoproteins and one that enables interaction
with sialic acids(Bhavanandan and Katlic, 1979, Wang and Hart, 20085A has
previously been used in conjunction with chromatography to isolate un@BicNAc
peptides (Vosseller et al., 2006 However, this technique is not specific to cytoplasmic
protein OGIcNAcylation as other glycoconjugates containing sialic acids will be co
isolated, inceasing the likeliness of edluting classical Nor Olinked glycangWang and

Hart, 2008) WGA has been modified to produce a succinylated form (sWGA). This changes
the specificity of cebohydrate binding(Monsigny et al., 197%uch that the succinylated

form is still able to recognise-GlcNAemodified residues but can no longer bind sialic
acids(Monsigny et al., 1979)herefore, SWGA has a greater specificity towx@IcNAe
modified proteins than WGA.

Although the available antibodies have greater specificity f@8IENAemodified proteins

than lectins, their weak binding affinity and samples isolation bias, mdies tnefficient
when enriching G@GIcNAemodified proteins from a lysatgWang and Hart, 2008)
Therefore in this study, enrichment of-GIcNAcylated proteins was conducted using
SWGAconjgated agarose beads, in combination with liquid chromatography (LC) and
mass spectrometry (MS) to identify -GlcNAemodified proteins, as well as their

abundance in term placental lysates.
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3.4 Tissue selection

3.4.1 Patient demographics of womewith 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-28kg/md (n=5) and BMI 3@5kg/md

(n=6), respectively. Patient demographice ahown inTable3:2. Thee was no significant
difference between the BMI of mothers with TIDM or T2DM to their respective control
groups. Additionayl, there were no significant differences between maternal age, birth
weight and individualised birth centile (IBC) in any of the four groups; however both
diabetic groupshad a tendency to deliver one week earlier than their Biitched
control groupsand on average, these mothers gave birth to larger infarithough
sought, information regarding maternal medication and glycaemic control was
unattainable. It was assumed that the samples ugasl controls)from mothers with a
matched BMI were assessed f@MD during their routine cheekps with a negative

result.

Table3:2: Demographics, obstetric and biophysical data for participants with type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitusTRDM) andBMI-matched controls used for mass spectrometry

analysis

Normal Obese p
BMI 2025 T(if)é\;' BMI 3035 T(rff)ﬁ'\;'
(n=5) - (n=6) -
Maternal Ade 36 325 33 36.0 | a)ns
9 (33-39) (19-43) (27-42) (2642) | b)ns
22.11 23.8 31.0 36.5 a)ns
Maternal BMI (kg/r) (21.924) | (2033.8) | (30.1432) | (31-41) | b)ns
Smoker (%) 0 0 0 0 ‘822
. . ans
Ethnicity (% Caucasian) 60.00 83.33 50.00 83.33 b)ns
Gestation (wks) 39.1 375 39.0 381 | a)ns
(36.7.41.3) | (35.639.0) | (38.441.6) | (36.039.0) | b)*
Fetal Sex (% Males) 60.00 83.33 50.00 83.33 ‘82:
. . 3080 3682 3590 3360 | a)ns
Birth Weight (g) (29203800) | (26604340) | (31804200) | (29903867) | b)ns
. . . . 49.5 99.5 55.8 67 a)ns
Individualised birth centile (IBQ (13.880) (78-100) (34-90) (35.95) b;ns

Data are median (range). Abbreviations: Bbbddy mass index, IB{ddividualised birthweight centilg-
values were calculated for (a) TLDM compared to controls with a Bi252Zb) T2DM compared to
controls with a BMI 3@5, usingMann-Whitney test, ofFishers exact test for smoking, ethnicityd

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 compa@lcNAemodified proteins in

placenta from mothers with TLDM or T2DM with the placentaBIONAeome of mothers
with a matched BMI. In addition, this investigation aimed to determine whether maternal
obesity could influence protein -GIcNAcylation, by comparing the placentalG@NAe

ome form obese mothers with that of placentas from women with a normal BMI.

The proteomicanalysis was conducted on pooled term tissue lysates (n=5 or 6/group)
enriched for GGIcNAemodified proteins using sWG#onjugated beads. GIcNAc
enriched samples were loaded in a gel and stained with CoomassieHiuee3:5). 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 aBIdDAG

modification at any one time.

sWGA enrichment Remaining protein lysates

Figure3:5: Enriching human placental-GlcNAemodified proteins:
O-GlcNAemodified proteins were enrichedising succinylated wheat germ agglutinin (SWGA) agarose

beadsT NRY L322t SR GSN)Y LI} I OSy {!Sampledwete infubatedith SWGA 3T LINR
0SI Ra 2 @S Nbehl@ads wete jpellated aAnd loaded into a 7.5% acrylamide(igeles 14). The
supernatants remaining after depleting the modified proteimsre alsoassessedlanes 58). Proteins

were separated by SEFAGE and stained with Coomassie blue. (M) Protein ladder of known molecular
weight.Lanes 1 and 5type one diabetes mellitus (n=8anes2 and 6- normal BMI 225 (n=5) lanes3

and 7- type two diabetes mellitus (n=6lanes 4 and 8obese BMI 35 (n=6).

3.6 Placental GGIcNAemodified proteins identified by Mass Spectrometry

Enriched proteins were converted to tryptic peptides, identified by MS and subsequently
analysed using MASC@mnd 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 seeifable3:3.
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Table3:3: Total number of proteins in each sample group and the number of unique proteins in each
group, identified in proteomic analysis oferm placental tissue following enrichment of @GIcNAe
modified proteins with succinylated wheat germ agglutinin agarose beads.

Placental Groups: Number of GIcNAc-modified Number of proteins
proteins, out of a total of 961 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 inde8MI; kg/m?).

Protein enrichment, using sW@G®#njugated beads, does not guarantee all proteins
isolated anddentified by MS are in fact-GlcNAcylated, as some proteins may have been
enriched by association with other proteins. However the terminology adopted to refer to
potentially OGGIcNAemodified proteins identified by MS analysis will be referred to as O
GcNAemodified proteinsand thus a change in expression means that potentially, these

proteins are moreor less O-GIcNAcylated.

The dataset contained a wide variety of prote{@@pendixB). Initial examination of the
dataset, using a combination of am¢ 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 intracellulaFigure 3:6). The majority of the 961
proteins were located to cytoplasm and nucleus and the remaining proteins were
associated with membrane®lthoughthough 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 s$&cal glycosylated proteins,-GIcNAe
Y2RAFTASR LINRPGOSAYya I NB GeLA Ot ghohg@IHAS R A Y
1994p ! AYIFff LISNOSydGr3asS 2F LINRPBIOSAya oSNB C
apparent that these proteins were of nuclear cytoplasmic origin, suggesting IPA could

not classify this small subset of proteins appropriately.
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Figure3:6: Pie chart to show the proportion of the 961 proteins identified by mass spectrometry as O
GIlcNAemodified in relation to their cellular location.

Initial observation of the placental -GlcNAeome identified two of the three enzymes
involved in protein GGIcNAcylation as -GlcNAemodified (Table 3:4). OGT is well
established as an-GIcNAcylated proteifHart and Akimoto, 2009¥o0 it was reassuring to
see OGT within the dataset. However, there was no dem OGT expression between
T1DM and its BMinatched control. OGT was also present in theGIONAeome of
mothers with an obese BMI, but not T2DM. OGA is a knov@idDlAetarget, with one ©
GlcNAesite identified (S405fLazarus et al., 2006, Khidekel et al., 20Bdwever it was
not identified by MS analysis in this study. The expression of the HBRmitag enzyme
GFAT (not currently ehtified as GGIcNAemodified, but contains 9 predicted sites
according to tle dbOGAP), decreased slightly (Gf8l8l) in TLDM placenta compared to
BMFImatched control; GFAT was not detected in the enriched fraction from obese
placental tissue but appeareid placental tissue from mothers with T2DM, suggesting a
substantial increase in-GlcNAcylation of GFAT in T2DM compared to an obese control.
Table3:4: The enzymes required for hexosamine biosynthetic pathy flux ¢ (GFAT) and the addition

of O-GIcNAc monosaccharide to proteins (OGT) areGldaNAemaodified in human term placental
tissue. Value represents the normal spectral abundance factor (NSAF) generated in Scaffold for each

protein.
Accession . . Normal Obese
Number Identified Proteins BMI T1DM BMI T2DM
ogTy  UDPNacetylglucosaminepeptide 54554 00234 0.00369 0
N-acetylglucosaminyltransferase
GFAT  Clutamine-fructose&-phosphate 51511 1262 0 0.02872

aminotransferase

Abbreviations BMI: bodymass index (kg/f). TIDM: type one diabetes mellitus. T2DM: type two
diabetes mellitus.
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3.7 Pathway analysis in placenta frommothers with a normal BMI

3.7.1 The normal placental €@5lcNAeome: top canonical pathways
779 potentially @GIcNAemodified proteins were identified in term placenta from mothers

with a normal BMI. A complete list can be founidh AppendixB). The 779 proteins were
analysed using IPA with the aim of identifying the canonical pathways that protein O

GlcNAemodification governs sipart of normal placental function.

IPA identified multiple canonical pathwaygidure 3:7), which were ranked using a
combination of an applied ratiand pvalue (see section 2.9.8 for more details). The top

LI GKgl & o1& Wwodzl I NERLGHOO LA T yhH; iwkick if BqDire®LiIR dN®
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 theGIGNAemodified placental
proteA Yy NBLISNI2ANBE 2F Y20KSNE GAGK | y2N¥YI§
aA3IyL £t A Y'Y QThiso palhwagh megates protein translatiofLawrence and
Abraham, 1997)37 of its 157 proteins (23.6%) were identified within the enriched dataset

of potentially GGIcNAemodified proteins.

¢tKS GKANR OFy2yAO0lf LI GKgle& ARSFVATRBROGK 2
(p=3.83E°- 36.8% protein overlap). The proteins in this pathway include actin and tubulin
subunits, both of which are wedistablished substrates for-GlcNAcylation(Walgren et

al., 2003, Zachara and Hart, 2006)

The remaining canonical pathways (of the top 10), showfRigure3:7, link protein G
GIcNAcylation 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., 200) actin signallinggnd mTOR signalling (regulating cell

proliferation (Dennis et al., 1999)
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Percentage
] 10 20 30 40 50 60 70 80 90 100 110 120

EIF2 Signalling pussm 194

Regulation of elF4 and p70S6K Signalling 157
Remodelling of Epithelial Adherens Junctions 68
Caveolar-mediated Endocytosis Signalling s 71
Integrin Signalling s 219
mTOR Signalling 199
Clathrin-mediated Endocytosis Signalling [ 197
Actin Cytoskeleton Signalling [ 228
Germ Cell-Sertoli Cell Junction Signalling N 173
Virus Entry via Endocytic Pathways N 102

[ Overaps with dataset Mo overlap with dataset | |- -log(p-value) |

Figure 3:7: The top ten canonical pathways identified by IPA of the@NAeenriched placental
lysates from mothers with control BMI (n=5)
Pathways were ranked on@mbination of the ratio and alue 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, witthia canonical pathway). The p

value (orange line) indicates the significance of datasets association with the canonical pathway, as
calculated by a Rigftided Fishers exact test.

3.8 Pathway analysis in placenta from obese mothers
858 potentially GGIcNAcmodified proteins were identified by MS analysis esfriched

lysates of term placenta from mothers with an obese BMI-80kg/nf) (Appendix B),

again comprising largely cytoplasmic and nuclear proteins.

3.8.1 The obese placental-GIcNAeome: top canonical pathways
The top eight canonical pathways identified were in common with the norr@ldDIAe

ome; however canonical pathways positioned two and three were in reverse dragIré
30d bS¢ LI GKéglea Ay (GKAAEA RIMINE SRS GY 2A0yAd f AdERES
YR WYAG2O0K2YRNAIf ReaFdzyOiAz2y Qo

88



Percentage
] 10 20 30 40 50 60 70 80 90 100 110 120

EIF2 Signalling I 194

Remodelling of Epithelial Adherens Junctions I 68
Regulation of elF4 and p7056K Signalling I 157
Caveolar-mediated Endocytosis Signalling I 71
Integrin Signalling FERNN 219

mTOR Signalling N 199

Clathrin-mediated Endocytosis Signalling I 197
Actin Cytoskeleton Signalling 228

Regulation of Actin-based motility by Rho [ 91
Mitochondrial dysfunction FEN 1

| B Overlaps with dataset Mo overlap with dataset | | -log(p-value) |

Figure3:8: The top ten canonical pathwayglentified by IPA of the GGIcNAeenriched 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 pfoteins altered in the dataset compared to the total
number of proteins known, indicated to the right hand side, within the canonical pathway).-Vaki@
(orange line) indicates the significance of datasets association with the canonical pathwayguésedl
by a Righsided Fishers exact test.

Although the pathways influenced by the@cNAeome of normal and obese placentas
appeared to be similar, some differences were evident and therefore these tBcNAe
omes were compared in IPA to determinesifch changes could contribute to alterations

in placental function caused by increased maternal BMI.

3.9 A comparison of the obese placentalGIcNAeome to the normal

placental OGIcNAeome
To identify whether the GGIcNAcylation status of individualgteins was altered, the fold

change of protein expression between obese and normal was calculated using the NSAF
d02NBE 3ISYSNIGSR Ay {OFFTF2f ROl YR (-Moetepan G &
increase in abundance suggests more protekGIONAcylabn and less abundance is
indicative of less @lcNAemodification. 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@CcNAeomes, enabhg 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 OGIcNAcylation status of 179 proteins was altered in placentas from obese compared
to control mothers. The top camical pathways represented by these proteins are ranked
in Figure3:9. The degree of change in protein@cNAcylation is represented by a green
(less OGIcNAemodified) or red (more @IcNAemodified) stacked bar. In placentas from
mothers with an obese BMI, the degree of change in proteiGIENAcylation appears

equal between moreor less protein OG-GIcNAcylation.

WwK2! aArdyl tt Ahvaydp=%418) cantéiBng (i02of dhe IV 9iisignificantly

Ff GSNBR LINRPISAYyad ¢KS aSO02ywrRKROFVSRA GBlyIR2 O
(CME p=1.04E°) containing 11 of the 179 significantly mex@ less O-GIcNAemodified

proteins. A total of 31 mteins from the GGIcNAeome dataset were identified as CME

related proteins, e.g., actirelated proteins, multiple adaptor proteins, clathrin proteins,
lysosomal and endosomalbxpressed proteins, all of which have roles in membrane and
intracellular tafficking, but their abundance in the control and obes&NAeomes did

y2i RATTSN®D ¢KS GKANR OFy2yA0lf DladKsl &
involved multiple proteins that regulate cellular uptake and exchange; including G

proteins integrinsandactins.
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Figure 3:9: The top ten canonical pathways identified by IPA of placentalGzNAcylated proteins
with a >2fold change in abundance (179):
Fold change was calculated as a chainggbundance of placental proteins from mothers with an obese

BMI (3035) compared to normal BMI (28b). Pathways were ranked on a combination of the ratio and
p-value. Ratio was calculated by the number of proteins altered(tgrl; downg green) in the dataset
compared to the total number of known proteins (indicated to the right hand side) within the canonical
pathway. The gralue (orange line) indicates the significance of datasets association with the canonical
pathway, as calculated by a Rigitled Fishers exact test
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3.9.1 A comparison of the obese placentatlGIcNAeome and the normal placental
O-GIcNAeome: Top associated diseasagad biological functions
IPA of the 179 proteins differentially-GlcNAcylated in placentas form mothers with a

normal versus obese BMI suggested functional consequences associated with connective
infectious diseases, neurological disease and psycholodisatders The top obedy-
related molecular and cellular functions predicted to be affected by altered protein O
GlcNAcylation included cell death and survivablecular transport, cellular movement

andcellular growth and proliferatiofFigure3:10).

A Diseases and Disorders

Name p-value range # Molecules
Infectious Diseases et b 2.99E-03 - 9.64E-13 59
Neurological Disease b 3.10E-03 - 2.55E-08 61
Psychological Disorders =l 1.82E-03 - 2.55E-08 39
Metabolic Disease == 2.51E-03 - 2.89E-08 26
Hereditary Disorder “f 2.62E-03 - 7.81E-07 36

Molecular and Cellular Functions

Name p-value range # Molecules
Cell Death and Survival Db «  3.38E-03 - 3.39E-15 95
Molecular Transport L i 3.50E-03 - 2.30E-10 A
Cellular Movement &¥>~2 3.74E-03 - 1.30E-09 62
Cellular Growth and Proliferation =4 2.99E-03 - 1.32E-09 &4
Protein Synthesis Lop : 3.35E-03 - 5.45E-08 52

Figure 3:10: The top diseases and biological functions identified by IPA of 17%BIENAcylated
placental proteins with a 2-fold change in abundance in lysates of placentas from mothers with a
normal (2025) and obese (3@5) BMt

The number of @lcNAemodified placental proteins involved in each disease or biological function is

indicated n the righthand column. Data arenked on a score where@ | f dzS A a OI f Odzf I G SR
exact test
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3.9.2 Proteins exclusively present in the obese placentaBlzNAeome
The above analyses are based on changes@ic@Acylation in proteins present in both

the normal and obes datasets. Another important consideration is the function of the 154
proteins present only in the obese placentalGItNAeome. 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 Figure3:11).

Peicentage

0 1 22 3 9 s e 70 8 % w0 uo 120
Leukocyte Extravasation Signalling |l 198
Protein Ubiquitination Pathway Jj 255
LXR/RXR Activation 121
RhoA Signalling i 122
Signalling by Rho Family GTPases Jjj 234
EIF2 Signalling B4
Paxillian Signalling 101
Integrin Signalling | 207
Complement System 37
tRNA Charging 39

| W Overlaps with dataset Mo overdap with dataset | | -log(p-value) |

Figure3:11: The top ten canonical pathways identified by IPA of@&cNAcylated protein expressed
only in the obese @GIcNAeome (BMI30-35) but not in the normal GGIcNAeome (BMI 2625):
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 thé to
number of proteins known, indicated to the right hand side, within the canonical pathway).-Vaki@
(orange line) indicates the significance of datasets association with the canonical pathway, as calculated
by a Righsided Fishers exact test.
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3.10 Pathway analysis in placenta from mothevgith TILDM
The GGIcNAeome of placentas from mothers with TLDM was compared to the normal O

GIlcNAeome to determine how this PTM might contribute to altered placental function as
a result of maternal diabete ®© t NP (0 $oid yhiangesin eékitessipn 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 moreless O
GIcNAcylated in TLDM

3.10.1 A comparison of T1DM placentatGicNAeome and the normal placental ©
GlcNAeome: Top canonical pathways

¢KS G(G2L) OFy2yAOlt LI GKalaSHlI 42 WwWSEDEY da 2w
Figure3:12), containing 18 proteins overall. 9 proteins reached the significance cut off
(where 6 were moreand 3 less O-GIcNAemodified); including actin and actin related
protein complexes (ARP3 amdRPC3), as well as R$ignalling and integrin signalling
proteins (GDIR1, ROCK1 and ITA3 respectively) that were differenti@liyNaemodified

in placentas of mothers with TLDM.

The second canonical pathways identified in TIDM was again CME sig(aih62E?).
31 proteins were identified within the enriched dataset (15.7% overlap), of which 12
proteins reached the significance threshold (10 of which were mamd 2 lessO-GICNAe
modified). Proteins in this pathway again involved actin and actiated protein
complexes, but additionally adaptor related proteins, clusterins, dynamin, integrin, clathrin

andmany Raselated small GTP binding proteins.

¢KS GKANR OFy2yAO0lf LI GKgl &z WMndiCaied that 98 ( 2 & |
proteins were potentiallydifferentially O-GIcNAemodified in TIDM (12.7% overlap),
where 12 proteins were significantly modified, 8 of which were mor&lENAemodified

in TLDM. These proteins included actins, filamin, fibronectin, integrins and meosin.

The top canonical pathways identified in TLDM compared to control demonstrated that
overall, the change in protein-GlcNAcylation increased in six out of ten pathways. This
finding supports current literature demonstrating a global increase in theléAglation

of proteins isolated from erythrocytes of both TIDM and T2DM patiéWang et al.,
2009)
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Figure3:12: The top ten canonical pathways identified by IPA of placentala@NAcylated proteins
with a >2fold 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 pvalue. Ratio was caltated by the number of proteins altered (upred; down¢ green) in

the dataset compared to the total number of proteins known (indicated to the right hand side, within
the canonical pathway). Theyalue (orange line) indicates the significance of datasetsociation with

the canonical pathway, as calculated by a Rijtied Fishers exact test.

3.10.2 A comparison of the T1DM placentatlGIcNAeome and the normal placental
O-GIcNAeome: Top associated diseasagnd biological functions
IPAsuggests that the differential -GIcNAcylatiorof these 165 proteings associated with

infectious diseases, cancer and organismal injerigure3:13 ¢A) in relation to the T1DM
O-GIcNAeome. The molecular and cellular functions altered in the placentas of mothers
with TI1DM were common to those identified in the analysis of the obesddDAeome;
however ranked differently with significance. Cellugmowth and proliferation are the
most likely molecular functions to be altered as a result of altered prote@lc)Acylation

in the T1LDM placenta.

As this study aimed to address how maternal diabetes may implement a change in
placental protein GGIcNAcylaon, resulting in placental dysfunction, IPA was next used to
assess the toxicological functions related to T1DMGIENAcylated proteins. Renal
dysfunction was identified as a main disease associated with this specific change in protein

modification. In p@rticular renal degeneration, hyperproliferation (overgrowth) and
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hydronephrosis (a kidney associated condition associated with stretched, swollen tissue

due to excess water}{gure3:13).

A Diseases and Disorders

Name p-value range # Molecules
Infectious Diseases = 2.08E-03 - 8.66E-13 51
Cancer Ny .. 2.70E-03 - 4.14E-07 144
Organismal Injury and Abnormalities . 2.76E-03 - 4.14E-07 152
Renal and Urological Disease 92 2.76E-03 - 7.85E-07 43
Respiratory Disease } 3.49E-04 - 8.73E-07 43

Molecular and Cellular Functions

Name p-value range # Molecules
Cellular Growth and Proliferation 1 2.01E-03 - 8.51E-15 96
Cell Death and Survival - b 2.45E-03 -1.81E-11 82
Molecular Transport 4d o 2.50E-03 - 7.09E-11 57
Cell Morphology ~ . 2.71E-03 - 1.80E-09 66
Protein Synthesis - 2.58E-03 - 5.24E-09 39
-log(p-value)
B 00 05 10 1§ ;20 25 30 35 40 45 50  SS

Glomerular Injury I
Renal Degeneration [N
Renal Hyperplasia/Hyperproliferation IS
Renal Hydronephrosis I

Renal Dilation |
Renal Fibrosis |
Kidney Failure |

Cardiac Infarction G

Nephrosis |

Figure3:13: (A) The top diseases and Bio functions identified by IPA (B) Top toxicological functions
identified by IPA of GGIcNAcylated placental proteinEl65})
with a >2fold change in abundance in proteins of placentas fromthers with type one diabetes

mellitus (T1DM) compared to normal BMThe number of @slcNAcylated proteins involved in each
disease or biological function is indicated in the righhd colmn (A). Dataare ranked on a score
wherep@l £ dz8 A& Ol t Odzf (1SR dzaAy3a CAakSNna SEFOG GSai

3.10.3 Proteins exclusively present in the T1DM placentaBltNAeome
85 proteins were found to be present only in the TIDM5@NAeome. Assessment of

these proténs by IPA Rigure 3:140 NB @Sl f SR GKS (2L OFy2yA
aA3IYLE £ AVBA% dvedBpp Phese Proteins included a large number of ribosomal
proteins (L9, L26, L31, S11, S27a) and the transléictor, 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 GGIcNAeome (section 3.6.4). Further analysis indicated that the abundance of
the ribosomal proteins in the TIDM andé€se OGIcNAeomes was similar, except for
RPL31, which was more abundant (28l ) in obesity.

tKS aSO2yR Oly2yAOlf LI Kgl & ARSYOGAFASR
(p=3.00F, with 5.6% overlap). 5 proteins were identified in this pagly, 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 endocytdbianov, 2008)it is possible they
contribute to a change in endocytosis signallingvé®ole, rather than the distinctive

processing of virus entry in TLDM.

¢KS GKANR LI GKgl &z WP | sDMfoteday), cantamed lthie fsamg 3 O
proteins as mentioned above, except that the adaptor protein AP2M was replaced by the

paxillin elated ADP ribosylation factor 1 proteins (ARF1).
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Figure3:14: The top ten canonical pathways identified by IPA ofGcNAcylated protein expressed in
the type one diabetes mellitus (T1DM)-GlcNAeome butnot in the normal GGIcNAeome:
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 proteinsknown, indicated to the right hand side, within the canonical pathway). Thalye
(orange line) indicates the significance of datasets association with the canonical pathway, as calculated
by a Righsided Fishers exact test.
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3.11 Analysis of the T2DM placental-GlcNAeome
The GGIcNAeome of placentas from mothers with T2DM contained 802 proteins. These

proteins were analysed in relation to the Bilatched obese €lcNAeome, resulting in a
total of 943 proteins. 716 proteins werpresent in both groups, 170 of which were
RAFFSNBY GAL {2 NS EnMfetestiSly 850peoteinsHvere morand 85
proteins were lessO-GlcNAcylated in this comparisoim contrastto observations of a

diabetic cohort in current literatre (Wang et al., 2009, Springhorn et al., 2012)

3.11.1 A conparison of T2DM placental @IcNAeome and the BMimatched obese
placental OGIcNAeome: Top canonical pathways
IPA analysis of these two-GIcNAe2 YS RI G aSia ARSYGATFASR

| RKSNBY OS 2dzy®iEA 2uyifadiafcsntewGEmio20d A 4 Q &)/aad T
W[ - wkw- w F O XHs the tapyfifee cahdhigakipationdys most likely pathway
affected by altered protein @lcNAcylation in placentas from women with T2DM
compared mothers with obesityF{gure 3:15). In contrast to themajority of published
observationswhere diabetes is associated with increased prote#GIONAcylatio(Wang

et al., 2009) only three out of the top tercanonical pathways have more protein O

GIcNAcylation than less protein@lcNAcylationKigure3:15).

Epithelial adherens junctions form the matrix of delcell communicationgHollande et
al., 2003) 23 molecules within the T2DM-GIcNAeome belong to this pathway (10.3%
overlap), though only 6 proteins were more@cNAcylated; the remaining 17 proteins

were less @GIcNAcylated, 7 of which reached the significance threshdhe 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 RABSC) are also known to be involved in endscsigpsalling.

Similar to the obese GIcNAeome, 31 of the proteins identified asGIcNAemodified are

involved in CME signalling; 10 of these molecules were significantly modified in the T2DM

O-GIcNAeome (four less and six more O-GlcNAcylated). Thesproteins 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 rededtgins RAB5B, RAB5C, RABA&
RAB11A.
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The third canonical pathway to include differentiallyGItNAemodified proteins in T2DM
placentas compared to placentas from obese mothers was LXR/RXR activation. 23 proteins
were identified as @slcNAemodified, 8 of which reached the significance threshold, with

5 proteins more @GIcNAemodified and 3 proteins less-GlcNAemodified in T2DM.

Peicentage
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Figure3:15. The top ten canonical pathways identified by IPA of platel O-GIcNAcylated proteins
with a >2fold 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 BMIE3D Pathways were ranked on arobination of

the ratio and pvalue. Ratio was calculated by the number of proteins altered¢(tgd; downg green)

in the dataset compared to the total number of proteins known (indicated to the right hand side, within
the canonical pathway). Theyalue(orange line) indicates the significance of datasets association with
the canonical pathway, as calculated by a Rgjtied Fishers exact test.

3.11.2 A comparison of T2DM placental-GlcNAeome and the BMimatched obese
placental OGIcNAeome: Topassociated diseasesnd biological functions
The diseases and disorders related to the T2DNBIENAeome (Figure 3:16-A) were

similar to those associatl with the obese @slcNAeome, 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 @éease thus the fact that inflammatory disease and disorders was

highly ranked in this analysis was also unsurprising.

Similar to the T1DM @IcNAeome, the top molecular and cellular functions related to the

T2DM GGIcNAeome were cell death and survivahs 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 T2ZDMICNAeome
revealed disorders relating to cardiac, renal and liver disorders or disease, all of which

feature as common canorbidities of a T2DM patienF{gure3:16 ¢B).

A Diseases and Disorders

Name p-value range # Molecules
Connective Tissue Disorders - 1.32E-03 - 4.62E-08 40
Skeletal and Muscular Disorders i pom 3.37E-03 - 4.62E-08 58
Inflammatory Disease I 2.72E-03 - 1.07€-07 36
Inflammatory Response ol 6.13E-03 - 1.07E-07 53
Infectious Diseases = 5.83E-03 - 3.20E-07 46

Molecular and Cellular Functions

Name p-value range # Molecules

Cell Death and Survival By 6.04E-03 - 2.71E-14 89

Cellular Growth and Proliferation M 6.02E-03 - 1.83E-12 93

Molecular Transport ke 1 6.15E-03 - 1.79€-10 67

Cellular Movement N LR . 6.13E-03 - 7.77E-09 34

Cell Morphology B : 6.15E-03 - 1.35E-08 68
oglp-value)

00 0.1 02 03 04 05 06 O 08 03 L0 11 12 13 14 15 16 17 18 13 20 21 22 23

Cardiac Fibrosis [
Increased Level of Hematocrit I
Cardiac Damage I
Glomerular Injury I
Kidney Failure |
Renal Hyperplasia/Hyperproliferation
Increased Levels of Red Blood Cells pu
Renal Inflammation |
Renal Nephritis. | —
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Figure3:16: (A) The top diseases and Bio functions identified by IPA (B) Top toxicological functions
identified by IPA of GGIcNAcylated placental proteins (170)
with a >2fold change in abundance in proteins of placentas from mothers with type two diabetes

mellitus (T2DM) compared to obese BMI {38). The number of @IcNAcylated proteins involved in
each disease or biological function is indicatedhe tighthand column (A)Data areranked on a score
wherepdl £ dz§ A& O f OdzAf F SR dzaAy3I CA&aKSNDa SEIOG GSad
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3.11.3 Proteins exclusively present in the T2DM placentaBltNAeome
85 proteinswere expressed ithe T2DM GGIcNAeome, but not in the BMimatched

obese OGIcNAeome, indicating that these 85 proteins become-@cNAemodified in

LI I OSy il FTNRY Y20KSNA @6AGK ¢H5ad Lt! ARSYI
WwS3dzZA F GA2Yy 2F oGS Q@ Idif UINA yY SLONKER (y'Sil-advthdledated p ® 0:72
OA2a8YyUKSAAA LAgOe3d ) mstpathwayd expadted thJoe altered as a

resultof changes to the @lcNAcylation status of these proteins.
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Figure 3:17: The top ten canonical pathways identified by IPA of-GcNAcylated protein (85)
expressed in type two diabetes mellitus (T2DM}@&dNAcome, but not in theobese GGIcNAeome
(BMI 3G35):

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 tdothé
number of proteins known, indicated to the right hand side, within the canonical pathway). -Vaki@
(orange line) indicates the significance of datasets association with the canonical pathway, as calculated
by a Righsided Fishers exact test.
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3.12 A comparison of T2DM placental-GlcNAeome and T.DM placental G
GlcNAeome
A total of 888 proteins were identified; 688 proteins were present in both datasets and

159 proteins were >2old more or less O-GIcNAemodified in the placental @IcNAG

ome of mothers with T2DM, compared to T1DM.

3.10.1A comparison of T2DM placental-GlcNAeome and T.DM placental G
GIlcNAeome: Top canonical pathways
The top canonical pathways can be seen in

Figure3:18. Overall the T2DM @IcNAeome tended to have more -GIcNAcylated (red)

than less GGIcNAcylated (green) proteins in comparison to the T1DGIEAeome. Two
pathways with noticeably more -GIcNAcylated proteins in T2DM compared to T1DM
gSNBE W3t NIOREBSN¥2RSHEHLQ YR Ww3Ifeoz23aSy RSINIF RI

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 aeeOGIcNAeomes. 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.

¢tKS aSO2yR OFy2yAOlt BRYKHAY I BBSY (i AZTAAIYR f 4
WOLIKNRY . aAdyrfftAayaQed ¢KSAS LI GKgl &a &SN

Many of the other pathways, presented in

Figure3:18, were previously identified, but were ranked lower in terms of significance.
CKSaS AyOf dRSRAIW/SIROSRYRADeG2aArAa {AdylLttAy
FOGAGIFGA2YyQ aAadylttAyad | RRA Wwereigehtified &ith Df & ¢
54.5% and 53.8% coverage respectively. It is interesting that the pathway responsible for
the breakdown of glycogen is differentially-@cNAemodified and particularly, that
molecules were mor€®-GlcNAemodified in T2DM compared 61DM
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Figure3:18. The top ten canonical pathways identified by IPA of placentala@NAcylated proteins

with a fold change >2fold in abundance (159)-old change was calculated as a changgbimdance 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 aralye. Ratio was calculated

by the number of proteins altered (up red; down ¢ green) in the dataset compared to the total
number of proteins known (indicated to the right hand side, within the canonical pathway).-Vaki@
(orange line) indicates the significance of datasets association with the canonical pathwalgutested

by a Righsided Fishers exact test.
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3.12.2 A comparison of the T2DM placentatGIcNAeome and T1DM placental O
GIcNAeome: Top associated diseasasad biological functions
The main functions associated with the differences in protei@IENAcylation 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 mavanegn
again, likely to be changed as a result of altered protei@GIENAcylation. These data,
summarised irFigure3:19, suggest that there are chaeg to placental function that are

unique to each sultype of diabetes.

Molecular and Cellular Functions

Name p-value range # Molecules
Cell Death and Survival W ' 7.51E-03 - 7.39E-11 74
Free Radical Scavenging i 7.51E-03 - 2.06E-09 23
Molecular Transport Ll 7.51E-03 - 3.01E-09 52
Cellular Movement N 7.51E-03 - 1.14E-07 43
Cell Morphology T 7.51E-03 - 3.01E-07 46

Figure3:19: The top Bio functions identified by IPA of-GIcNAcylated placental proteins (159) with

a >2fold change in abundance iproteins of placentas from mothers with type two diabetes mellitus
(T2DM) compared to type one diabetes mellitus (T1DM)he number of @IcNAcylated proteins
involved in each disease or biological function is indicated in the-hightl column. Datare ranked on
ascorewhere@| f dz§8 A& OF f Odzf  § SR dzaAy3d CAAKSNRa SELF O
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3.13 Discussion

3.13.1 The human placenta is capable of performing proteirGIcNAcylation
Placental tissue stained positive for OGT and OGA, as welGisNAemodified proteins.

O-GIcNAcylation was greatest in the exchange membranes of the placenta and the fetal
capillaries of the villous tissue, suggesting that proteiGI©NAcylation could have a major

role in regulating trophoblast and endothelial niction. Proteomic analysis of SWGA
enriched tissue lysates by MS provided further strong evidence that protein O
GIcNAcylation occurs in the human placenta. IHC analysis also demonstrated cytoplasmic
and nuclear positive staining, which was reflected i tproteomic 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 malartffemale 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 pregnancySheiner et al., 2004which is exacerbated in pregnancies complicated
by maternal diabeteg§Retnakararet al., 2015) One study screened mouse placental tissue
for Xlinked 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 G@d consequently protein ©
GlcNAcylation(Howerton et al., 2013)suggesting the sensitivity to placental protein O
GIcNAcylation may be different between male and female infants.
This proteomic study was not digned, or powered, to investigate whether a fetal sex
alters vulnerability changed placental@cNAcylation as a result of maternal diabetes.
Future studies could obtain a larger sample size, subdividing samples by fetal sex, to
investigate if male or fmale infants are more susceptible to poor perinatal outcomes as a
result of diabetegelated alterations in placental protein-GlcNAcylation.
Enrichment of proteins
This study enriched -GIcNAemodified proteins usinghe lectin SWGA. This method as
well-established, reproducible and readily accessible metfitachara, 2009, Cieniewski
Bernard et al., 2014)Analysis of the proteomiclata indicated the enriched lysates
contained multiple established-GlcNAemodified proteins (e.g. OGT, Actins, tubularsl
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ribosomal proteingHart et al., 2007%) providing evidence that the protocol successfully
isolated OGIcNAcylated proteins. Novel@cNAdargets were also identified, advancing

our undersainding of how protein @slcNAcylation 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-isolated proteins that are not GIcNAeargets,
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 datasetsvéiBAised to explore

the biological functions associated with eackG@NAeome. IPA can predi¢he activity of

protein signallingpathways (activation or inhibition) as a result of a change in protein
expression. However, as a protein enrichment methaasvapplied to the lysates before

MS analysis in this instance, a change in protein abundance was as a result efomore

less modification, so no conclusion about the direction of altered canonical pathway

W OGABAGEQ OFYy ©6S RNIgy FTNBY GKAA Fylfeara

3.13.3 Proteomic analysis of OGT, OGA and GFAT: the enzymes regulating HBP flux
and protein GGIcNAcylation
OGT and OGA are knowrRGIcNACc targetéKreppel et al., 1997, Lazarus et al., 20@BBA

was not present in this dataset, either because it is ngblONAcylated in placenta or its
single OGIcNACc target site (s&t05)(Lazarus et al., 2006nay not have been available for
SWGA binding during enrichment. OGT was present in the placenr@iciAeome;
however there was no change in@cNAcylation between T1DM and itMBmatched
control. There was an increase in OGIGIONAcylation when the obese-GcNAeome

was compared to the normal-GlcNAeome (1.65fold); suggesting OGT may be more O
GIcNAcylated in the placenta of mothers with an increased BMI. There is soreeayid
suggest that an increase in proteir@cNAcylation, by pharmacological inhibition of OGA
in cells, results in a decrease in OGT protein expression to maint&@icNXAcylation
homeostasis(Zhang et al., 2014)suggesting that changes to OGA and OGT protein
SELINB&aaAzys NI G§KSN (KI y-GldNAcyldtieh Asiatdsy Individualy G | A
with pre-diabetes and diabetes have increased ergtlyte protein QGIcNAcylation,
increased OGA protein, but no change in OGT expre§Bamk et al., 2010)This increased
OGA expression is thought to be a compensatory mechanism to maintain erythrocyte
function, as individual expression of erythrocyte OGA ineedawith the severity of

hyperglycaemia(Park et al., 2010)OGT was not present in the-G&cNAeome 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 dogulated in mothers wit T2DM in attempts

to maintain GGIcNAcylation homeostasis.

RFgPCR was used to investigate OGT and OGA transcript expression in placentas from
mothers with diabetes, compared to contrd\laternal diabetes appeared to have no
effect on OGT and OGA tranigts. Ideallyto observe any real changghis assay would be
repeated with a larger sample size to increase statistical ppvewevera difference in

OGT and OGA expression may have been observed at a protein level, which was not
investigated in this studyFurthermore, it was not possible to attain information regarding
blood glucose levels for these patiersted so transcript expressioof 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 isGIONAcylated; however the
dbOGAP predictive tool suggests that GFAT has 9 pos3iBleNAc target sites. In ¢h
current proteomic analysis, GFAT was present in three of the datasets, with minimal
change in @GIcNAcylation status between placentas from mothers with TILDM and those
with a matchedBMI. In contrast, there was a 100% increas©-GIcNAcylation of GFAT in
placentas from mothers with T2DM compared to the obese control, indicating that
maternal T2DM is associated with an increase in proteiGl€NAcylation of placental
GFAT. GFAT is partially inhibited by WEENAc productionworking as a temporary
negative feedback mechanism to prevent excess glucose being processed through the HBP
(Ma and Hart, 2013)RFqPCR analysis of GFAT transcripts ve¢se conducted butwere
inconclusive de to the variation in YWHAZ. It is possitilat the OGIcNAcylation status

of GFAT further regulates this process and an increase@cAcylation in T2DM may
cause disruption to this control mechanism, resulting in increased glucose HBP flux and

altered protein GGIcNAcylation.

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 @5lcNAcylation, supporting the ypothesis that protein ©
GIcNAcylation is important for normal placental development and function. This study
provides evidence, for the first time, that the placentalGtNAeome is altered in
placentas from mothers with obesity, TIDM or T2DM. Multipdenparisons of each -O

GlcNAeome have provided an indication as to which placental functions may become
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dysregulated as a result of altered proteinGIcNAcylation. The next step was to decide
which of these top canonical pathways (summarisedTable 3:5) was worth taking
forward for further investigation, developing experimental assays to measure any change

to placental function as a result of alterpdotein OGGIcNAcylation.

Analysis of the normal and the obeseGItNAeomes (when examined separately in IPA)
identified the same top three canonical pathways likely to be regulated by protein O
GIcNAcylation. It is therefore reasonable to conclude thatameal obesity had little effect

on the placental @lcNAeome. As the main focus of the study was to identify aspects of
placental function that alter as a result of proteinr@cNAcylation in diabetes, the

remainder of this discussion will concentration diabetesrelated 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
GIcNAeome of mothers with control BMI (225), an obese BMI (3€B5), preexisting type one
diabetes mellitus (T1DM) or prexisting type two diabetes mellitus (T2DM).

Canonical pathway position defined by IPA
Comparison Group 1st | 2nd | 3rd

Control

# of proteins

Eukaryotic Initiation
Factor 2(elF2) signalling
(194)

71

Regulation of elF4 and Remodelling of epithelial
p70S6k signalling (157) adherens junctions (68)

37 25

Obese

Eukaryotic Initiation
Factor 2(elF2) signalling

Remodelling of epithelial
adherens junctions (68)

Regulation of elF4 and
p70S6k signalling (157)

(194)
# of proteins 76 27 39
Obese v control RhoA signalling (122) ~ Cahrinmediated = o o) cignalling (173)
endocytosis (197)

# of proteins 18 31 24

# S|gr_1|f|cant 10 11 10

proteins

vnQc Yy, Qo mnQc

T1DM v control

Regulation ofActin-
based motility by Rho

Clathrinrmediated
endocytosis (197)

Actin cytoskeleton
signalling (228)

(91)
# of proteins 18 31 29
# S|gr_1|f|cant 9 12 12
proteins
HCc Qo M QM Yy, @n
B aisdluiaten Virus entry via endocytic
T1DM only Factor 2(elF2) signalling Paxillin signalling (101)
pathways (89)
(194)
# of proteins 7 5 5
Remodelling of epithelial Clathrinrmediated oo
LARLUNI 0 adherence junctions (68) endocytosis (197) PARINREEN L ()
# of proteins 23 31 22
# S|gr_1|f|cant 7 10 8
proteins
HH Qp mnQc mHp Qo
Reguieten efesluer -, -linolenate biosynthesis
T2DM only Fatty acid Activation (13) Mechanisms by Calpain

# of proteins

2

proteases (57) Il (animals) (17)
3 2

T2DM v T1DM

# of proteins
# significant
proteins

Eukaryotic Initiation
Factor 2(elF2)signalling
(294)

63

14
M/ n

Protein Kinase A

signalling (390) Ephrin B signalling (73)

28 9
11 5
Yy, Qo mnQm

The number of known proteins involved in each canonical pathway is noted in brackets (). Theafumber
pathway proteins within the @lcNAeome datasets is shown, as well as the number of significantly
modified proteins (<0-old and >2fold) identified and the direction of change, with the number of
significantly morerg) or significantly lesst() O-GkNAcylation.

The T1DM @slcNAeome was associated with rensdlated diseases, such as

degeneration, hyperproliferation and the development of fibrosis, whereas, the T2bM O
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GlcNAeome was linked to a multitude of disorders, such as cardiac fibrosis adéca
tissue damage, renal inflammation, liver necroaisd renal hyperproliferation. Renal
disease, as well as cardiac and liver dysfuncii@ncommonly associated with T1Ddwd

T2DM respectivel{Shahbazian and Rezaii, 2013, Kristensen et al., 2Qig)esting TILDM

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 GGIcNAcylabn, is not unique to one sublassification of diabetes. This is
supported by the fact that these protein sets were each compared to theirrBéthed
controls, but still identified hyperproliferation as a top associated dysfunction.
Investigation into dkered placental growth as a result of a diabetetated change in

protein OGIlcNAcylation will be investigated and discussed further in chapter 5.

Several proteins, including actin, actin related subunits and tubulin proteins, commonly
featured among thetop canonical pathways, suggesting a change in protein O
GIcNAcylation has the potential to cause dysregulation of cytoskeletal signalling in
placenta trophoblasts and fetal capillaries. Actin and tubulin are knov@idDlAetargets
(Walgren et al., 2003, Zachara and Hart, 2006, Hart et al., 2608)therefore probable

that the changes in @IcNAcylation status of actin and tubulin were real observations in
this proteomic study. However, riger proteins are known to be ovweepresented 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 amgbulin 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 multipler&ated

GTPases. These proteins all haveesoin regulating key cellular functions thus it is
plausible that altering their @lcNAcylation status will have major impact on protein

translation, endocytosiandvesicle trafficking, as well as cell turnover.

The placenta has a role in regulating alge, 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 GGIcNAeomes, 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 €GIcNAcylation could regulate the exchange of material between

maternal and fetal environmds. OGIcNAcylation of endocytosiegulating 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-GIcNAcylatiorcould 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 endoctosisrelated pathways and functions were identified by IPA with high
significance; 2) many clathrmediated endocytosis (CME) related proteins were identified

in multiple canonical pathwaysnd 3) endocytosis is a major function of the placenta and
therefore, changes to CME as a result of alteredSIONAcylation 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
reguatory processes will aid the development of therapeutics to help prevent poor

pregnancy outcomes.

3.13.4.1 Clathrinrmediated endocytosis in the proteomic analysis:
31 OGIcNAcylated proteins, out of 197 proteins known to be involved with CME signalling,

were identified in both the TADM and T2DM datasets (15.73% overlap). Clagauy
chain (CLTC) has previously been identified by MS analysiGiEiN@emodified (Nandi et

al., 2006) but the finding was never validated. Therefore, little is known about clathwin O
GIcNAcylation and the functional consequences. Interestingly, in both the T1DM and
T2DM GGIcNAeome datasets, clathrin is l8S3GIcNAcylated compared to the respective
control, suggesting this is a common trait of placenta in diabetes. There is no published
information on the GGIcNAcylation status of the adaptor proteins that were identified in
this study. Two other clathrinssembly proteins AP3 and AP180, have been shown to be
O-GIcNAcylated in purified rat brain samples, suggesting -&ldMAcylation has a
regulatory control of CME in neuronal synap¢¥ao and Coleman, 1998, Graham et al.,
2011) It is possible that altered-GIcNAcylation of clathrin adaptor proteins 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 3.1®ld and 2.5-fold more O-GlcNAemodified in TLDM and T2DM-O

GIcNAeomes respectively, when compared to their BiMatched controls. This clear

increase in protein €IcNAcylation again seems to be a trait of placentas from mothers

with pre-existing diabetes. DNM2 -GcNAcylation status is unknown; however, DNM2

AA3AYylLffAy3a KIF A& 0SSy-cell iKstlig yeleaseandré&yulatioh @f2biosd S R
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adzaAF N K2YS2adGrairad | adddRe -cElRgméift KO kKbuse | y 2
model) resulted in the development @flucose intolerance and poor glucestmulated

insulin secretion(Fan et al.,, 2015)suggesting BIN2 is vital for maintaining both
SEz20ei2ara YR SyR20&l2axkdls t@ Faintaiy ldebsk y A
homeostasis. Fan et.al concluded that disruption in DNM2 signalling contributes to the
pathological development of diabetes. Altered proteirGIzNAcylation 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 OGIcNAcylation. This pathway will be experimentally scrsgitiand discussed

in more detail throughout chapter 4.

5dz2§ G2 GKS @lad ljdayagrade 2F REFEGEF 3ISYSNI (SR
discussion will focus on the top canonical pathways identified for each comparison,
focusing on whether the>-GlcNAcylation statuses of the significantly modified proteins

are currently knowrand how a change in protein -GlcNAcylation could affect placental

function in pregnancies complicated by maternal diabetes.
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3.13.4.2 EIFZsignalling
The top canonical pathway in the normal and obes&GIENAe2 YS 61 a WSdz] ||

AYAGAL GA@N2) dignabing? B2 pldys a critical role in the initiation of protein
translation, leading to protein synthesis. The main stages in translation ateevedwed
(Kimball, 1999and summarised ifrigure3:20.
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Figure3:20: elF2 signalling pathway regulates protein translation initiation in eukaryates
Figure adapted fronfKlann and Dever, 2004)he 80S ribosome musirst disassociate into 60S and 40S

subunits, a process stimulated by elRB&ano et al., 2001¢IF2 binds to methiomtfansfer RNAi (Met

tRNAI) in a GFBependent manner, to transfer mRNA to the 40S ribosome, forming 488ifiegion

complex at the start codorfKimball, 1999) The convesion of elFZGDP to elF&TP is regulated by
elF2BK2 6 SOSNJ (iKAa LINPOSaa Aa AYyKAOAGSR 6KSy SLCwuh
PTMs of elFs have a regulatory control on translafilann and Dever, 2004, Kimball, 199B)e 48S
pre-initiation complex associates with elF3 and elF1A to scan the start codon and translation begins
(Klann and Dever, 2004)

O-GIcNAcylation is an established regulator of protein translatidanover et al., 2012,
Bond and Hanover, 201,5¢urrently, elongation factors and ribosomal proteins make up
one quater of the proteins known to be @IcNAemodified (Hart and Akimoto, 2009)
Several components of elF2 signalling were identified in the normal (71 proteins) and
obese (76 proteins) @IcNAeomes, including ribosomal protesn and eukaryotic

translation initiation factors or elongation translation initiation factor proteins; as well as
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the insulin receptor (IRynd the mitogenactivated protein kinases, MAPK1 and MAPK3.
These data suggest that-GIcNAcylation of ribosomal preins 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 elF2 signalling
proteins identified as @IcNAc targets by this studhave been documented as-O

GIcNAcylated in the literature.

{2YS aitdzRASAE KI @S 20aSNBSR |y AyONBlFasS Ay
consequently inhibited the reformation of el&TP, suppressing protein translation
initiation in the placenta®f infants that were growth restrictedYung et al 2008) It is

possible fetal overgrowth in pregnancies complicated by materrabetes, may be to

a2YS SEGSyiG=Z | 0O02yasSljdsSy0S 2F KeLkRLK234&LK;

increased GGIcNAcylation.

Placental elF2ignallingand protein translation are also thought to be regulated, in part,

by the activity of mTOR in response to nutrient availabili@Gaccioli et al., 2013p)
emphasising the link between HBP signalling and its ability to respond to fluctuations in
ydzi NA Sy i | @I GicMAsylafiosstatdsdis uSkinadvafiowever the activity of
SLCuh A& (K2dzAKG (G2 065 NBIdA I-GlSRaeamei (Hart 0 A Y R
and Akimoto, 2009)This further suggests that proteinr@cNAcylation has a distinctive

role in regulating translationas summarised iRigure3:21). Futurestudies could observe

the phosphorylation/@f Ob! Oéf I GA2y &Gl Gdza 2F SLCuh Ay
obesity and diabetes to investigate whether increased placental and fetal growth is
aa20Al G§SR oA G@BcNAdyl&ight § SR SLCHh h

‘. Regular energy (ATP) + hyperglycaemia J

| Reduced cellularenergy (ATP) J | Regular energy (ATP) J )
eIFZ\_(/  Gop ,‘- e|F2a J/ G \e_IEEI(
: : elF2a ) eIF3B (_elF3B
4 \ . T
23 / e
48S 48S 485

initiation initiation initiation
complex complex complex

J translation ¢>translation “ translation

FGR Normal growth Increased weight

Figure3:21: A summation diagram to show how changes in elF2 signalling
may occur in the placenta as a consequence of altered protein phosphorylation (p)@feN@cylation

(G), causing a change to protein translatio
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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 OGMMuthusamy et al., 2015)This effect was reversed when the gene
coding for E2F1 was silenced, clearly demonstgathat in normal cells, E2F1 has an
inhibitory control over the translation of these two enzymes, probably to maintain O
GIcNAcylation homeostasis. This regulatory role may become disrupted in the placentas of
mothers with diabetes, resulting in alteredanslation of these enzymes and placental
dysfunction. Although out of the scope for this project, future work could examine the
phosphorylation and &@lcNAcylation status of individual elFs and correlate their PTM
with the expression of these two enzymiesplacentas from mother with TIDM or T2DM

to the relevant BMcontrols.

3.13.4.3RhoA signalling and Regulation of Actirased motility by Rho
RhoA signalling was the top canonical pathway identified by IPA when comparing the O

GIlcNAeome of mothers wih T1DM and the normal -GlcNAeome. RhoA signalling and
regulation of the actin filament network is largely dependent on small GTPases of the Rho
family, mainly, RhoA, Racl and CDEfenneManneville and Hall, 2002)These &
proteins cycle between inactive (GbBund) and active (GHsbund) states, working as a
molecular switch downstream of signal transduction pathw@ysiProt, 2015)RhoA, Racl

and CDC42 have different downstream actions, which are summaridedure3:22 and

can therefore stimulate a whole host of cellular processes such as, regulating actin and
microtubule dynamics, cell polarity, vesicular transport and trafficking, phagocytosis,
transcripion and apoptosis, reviewed (EtienneManneville and Hall, 2002, Bustelo et al.,
2007)

All three of these proteins were identified to be@cNAemodified in this study. CDC42

and Racl were both more-GlcNAemodified in TLDM compared to control. These data
indicate the potential for protein @lcNAcylation to regulate multiple functions in the
placentaandthe possibility for some of these functionBSigure3:22) to be dysregulated in

the placenta of mothers with diabetes.
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Further observation of the @IcNAeome revealed that other proteins within this
pathway, Profilin 1 (PFN1) and Cofilin 1(CFL1), to 48cAcylated in placenta. These
proteins regulate actin polymerisation, causing actin disassembly in the cytoplasm
(UniProt, 2015) CFL1 was significantly moreGItNAcylated (2.68Id) in the TIDM ©
GIcNAeome. Interestingly, a study of CFL1 in lmte@ancer cells found that partial
silencing of OGT (by siRN&x)d therefore reduced @GIcNAcylation, resulted in poor cell
motility. The authors concluded that -GlcNAcylation of CFL1 was required for cell
invasion (Huang et al., 2013)Increased €5lcNAcylation of CFL1 in the placenta of
pregnancies complicated by T1DM may alter actin dynamics in thetroghoblast,
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
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these pregnancieandthe increased thickening of theophoblastic basement membranes
associated with diabeteddonda et al., 1992)

Placentas of mothers with diabetes are also associated with increased syncytial kiKgt (Sy
formation, where the syncytiotrophoblast nuclei aggregate to form irregular and disperse
multinucleated protrusions on the villous surfaidonda et al., 1992)It is possible that
increased hyperglyemia in diabetes could result in-GicNAcylation of CLF1 and
increased cytotrophoblast turnover, disruption of actin polymerisation, alteredtaetkll

communication and increased frequency of syncytial knots in these placenta

Rhasignalling targets, such as Rho GDP dissociation inhibitor alpha (GDIR1) wia$d4.17
more OGIcNAemodified in placentas from mothers with T1DM. This protein is a
recognised G@GIcNAc target; though the exact site and function of this i@stslatioral
modification is unknown(Nandi et al., 2006)GDIR1 regulates-@otein GDFGTP re
formation by inhibiting removal of BP, rendering RhoA, Rcl and CDC42 inactive, but
protected from degradatior{UniProt, 2015) GDIR1 has 11 phosphorylation ser/thr sites
and three predicted @slcNAesites; one of which (setl5) is in close proximity to a
known phosphorylation site sef01 (Dinkel et al., 201). Increased €5IcNAcylation 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 pithelial adherens junctions
IPA analysis of the T2DM@&@cNAeome compared to the obese-GlcNAeome identified

remodelling of epithelial adherens junctions as the top pathway most likely to be altered
by a change in @IcNAcylation. €lls are connected by intercellular adherens junctions
(AJ). Some of the main proteins involved in this process are the cadherins (especially E
cadherin and VEadherin), which have extracellular, transmembrane and cytoplasmic
domains. The extracellular dwins bind calcium to form complexes with other calcium
bound extracellular cadherins of neighbouring célsrano et al., 1987)Cadherins are

also linked to the intracellular cytoskeleton and largelylamalise with actin bundles
(Hirano et al., 1987)Cytotrophoblasts express-dadherin but expression is lost on
differentiation and fusion with the syncytium whereas-vd&tiherins are important for cell

to cell communication of placental endothelial c€l$ou et al., 1997)

Epithelial Ecadherin:
Cadherin was not present in the proteomic datasets generated in this study; however

multiple catenins, which interact with-&adherin as negative regulators, were identified as
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O-GlcNA-modified. One study investigating how proteirGcNAcylation changes during
apoptosis (caused by pharmacologicatiguced ER stress) found increased O
GIcNAcylation of the cytoplasmic domain of newly forme® E R K S NA& y-catenfhR 2 F
which resultedn reduced cell surface transport and reduced intercellular adhe&bn et

al.,, 2001) In the T2DM @BIcNA€2 YSZ OF G Sy Ay LINBINBdylstedB.® & | &
T 2 f Reatehin Stabilises the link betweendadherin and actin and the cytoskeleton
(Rimm et al., 1995)Decreased @t Ob ! O& f icaiehi®? ¥ coddFincrease 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 VEcadherin:
One study investigating increased angiogenesis in diabetic placentas reported decreased

(by 50%) localisation of vasculand®thelial cadherin (MBI RKSNAY O | YR |
junctions, which was associated with increased leakage of a fluorescent {tazach et

al., 2004) Image analysis of these placentas fouimcegular and disperse protein
expression within junctional zones compared to control and that each protein was more
phosphorylated(Leach et al., 2004)rhese 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 K2 6 SGSNJ GKS LI | OSy il YIed O2YLISyal i
increasindfibrin deposits at the vessel adhesion junctions. Increased fibrin is phenotypical

of a placenta from a pregnancy complicated by maternal diab&eafge et al., 2012)

Although these data provide strorgyvidence to support the hypothesis that protein O
GIcNAcylation can influence placental adhesion junction formation, it is known that
disassembly of these adhesions require the endocytosis of integrins through clathrin
dependent pathwaygChao and Kunz, 20Q9uggesting 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 teetchsiudy

CME as a functional pathway in chapter 4.

3.13.4.5 Additional interesting pathways identified
Some norsignificant, but potentially interesting pathways identified in this study included

mitochondrial dysfunction and degradation of glycogEm(re3:8 and
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Figure3:18 respectively). Recently the location and expression of mitochon@@TI 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 dysregulatedGZNAcylation of mitochondrial
proteins plays a role in the development of mitochondrial dysfunction typically associated
with diabetes(Banerjee et al., 2015}t is possible that a change in mitochondrial protein
O-GIcNAcylation in placenta leads to altered mitochondrial membrane potential, oxygen

consumption and ov&ll energy production.

Glycogen synthesis is known to be impaired in patients with diab@gtatse et al., 2001)

The comparison of T2DM and T1DM3@NAeomes highlighted that many of the enzymes
responsible for catalysing the conversion of glycogen to glucose are differentially O
GlcNAemodified in T2DM. The change in proteinGRENAcylation 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 glucelsphosphate; a glucose analogue that
enters glycolysis and the HBP flux. This novel masien 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 pretein O

GIcNAcylation. These functions include protein translation, RigAalling, the regulation

of focal adhesion and celb-cell communication. It is possible that altered HBP flux and
protein OGIcNAcylation in placenta adjusts the interplay betweeiGIENAcylation of
multiple proteins which may ultimately be responsiliée aberrant cellular function in the
placenta from mothers with diabetes. Unfortunately, this project ad have the scope or
resources to study all of these pathways; however they provide a starting platform for

other studies to develop our understaimgy of this PTM in governing placental function.
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Chapter 4- Components of the Clathrimediated Endocytosis (CME) are
differentially O-GlcNAemodified in placentas from mothers with

diabetes, leading to altered placental uptakaf 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 TIDM or T2DM. The experiments presented
in this chapter aimed to verify that ClathrAmediated endocytosis (CM&$sociated
proteins identified by MS are indeed-GIcNAemodified and investigate if protein ©
GIcNAcylation altered as a consequence of maternal diabetes affects placental CME.
CME internates a variety of large molecules that cannot move freely through the
hydrophobic cell membran@éivanov, 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
membrare turnover (McMahon and Boucrot, 2011)The cytoplasmic tail of a
transmembrane receptor contains a short sequence that governs the reanitrof
specific adaptor proteins (APs) to the membrane on ligand bin@irgub and Bonifacino,
2013) Multiple APs and AP complexes exist, which recognise various motifs of the
NBEOSLIi2Nna Oeidz2L) aYAO GFAf X (KSMarsth ghd G dzNJ/
McMahon, 1999) hence this pathway is also referred to as receptmdiated
endocytosis. Extracellular cargo intatisation 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 gtc®v,
2008) Clathrin is composed of three clathrin heavy chain subunits (CLTC) and three
clathrin light chain subunits (CLCA and CIKiB)hhausen and Harrison, 198Epllowing
clathrin assembly, the membrane invaginates creating a clattoated pit which can bud

off intracellularly forming a clathrigoated vesicle (CCVshaapsulating the cargo and
membrane receptors(Marsh and McMahon, 1999)Tre budding process, known as
scission of vesicles, is assisted by the protein dyndKimthhausen et al., 2014Llassic
CME cargoes includew density lipoproteins (LDL), signalling molecules, such as peptide
hormones and growth factors f&)andtransferrin(lvanov, 2008)

Following internalisation, clathrin disassociatesnirdahe vesicle, facilitated by proteins
such as auxilin and Hsc7@ngewickell et al.,, 1995and vesicles fuse with early
endosomes. Endosomal compartments maintailow pH (5.5) by the action of an ATP
dependent proton pump in the membrandYamashiro et al., 1983)This acidic
environment can cause rapid liganeceptor dissociation, allowing them to continue afpn
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 (MVBsand later lysosomes for degradation, depending on cellular demaiitis.
fate of endosomal cargo depends on the-d&d3ociated sorting proteins (CLAS{P&Nov,
2008) recruited to the membrane on ligand bindings well as the Ras related protein

(RABS) present in the endosome membrane.

Transferrintransferrin receptor is a weknown ligandreceptor complex internalised by
CME, resulting in iron transpairito the cell(McMahon and Boucrot, 2011\We therefore
chose to investigate this ligam@ceptor complex as an exemplar of CME; additionally
placental iron import is critical to fetal development throughout pregnaiBgntley,
1985) Transferrin (80kDa protein) is synthesised in the liver, testis and centrabuse
system; three forms exisserum 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 whitjidera et al., 2003)Transferrin has
two iron binding domans (Nterminal and @erminal) that, when bound with iron,

produce a conformational change, increasing the binding affinity for the transferrin

receptor (TFR{Widera et al., 2003) LNRYy OFly 06S ¥F2dzyR & WFNEB

ferric (Fe3+) ions, but is rarely found int#eFf NESQ &G adS Fa AdG KIF a
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 routinélood tess 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 theaigion of

the iron from the transferrirreceptor 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 ifbtardng et al., 1983) It is
thought that transferrin has a halife of 8 days, recycling over 100 times, before it is
removed typically by the kidneys and excreted in ur{Bertis 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 stqWalera

et al., 2003, Zhu et al., 2004)arge quantities of iron are required for the synthesis of
haemoglobin(Harding et al., 1983jaintaining adguate level in the haematocrtb allow

for optimal oxygerdelivery to the placenta and fetus during developmédBothwell,

2000)
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Theplacental cell lin&known as BeWo cells ammmmonly used as a model of placental
trophoblast cellsin vitro. BeWo cells are advantageous for research as they express
multiple proteins observed in the human placenta, such as membrane boweptes.
Additionally BeWo cells casecrete a wide range of hormones typically expressed by the
placenta throughout gestation, such as human chorionic gonadotropin (hCG),
humanplacentallactogen (hPL) and progesterofattillo and Gey, 1968, Pattillo et al.,
1971, Pattillo et al., 1968)n addition, receptarmedicated endocytosis of transferrin has
previously been observed in vitro using BeWo dgfltsn derEnde et al., 1987, Heaton et
al., 2008) BeWo cells were therefore selected as a model to investigate how altered

protein OGIcNAcylation may affect CME in pregnancies complicated by diabetes.

There are however some limitations to the use of BeWo cells vghaalyingdiabetes.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. rdardo study

how altered protein GGIcNAcylation (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 challengimgtéopret 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 investigatias theycan sustaingrowth in culture,
reaching confluence within three dayallowing high througiput of experiments, unlike
primary isolated cells that are unstable for prolonged cultibespite the issues with high
glucose culture, the effects of lugosamine and pharmacological compounds to
manipulate protein GGIcNAcylation could also be investigated using BeWo cells alongside
high glucose treatment.Therefore, BeWo cellswere ideal for defining the assay
parametersin which increasel HBRflux and protein OGIcNAcylationcan occur before
investigating the functional effect of altered HEEx in primaryex vivoplacental tissue as

a model of diabetes in pregnancy (which we have limited access to use).
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4.2 Investigating the CME proteinslentified as differentially GGICNAe
modified in placentas of mothers with prgestationaldiabetes compared with
BMI-matched controls

The CME proteins identified as differentiallyGItNAemodified in placentas from mothers

with TIDM or T2DM can be sebighlighted inFigure4:1 andFigure4:2, respectively.

These schematic diagrams, adapted from IPA, indicate a fold change value for more (red)
or less (green) @IcNAemodified protein in placentas (sWG&riched fraction) from
women with diabetes compared to control mothe® more intense coloumdicating a

greater fold change. These data are summarisethinle4:1 and Table4:2.

Proteins shaded in grey were also identified by the mass spectronaetayysis of ©
GlcNAeenriched lysates; these proteinsowever, did not reach the Zold change cut off

as defined in chapter,3ection 7These proteins include clathrmeavy chain (CLTC), actin
related proteins- 2/3 complex subunits (ARPC2, ARPC3CARMtegrin subunits (ITGAS,
ITGBland ITGB4), lysosome proteins (LYZ), manyr8ated proteins (RAB5B, RAB5C,
RAB7A, RAB11A), a phosphatidylinositol binding clathrin assembly protein (PICALM),
dynamin2 (DNM2), transferrin and the transferrin recep(di and TfR).

Of the 31 CMkEelated OGIcNAemodified proteins identified in TIDM or T2DM, 26
proteins were identical (83.87% crossover) between the tw@IENAeomes and 5 unique
CME proteins were identified in each group. These are highlighted (oramgppendix C,
table 2.
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Table 4:1: A summary of the 12 most significantly different-GlcNAemodified clathrinrmediated
endocytosis proteins in TLDM-@GIcNAeome, compared to control.

UniProt . . Fold
Entry Name Protein Name Type Location Change
ACTG2 Actin, gamma 2, smooth muscle, Other Cytoplasm 4.002

enteric
ACTR3 ARP3 actimelated protein 3 Other Plasma 313
homolog (yeast) Membrane
Adaptor related protein complex 1
AP1B1 beta 1 subunit Transporter Cytoplasm 2.386
. . Extracellular
APOE Apolipoprotein E Transporter Space 2.087
ARF6 ADP ribosylation factor 6 Transporter Plasma 2.087
Membrane
ARPC3 Actin related protf_eln 2/3 complex Other cytoplasm 3.13
subunit 3
CLU Clusterin Other cytoplasm 4.173
CSNK2B Casein kinase I2eta Kinase Cytoplasm 2.042
DNM2 Dynamin 2 Enzyme Plasma 3.13
membrane
ITGB4 Integrin subunit beta 4 Transmembrane Plasma -3.344
receptor Membrane
PICALM Phosphatidylinositol b|nQ|ng clathril Other Cytoplasm 2087
assembly protein
S100A8 S100 calciurbinding protein A8 Other Cytoplasm 2.087

Proteins identified by proteomic and IPA analysis of enrich&cNAemodified proteins in term placenta
lysates (n=6; pooled) from mothers with type one diabetes (T1DM), compared teradddhied control group
(n=5; pooled). Green shading indicates molecules that were less represardederefore less @IcNAe
modified and red shading indicates molecules that are mofBldDAeanodified in placentas from women
with diabetes compared to those from control mothers.

Table4:2: A summary of the 10 most significantly different-GlcNAemodified clathrinrmediated
endocytosis proteins in T2DM, compared to obese control.

UniProt . .
Entry Name Protein Name Type Location FoldChange
AP2A2 Adaptorrelated protein _complex 2 Transporter Cytoplasm -9.396
alpha 2 subunit
ARF6 ADRribosylation factor 6 Transporter Plasma Membran| -2.349
ARPC3 Actin related protgln 2/3 complex, Other Cytoplasm 2554
subunit 3
CLU Clusterin Other Cytoplasm -2.349
DNM2 Dynamin 2 Enzyme Plasma Membran| 2.554
ITGB3 Integrin beta 3 Transmembrane Plasma Membran| 2.554
receptor

RAB11A Rasrelated protein family member Enzyme Cytoplasm -5.481
RAB5B Rasrelated protein family member Enzyme Cytoplasm -2.104
RABS5C Rasrelated protein family member Enzyme Cytoplasm -4.698
TF Transferrin Transporter Extracellular Spa¢ 19.455

Proteins identified by proteomic and IPA analysis of enrich&cBAeamodified proteins in term placenta
lysates (n=6; pooledyom mothers with type two diabetes (T2DM), compared to a-Bigiched control
group (n=6; pooled). Green shading indicates molecules that were {&ésN@emodified and red shading
indicates molecules that are more@cNAeamnodified in placentas from womewith diabetes compared to
those from control motherdNote TF represents both transferrin and lactotransferrin.
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4.2.1 Similarities between CME proteins of TADM and T2DMIONAeomes
The adaptoprotein complexes are found with vesicles: AP1 complegasect lysosomes

and the transGolgi network, whereas AP2 complexes, made up of four subunits, are vital
for the recruitment of vesickdorming proteinsand clathrin, to the membrane for uptake

of a variety of cargo into the cefUniProt, 2015) The adaptor protein AP1B1 was less
represented, i.e. less-GlcNAemodified, in the enriched placental lysates from mothers
with TLDM compared to the BMI matched control placental gro@@gfold; Table4:1).
Similarly, the alpha 2 subunit of AP2 (AP2A2) was |le&c®Ac modified in placentas
from mothers with T2DM comparedith the BMImatched control group-9.4 fold; Table

4:2). The protein dynamin, involved in the budding and scission of vesicles, was more O
GlcNAemodified in both TIDM (3.3®ld) and T2DM (2.5%ld) compared to BMI
matchednon-diabetic controls. Actin subunits ACTG2, ACTR3 and ARPC3, involved in the
formation and translocation of vesicles and/or endosomes following CME, were
significantly more @slcNAemodified by 4.06 3.13 and 3.13fold, respectivelyin TLDM
compared b BMimatched controlsTable4:1). ARPC3 was not only present in the top 12
most significant proteins of the TIDM@cNAeome compared to mothers wita normal

BMI (3.13fold; Table4:1), but was also found to be more-GIcNAemodified in placentas
from mothers with T2DM than their BMI control gno2.55fold; Table4:2). Interestingly,

the classical CME ligand, transferrin, was identified &3léDAemodified in all placental
O-GIcNAeomes, which increased in abundance by 1.3 fold (T1DM) and 19.46 folT2D

These similar changes to adaptor proteins, endosomal scission proteins andedetiaa
proteing core CME components, suggest that changes in CME prot&iciAcylation
may be a trait of diabeteger seand independent of disease subtype (T1DM 2DW).

4.2.2 Differences between T1DM and T2DMGItNAeomes
The GThinding protein ADRibosylation factor 6 (ARF6), known to regulate protein

trafficking and endosomal recycling, was significantly mot@l€NAemodified in T1DM
(2.08fold), but signifiantly less @GlcNAemodified in T2DM-@.34fold; Table4:1 & Table
4:2, respectively). Clusterin, a protein involved in cell survival and the internalisation of
chaperonerelated complexes for degradatiofUniProt, 2015) was differentially ©
GlcNAemodified between T1DM (4.4bld more) and T2DM -Z.34fold less) in

comparisons with BMmatched controls.

These data illustrate some distinct differences in proteirGIONAcylation and the

presence of TIDM or T2DM. The T2DNBIONAG@mMe also identified multiple Raslated
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protein family members (RABS) bsing modified. RAB5B and RABS5C, involved in the
formation of early endosomal vesicles, were les&IONAemodified in T2DM (by2.1 fold

and -4.7 fold, respectively) compared to the obese controls. RAB11A, a late/recycling
endosomal related protein involved in endosomal recycling pathways;magold lesO-
GlcNAemodified in these placentas. This protein tended towards being mefaldDIAe

modified in T1DM, but the data did not reach significance.

Three of the five proteins that were differentially-@cNAcylated only in placentas of
mothers with T1DM reded the 2fold significance threshold. These proteins include
CSNK2B, PICALM and S100FR&blé 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 T2DMTable4:2).

Together these data suggest thatopeins involved in the formation of clathrcoated

pits, endosomal trafficand the intracellular processing of endocytosed cargo are
differentially OGIcNAcylated in placentas from mothers with diabetes comparedtidse

from controls. Although it is noknown how altering the @sIcNAcylation status of these
proteins affects their function, it is possible that altereddxNAcylation of CME proteins
may result in more recruitment of clathrin and other vesicle forming proteins to the
membrane and thus an a@&celeration 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

4.2.3Analysis of modified sites in the T2DM-GIcNAeome
The online dbOGAP database of knowsGIONAemodified proteins was used to assess

the ten most altered @lcNAemodified CME proteins of the T2DM@&cNAeome. The
database did not list these pteins as GGIcNAc targets known in the literature. The
dbOGAP predictive algorithm was used to identify possibléldNAcylation sitesTable
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 HEXOUMIed serine

and threonine residug, it was possible to determine whether the dbOGAP predictions
matched the MS data. dbOGAP predicted a total of 1@IENAc target sites in six CME
related proteins that matched the MS analysis. These proteins included AP2A2, ARF6,
ARPC3, CLUS, IT@GBETF (shaded blue imable4:3).
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Table 4:3: A summary of modified peptide sites when examining the 1@rsficantly different O
GlcNAemodified clathrinrmediated endocytosis proteins in the placenta of mothers with T2DM,
compared to obese control.

Protein dbOGAP predicted sité's Peptide modification(MS):
S84, S85, T89, T160, T23225S227 S231, S234
S62271623 T630 S5865590 S609, S610, S516
T863, T811, T418227S622 S5, T649, T238, S517
AP2A2 S923, S302, S418, S179, S677, RY& S137,
S239, S67&%225 S533
T623 S590 S18, T1605542 S609, S61d0,342,S533T623 T630
S515S516S526 1722452255227 S231, T898,
T899,
ARF6 T27, S158 T27, T28, T27, T28
ARPC3 T36,S76, T97,T39,S172 T13,S174, S7, 6 Si72 SL74, S172, S174, 167,172,576
CLUS T387,S131,S356,400, T203,S17 188, 193, S391334, S396, 400
T200, T205, 1280, T286 298,302,306, S302,
306, T461,T462,1527,H532,538,
DNM2 Sr40, A5,S773,389,5742,640
02, 306, T461,T462,T527,$532,538,
ITGB3 T420,385,3424, S103,5123 HAL1L,A22,HA24, T221,7223,1227
RAB11A S78,T77,S115,T203,T67 0
RAB5B H2 S123,8125,
RAB5C 2 NA
TF 31,T537,$687,08,389,27,317 817, A7,H1, H5,T250
SA63,H466,A71,71,
LTF T603,7548,231,31, H99
HA63 A6 AT7L

The online dbOGAP database and predictive algorithm tool were used to identify known/unkaown O
GlcNAemodified proteins and identify predictedff Ob ! O&f | GA2Yy &ariGSaod w{AGS:
significance. Predicted sites were compared to the peptatstified by mass spectrometry of@cNAc

enriched placental lysates. Entries represent serine (S) or threonine (T) predicted sites (left; black) or
peptide sequences in the obeseGl2NAeome (right; blue) and T2DM @slcNAeome (right; red). A
modification consistent with @5IcNAc 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 withyellow. Proteins both predicted by dbOGAP andficored by MS peptide analysis as O
GlcNAemodified are shadebilue
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Twenty two predicted GGIcNAc sites were defined by dbOGAP for APJ&BI€ 4:3).

Seven of these were also identified by MS analysis of placental tissue, five in each of the
obese, T2DM @lcNAeomes, with three- S225, S227 and T62®eing common to both
obese and T2DM AP2A2 peptides. Dehydrated S590 and S622 modifications Wweswexc

to the obese GGIcNAeome, whereas dehydrated S533 and S542 modifications were
exclusive to the T2DM-GIcNAeome) in the MS analysis of AP2A2lfled:4-A).

Thirteenof the sites identified as possible@cNAc target sites by MS analysis of AP2A2
were not predicted by the dbOGAP predictive algorithm. These sites are summarised in
Table4:4-B. Seven of the sites identified were the same between the obese and T2DM O
GlcNAeomes; six differed. It is possible that a change in these site modifications, by a gain
or loss of GGIcNAciation, may alterthe function of AP2A2 (and other CME proteins)
T2DM, leading to a change in placental CME.

Table 4:4 ¢A: AP2A2 amino acid modifications identical between dbOGAP predicted sites and MS
identified sites of placental tissue

OBpeptides S225| S227| S590| S622| T623
T2DMpeptides | S225,| S227| S533| S542| T623

Table 16 ¢B: AP2A2 amino acid modifications identified by MS analysis of placental tissue but not
predicted by the dbOGAP algorithm

OBpeptides:

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 asGIcNAemodified in
placentas from mothersvith T2DM compared to the BMimatched obese

group.

Western blotting was used to confirm that proteins identified though MS analysis of the
SWGA pulldowns were indeed-GIcNAcylatedFigure 4:3 demonstrates that the early
endosomal protein, RAB5, as well as the late endosomal protein, RAB11;GcNBe
modified in both placental tissue from normal pregnancies and those complicated by
diabetes. Integky 1 o ¢l & | f &@cNAgrhotifle® Figuk R3). ITHe edrly
endosomal protein, RAB#hdclathrin heavy chain were identified by MS analysis of the O
GlcNAeenriched protein fraction, but did not reach thef@d significance limit for IPA
analysis. These proteins were demonstrated to beGIONAcylated inWestern blot
analysis. There was ngparent 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). Thexpression and @lcNAcylation 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, Rabll and Clathrin heavy chain could be seen
following a SWGA Iz pulldown (lane 5) and in the remaining depleted supernatant (lane
c0UX gKAfad wkon YR AYOGSaANAY i o 6SNB LINBaS
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Figure4:3: Components of clathrirmediated endocytosis are @IcNAc modified:
Western blot analysis of GlcNAemodified proteins isolated by sW@g&ctin pulldown from term

placenta lysates (n=6; pooled) obtained from mothers with type two diabetes (1), omiiithed

controls (2). The remaing supernatants, depleted of-GIcNAc proteins, were also assessed (lanes 3

and 4, respectively). (A) Plain, unconjugated agarose beadesed to tissue lysate and precipitate

were used as a negative contrtbaded to show anyonspecific binding. ThreeJ2 a A G A S 02y (i NB
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 W& BeWo lysate, from control

untreated cells, following sWGActin enrichment and (6) depleted BeWo supernatant. Membranes
GSNBE LINPOSR $6AGK FYyiAo2RASa aLISOATAO F2NJ w! . n3X wl!
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4.3 Development of methods to investigate CME in vitro, using a placental
trophoblast cellline (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 cellBigure4:4). 25 minutes after cells were exposed to
the conjugate, little to no transferrirvas observed suggesting that 80 minutes is
required for transferrin uptake by BeWaells

The localisatio 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 minmese
transferrin was observed intracellularly and at 15 minutes transferrin and the receptor
could be seen ctocalised in clustered structures surrounding the nucleus and the Golgi
network, possiblywithin endosomes or MVBs. Qacalisation increased over 60 minutes.
This suggests that the BeWo cells endocytose and accumulate both transferrin and its
NBEOSLIi2NJ FNRY xmn YAydziSao

The cells were assessed for the early endosomal marker, RAdthe late endosomal
marker, RAB11, by immunofluorescence microscdpguie4:5). Initially, transferrin co
localised with RAB5. After 15 minutes, it had shifted telomalise with RAB11. This
persisted for the duration of the ass€§0 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 ¢
model of placenta:
Fluorescence microscopy of BeWo cells cult

with Alexa 488&onjugated transferrin (green) f
2,5, 10, 15, 30 or 60 minutes, then immunostai
for the transferrin receptor (red). Nuclei ¢
stained with DAPI (blue), scale bars represent
micrometres. A negative control image is shc
(bottom left) where cells were not exposed
transferrin during culture and primary antibo
was omitted. Imagesare representative of tw
experimental repeats.
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Figure4:5: Clathrinmediated endocytosis in BeWo cells: docalisation of transferrin with markers of
early or late endosomes
Cells were cultured with Alexa 488njugatedtransferrin (green) for 2, 5, 10, 15, 30 or 60 minutes then

immuno-stained for RAB5 or RABMarly and late endosomal markers, respectively (red). Nuclei were
visualised using DAPI (blu&cale bars represeitén micrometres Images are representative tdiose
obtained from 2 independent experiments with three replicates per condition.
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Colocalisation of transferrin with endosomal and lysosomal markers was quantified by
performing a total count of transferrin and marker per field of view, using Image Laf
Profilerandthen normalised to the total number of DAP®sitive 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
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 Bel&its 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

GIcNAcylation, a flow cytometric assay was used. In brief, fluoresdah#yled
transferrin, at doses ranging fro097¢ 50 pg/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 controlncells
exposed to transferrin, was approximately 11,0Bdg(re4:6). Cells maintained on ice
6dnx/ 0 F2tt26Ay 3 G§NBI (YSyrésceack of®,962, SkggestifigS NINR
endocytosis of transferrin was temperatudependent and cellular trafficking was paused

by cold conditions.

The highest concentration (50ug/ml) resulted in the greatest internalisation of transferrin
over 15 minutes, with anean fluorescence intensity of 441,408dure4.6), whereas, the
lowest concentration (0.097ug/ml) produced a mean fluorescence intensity of jus587,
(87% less than the highest concentration). 6.25ug/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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Figure4:6: Assessment of clathrimediated endocytosis of fluorescently labelled transferrin (Alexa
488) analysed by flow cytometry in BeWo cells
Cells were cultured in serwalepleted medium for one hour, placed on ice (~4°C) to stop all trafficking

(5 mins) pior to transferrin treatment (0.09¢p n >3k Yf 0 F2NJ mp YAydziSa |G o1
with an acid solution (pH2.2) to remove extracellular bound transferrin, fixed and analysed by flow
cytometry. The negative control represents background fluoreseeof 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 Figure4:7). BeWo cells were exposed to the clathrin inhibitor, chlorpromazine
(CPMZ) prior to the addition of transferrin. Initial experiments revealed that the dose of
CRMZ typically reported in the literature (5@ n n >(laamov, 2008)educed the uptake of
transferrin in BeWo by 0.122f R opn>a&F @ f{ RYyR vmemma 0 O LF ndnrs
these concentrations of CPMZ caused the cells to look unhealthy, often forming irregular
aKIFLISa GKFdG 6SNB NBRAZOSR Ay &A1 Sd [ 26SN R;
uptake of transferrin in BeWo cells by 85.8% and 94.3% respectively compared to the
positive control, suggesting that transferrin uptake is clatit@pendent Figure 4:7).

MethyH -O& Of 2RSEGUNAY 06al /503 |y AYKAOmedi@ddd 2 F (¢
endocytosis due to its ability to alter the structure of membrane bound cholesterol
(Hailstones et al., 1998also reduced transferrin uptake in BeWo cells by 51.4% when
using 5mM Figure4:70 @ ai / 5 Fdz2NIKSNJ NBRdAzOSR /a9 2F )

10mM. The polyene antibiotic, filipins used to induce cholesterol aggregates at the

138



membrane, reducing its availability for caveolin endocyt¢®dandi and Fishman, 1998)

Filipin treatment reduced transferrin endocwis by 2.1%, having minimal effect.
Nocodazole, an inhibitor of microtubule polymerisatigGanson et al., 1979yeduced

OGN YATSNNRAY SyR20&0G2aAia o0& 2 yattiddepoprogesing 2t £ 2
drug, cytochalasin D, disrupts the polymerisation of actin and therefore the formation of
vesicles required for macropinocytosis apbagaytosis (lvanov, 2008) Cytochalasin D
reduced transferrin uptake by 28.8%. Togethi#iese dataindicate that endocytosis of
transferrin in BeWo is clathridependant and any reduction exhibited with these
additional inhibitors is a result of altered actin and tubulin function required in CME vesical

formation and movement.
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Figure4:7: Assessment of pharmacological inhibitors in relation to clathrimediated endocytosis of
fluorescently labelled transferrin (Alexa 488) by flow cytometry in placental trophoblast BeWo cells
Cells were pp-Odzf G dZNBR GAGK AYKAOAG2NE 2F SyR20ei(2ara 7¥F;

(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 nailgition) shown with an intercepting

line at 1. Negative control represents background fluorescence of cells not exposed to transferrin.
Chlorpromazine (CPMZ) inhibits clathnirediated endocytosis, Methyl-O& Of 2 RSEGNRY odali / &
caveolindependent endocytosis and is a partial inhibitor a@lathrinmediated endocytosis. Filipin

inhibits caveolin endocytosis specifically. Nocodazole disrupts the polymerisation of tubulin.
Cytochalasin inhibits the polymerisation of actibata displayed as mean SEMatiStical significance

was determined using Wilcoxon signed ranked statistical analysis was used where * p=0.05, **p=0.01,
***pn=<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 manipul& both HBP flux and total protein O

GlcNAcylation level vitro.
In order to assess how altered proteir@cNAcylation could affect CME of transferrin in

BeWo cells, experimental culture conditions that increased the level@fa@Aemodified

proteinsin vitrofirst needed to be determined.

A variety of approaches have been used to alter proteiGIENAcylation levels vitro
(Hawkins et al., 1997, Ostrowski and van Aalten, 20I8e addition of glucose or
glucosamine duringulture increases flux through the HBP and the production of the OGT
substrate, UDR5ICNAC, to increase total protein@cNAcylation. Compounds that target
key enzymes involved in protein-@cNAcylation also exist. For example, the widely
acceptedin viro pharmacological inhibitor, PUGNAc, limits the activity of @Ggtrowski

and van Aalten, 2013)ncreasing the level of protein-GlcNAcylation by preventinged
GIcNAcylation. In contrast, compounds are used decrease protéBic@Acylation by
inhibiting the action of GFAT and OGT (DON and BADGP respectively). DON reduces the
biosynthesis of UDBICNAc and therefore -GIcNAc modified proteins, whereas BADGP
targets the enzyme OGT, preventing the addition 6G@NAc to serine and threonine
residues. The next series of experiments sought to determine if these approaches were

suitable for altering the @lcNAcylation of proteins in BeWo cells.
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4.4.1 Pilot data to developBeWo culture conditions tdhat sufficiently alter HBP flux
and increase protein @slcNAcylation using extracellular nutrients:

Glucoseor Gucosamine
Cells were exposed to a range of glucose or glucosamine concentrations for 24 or 48

hours, then analysed byVestern blotting using an antibody that recognises all O
GIcNAcylation sites on proteinBigure4:8). 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 24hgllasese (5mM)
reduced protein GGIcNAcylation to 0.780ld; however 25mMglucose raised total protein
O-GlIcNAcylation to 1.18ld. After 24h exposure of cells to glucosamine (1mM or 10mM)
total protein OGIcNAcylation increased by 1:-idd and 1.7#old, respectively.
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Figure4.8: Manipulating nutrient flux through thehexosamine 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 conduatd for total protein O-GIcNAcylation using a specific a@GIcNAcantibody. Data are
RA&ALX @SR a | F2tftR OKIFy3aS FNRY O2yiGNRfI y2NNI
experimental passaggserformed on separate occasioriBhese data were undpowered for statistical

analysis, but indicate a trend for increased proteirG@NAcylation following exogenous glucose and
glucosamine treatment.
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Proteomic analysis of BeWo cells following 10mM glucosamine treatment showed
increased abundance dftress proteins such as GRP78 (¥d8) (data not shown).
Subsequent flow cytometry analysis of the cell cycle following treatments of cells with a
range of glucosamine treatments (0.5mMmMM) showed that ells are still able to cycle

at concentrationof <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.Figure49A Y RAOF 1Sa GKIFI G HBH K2dzZNBEQ Ay Odzo

required to increase global protein-GIcNAcylation.
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Figure4:9: Manipulating nutrient flux through the hexosamine biosynthetic pathway (HBP)
BeWo cells were exposed to glucosamine treatment (2.5mM) for time periods ranging fror8 0.25

hours. Western blot analysis was conducted for total pnot®GIlcNAcylation using a specific a@ki

GlcNAc antibody. Data are displayed as fold changentOOb ! O A y (i Sy & A-dcBn{medianNI | £ A :
and interquartile range) (n=8f experimental passaggsThese data were underpowered for statistical

analysis, but indicate a trend for increased proteifG@NAcylation following exogenous glucosamine
treatment.
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4.4 2 Increasing protein GGIcNAcylation 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 protefal€lAcylation in

vitro. Multiple different PUGNAc concentrations 601 n>a 0 | NB NB L#ZeNIi SR |
to increase total protein @lcNAcylation during cultur@eo et al., 2016, Jo et al., 2016)

The concentration of PUGNAC required to increase prote@léNAcylation with minimal

toxicity in BeWo cells was assessed by observing cell morphology microscopically at 48
K2dzZNE® pnX mnann FyR HAmOGICNAbyRtnh iy 1.58yd0INB | & SR
fold and 1.56fold, respectively Kigure4:10 -A). Cells withstood PUGNACc concentrations

dzLJ 2 wmnn>ad craused aellsttd I@k Lnhealthy amd have severely
NBERdzOSR INRBgUK NI iSad mnn>a t! Db!O gl a GKS
work. Cells were then exposed for short durations (€18%. Short exposure was not
consistent when increasinglobal GGIcNAcylationKigure4:10 -B), so culture periods of

24 and 48 hours were adopted.
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Figure4:10: Manipulating total GGIcNAemodified proteins in culture using PUGNAC to inhibit OGA
Western blot analysis was conducted for total proteirGI@NAcylation using a specific a®HGICNAC

antibody. OGGIcNACc intensity is displayed as fold change foumtrol after BeWacell culture with (A)
PUGNACc treatment of increasing dose-(6® n > a Tand(B)sKoit exposureto1@8 >a t ! Db1 O on®
2hours). Data aredisplayed as a fold change from thmontrol, =3 of experimental passaggs
Y2NXYIfA&SReaignd SEMOG A Y >
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BADGP, DON and PUGNAc

A % 4 A X

l'a SELISOGSRZ

GNBIFGYSyi

are capable ofnanipulatingtotal protein GGIcNAcylatiorin vitro. In some experiments,
free GICNAc (10mM) was mixed with the a@tGIcNAc antibody prior to incubation with

the Westem blot membrane to test thespecificity of the antibody No bands were

5Dt
GIcNAcylation by 0.2zand 0.68 fold, respectivelyFigure4:11 -B). In this assay, PUGNAc
| 3GIcNACylatioyf OYNB2old SHROWINgR2 (§ SA v

hour treatment fFigure4:11). These data demonstrate that pharmacological interventions
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Figure 4:11: Pharmacological manipulation of protein -GlcNAcylation in placental trophoblast

(BeWo) cells

BeWo cells were cultured (24h) with inhibitors that target specific enzymes within the HBP pathway by
NBaLlyarotsS TFT2NJ i

inhibiting GFAT usingDGNmM 1 n>a 0 Z

MYab

2N GKS

NEY2JI f

2N SyievSa

ohD! X

omMmnn>a

AGIANAC (M) iVEeRternobiot analydsbof O X

total O-GlcNAemodified proteins (left). Free ‘@GIcNAc was princubated with antibady prior to

exposure to membrane (right). (B}@cNAc intensity displayed as fold change from control, normalised

G2 11 O0Ay intenjiaila dange (h=Bffexperimental passagps
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Experimental conditions required to alter HBP flux and protei@kNAcylation in BeWo
cells having been defined, the effect of altering this ginahslational modification on

CME of transferrin wathen investigated.

4.5 The effect of altered protein O-GIcNAcylatioron endocytosis of transferrin
in vitro.

4.5.1 CME ofransferrinis altered in BeWo cells following altered protein-O
GIcNAcylation
Cells were cultured for 48 hours in conditions optimised to increase global protein O

GIcNAcylation (as defined in section 4.4). Flow cytometry was used to aaieseii HBP

flux and protein GGIcNAcylation altered CME of transferrfor(a detailed experimental
protocol seesection 2.6.2).

Figure4:12 is a reresentative 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 eventswhere cells are aggregated. The histogram (B) displays a
summation ofthe events recorded (i.e. mean fluorescence of transfepasitive cells)
against the number of events detected. The negative control (cells not exposed to
transferrin) is shown in dark blu¢ghe positive control (cells that internalised fluorescent
trandferrin) 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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Figure4:12: Assessment of clathrimediated endocytosis of fluorescently labelled transferrin (Alexa
488) analysed by flow cytometry in BeWo cells

/] Stta&d 6SNB OdzZ G§dzNBR 6p/ KE 2NLINBYFT AYSS Yy AYKAOA

2y AOS o6d9nc/ 0 G2 adG2L) Ftt OStfdzZ I NJ GNX FFAO|IAY 3
YAya |G oTve/ @ [/ Stta ackNBution KpB32), fixednK Shatysed bylfiew | y
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 transfersmn),(
negative control(background fluorescence of cells not exposed to transfemark blug and CPMZ
treated cells followed by transferrin{//0v). Image is representative of 25 experimental repeats.
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Figure4:13 and Figure4:14 summarise the quantitative analysis of transferrintale in
BeWo cells in response to poeilture periods designed to alter HBP flux. Data are

displayed as a fold change compared to a positive control in each experimental repeat.

Figure4:13 indicates that as glucosamine concentration increased, there was an increase
in the internalisation of accumulatettansferrin (1.16fold at 2.5mM versus 1.0f®ld
increase at 0.5mM). Thisicrease in CME of transferrin reachsignificance when pre

culturing cellg48h)with 2.5mM glucosamine (p=0.02).
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Figure4:13: Assessment of clathrimediated endocytosis of fluorescently labelled trafesrin (Alexa
488) analysed by flow cytometry in BeWo cells
Cells were preultured (48h) with increasing glucosamine concentrations: 0.5mM (n=7), 1ImM (n=11),

1.5mM (n=15), 2mM (n=14) and 2.5mM (n=21), before the addition of transferrin (6.25ug/ml) for 15
YAydziSa 4 ovx/ 65/ KE2NLINRYFITAYST /ta¥%n OfFGKNRY
mean fluorescence per event in 10,000 evemts,a fold change from the positive control (indicated by
the green interceptindine). Mean and SEM. Wilcax@igned ranked statistical analysis wasdjsehere

* 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 PUGNAcrreat on CME of transferrin
was also conductedF{gure 4:14). In contrast to glucosamine, increasing HBP flux via
exposure of cells to high glucose (25mM), significantly reduced CME eferan by 0.74

fold (p=0.0078xompared to the positive comit. Pharmacological inhibition of OG#éd
therefore increased accumulation of totat@cNAemodified proteins also reduced CME

of transferrin by 0.7%old (p=0.0078).
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Figure4:14: Assessment of clathrimediated endocytosis of fluorescently labelled transferrin (Alexa
488) analysed by flow cytometry in BeWo cells
Cells were prédzf G dzZNBER ony KO GAGKY 3t dz02349) o6 glycosariine y I o :

(2.5mM; n=21pefore the addition of transferrin{ ®H p dzAK Yt 0 F2NJ mp YAy dziSa |
CPMZ clathrin inhibitor). Internalised transferrin is displayed as mean fluorescence per event in 10,000
events, as dold change from the positive control (indicated by the green intercepting line). Naah

SEM. Wilcoxon signed ranked statistical analysis waswkece * p=0.05, **p=0.01, ***p=<0.001 and
****p=<0.0001. Each data point represents the number of experimental passdgas obtained from

treatment of cells with 2.5mM glucosamine (presentedFigure4:13), is repeated fothe NB I RS NI a
convenience.

4.5.2 AcclimatisedeWo cells internalise more transferrin by CME
Previous investigations examithdhe 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 inhich 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 ghgamine for 12 and 14 days exhibited a greater uptake of
transferrin than cells exposed for 48 hourBigqure 4:15 -A). After 14 days, CME of
transferrin had increased 1-@ld 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-i2v  Ralcalindafikation. This indicates that a
prolonged exposure to glucosamine further increases CME of transferrin froB0%6
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 towardseased CME of transferrin by 14% and
56% respectively, compared to a positive contiib(re4:15-B). Statistical analysis was

not possible beaase of small numbers.

A) ® 2.5mM Gin
O 2mM Gin
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Figure4:15: Clathrinrmediated endocytosis of fluorescently labelled transferrin (Alexa 488) analysed
by flow cytometry in acclimatised BeWo cells
Cells were cultured in either: (AjJugosamine GIn) containing medium (2.5m) for 2days and GIn

containing mediumZmM ; O or 2.5mM; ) for 12, 14 or 21 days, ¢B) high glucose (25mM) or PUGNAc
6mnn>a0 F2NJ uw 2NJ op RIEeéao /Stta 6SNB (KSly oSELIR &
(xChlorpromazine, CPMZ clathrin inhibitor). Internalised transferrin is displayed as mean fluorescence

per event in 10,000 events, as a fold change from the positive conndicted by the green
intercepting line).Each data point represents éhnumber of experimental passages, displayed aam

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 alternatie CME ligand: Insulihke growth factor

(IGFI) in BeWo.

The internalisation of IGFwas tracked in BeWo cells using fluorescent nanoparticles
(quantum dots; QD) conjugated with IBFQDIGFI) and analysed by flow cytometry.
Initial time course invdgations suggested two hours was sufficient for detectable uptake
(Figure 4:16 -A). Control experiments confirmed that uptake was inhibited when cells
remained on iceKigure4:16 -B), however, analysis after acid washes of cells exposed to
QDIGFI for 120 minutes demonstratéthat the mean fluorescence intensity was reduced
in comparison to cells that were unwashexiggesting the QIIGFI complex bound to the

cells, but only a small proportion had been internalised.

z

B)

% cells with QD-IGF| (FL2) uptake
% cells with QD-IGF| (FL2) uptake

o
Negative 30 min 60 min 90 min 120 min Negative 4°C 4°C 37°C 37°C
Control Control  -acid wash + acid wash -acid wash + acid wash

Figure 4:16. Flow cytometry assessment of clathAmediated endocytosis of quantum dots
conjugatedto insulin-like growth factorl (QDIGFI) in BeWo cells
BeWo cell uptake of QEBFI (QD: 20nMJGFIY mnny a0 2@SNJ HK i o1x/ X NBC

intensity per treatment. Data are displayed as percentage of cells with positive @@gktence in 5000
events (A) over time and (B) exposure for 30 minutes, at different temperatures, with and without a
postincubation acidvash.Data represents on single experiment.

¢CNBIFGYSyda ¢A0K /ta¥ |yR ai /5 NBRWm@&ER YSI
0.70fold respectively Figure4:17). Filipin reduced mean fluorescence intensity Gtad.

Pred NBI GYSYyld ¢6A0GK t ! Bffedt@h QBIGH nptake)gluéoseR25rN\D

tended to reduce uptake (0.8®Id) and both doses of glucosamine increased uptake-1.12
F2t{R® / 2Y0OAYSR GNBFGYSyld ¢A0GK 3Af dzO02alt-YAYyS
IGFI uptake 1.32fold. All these data are underpaxed 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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1.5+

Fold Change from +ve control

Figure 4:17: Flow cytometry assessment of clathrimediated endocytosis of quantum dots
conjugatedto insulin-like growth factorl (QDIGFI) in BeWo cells
BeWo cell uptake of QEBFI (QD: 20nMJGFIY mMnnyauv 2@SNJ HK i o1x/ I NBC

intensity per treatment. Data are displayedmean fluoresence per event of 10,000 events, as a fold

change from the positive control (indicated by the red intercepting line) followinecpheire (48h) with

3t dz024S 6HpYaT yloosz t! Db! O 0 mglutoesanihe (2.6nmvy 3=3)8rf dzO2 a
glucosamingd H ®p Ya 0 bt ! Db ! O Edgcmdata panirdpresémtsviiie dumber of experimental
passages and displayed asam and SEMI'hese data were underpowered for statistical analysis.

Although the QEIGFI assays provided promising results, similar in patterthe changes
observed inthe experiments usingransferrinto measure CMEadditional experimental
repeats were not pursuedlhis was becausdassical CME observations aveten rapid
(occurring in minutes); however uptake thfe QDIGFI conjugate requirecconsiderably
more time to be internalised. Similarlyn the time periods investigatedust 5% of cells
were able tointernalise the conjugate, suggesting internalisation was restricted in some
manner, possibly due to iimcreased size. Subsequent experiments therefore focused on
the development of placental tissue assays to measuev altered protein O
GlcNAglation mightchange CME of transfertimather thanthe uptake of other CME

ligandsin BeWo cells
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4.7 The effect of altered protein O-GIcNAcylatioron endocytosis of transferrin
using placental explants

4.7.1 Develoment of an exvivo model to investigate placental CME of transferrin
First trimester placental tissue {B weeks gestation) was used as a multidar, ex vivo

model of early placental development. Tissue was dissected into smallj3nagments

for explantculture with transferrin (50ug/ml) at times zero (TO) 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
(Figure4:18). Transferrin speckles were visible in both the syncytium (sy) and underlying
OC2U20NRLIK206flad oOedv F2ff 2¢AY aAndafter 2&Hoyfzi S a C
culture in control conditionsHigure4:18). CMPZ inhibited CME of transferrin at both time
points, where it remained bound to thexgracellular 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 thhefore pregnancy.
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T0 - CPMZ -

T0 — Control T24 — Control

Figure4:18: Assessment of clathrimediated endocytosis of fluorescentiabelled transferrin (Alexa

488) in first trimester human explants, using fluorescence microscopy

Placentaltissue was cultured with transferrin (50pg/ml; green) zclathrin inhibi@hnlorpromazine

0/ tawnT pPpAXYSO TISNB 6¢n0 2N F2ft26Ay3 wn K2dz2NBQ Od
FAESRZ h/ ¢ SYOSRRSR I yR & Sbddideaidsingwitt BAPISnudesrT 2 NB
stain blue). Images are representative afotrepeats, x63 magnification, where all scale bars represents
10uM. Abbreviations: Sy syncytium, Cyc¢ cytotrophoblast. Green arrows highlight fluorescent

transferrin.
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4.7.2 Development of tools to manipulate both HBP flux and total proteir O
GlIcNAcylation levelén placental explant culture
Similar to the BeWo cell assay, explants were cultured (48h) in a range of glucosamine

O2yOSYiNI GA2yas t! Db! @mMmvExplants wereyNdd Kntl Btal I £ c
protein O-GIcNAcylation analysed byvestern blot All treatmentsshows a trend for
increased total @GIcNAc modified proteins compared to control (on average by-thi},

but data did not reach significancEigure4:19) with just 8 experimentatepeats

2.5~

2.0-

1.5+

1.0 s - -

0.5-

Fold Change from control
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Figure 4:19: Manipulating flux through the hexosamine biosynthetic pathway (HBP) and increasing
total protein O-GIcNAcylation irex vivofirst trimester tissue
Western blot analysis was conducted for total proteirGE@NAcylation using a specific aBHGICNAC

antibody. OGIcNAcylation intensity is displayed as fold change from control explants following 48h
culture with increasing glucosamine -{fDmM), PUGNAc (100uM) or glucose (25mM) treatment
Y2NXYEFEAEGSR (2 711 O0GAyd | f {12 ivdeksafaliBing énkdical @r Furgided a G | 7
termination. Displayed as mean and SEM (n=8). A statistical analysis was carried out using Wilcoxon
signed rank testresults werenon-significant.

4.7.3 Investigating whether altered HBP flux changes the rate of transferrin GME
placental explants
Next, an assay to quantify the uptake of transferrin by tissue was developed. Subsequent

to three hour exposure of transferrin (50ug/ml), tissue was lysed in RIPA buffer and the
fluorescence intensity of the lysates was read on aeptatader then expressed in relation
to protein concentration. These assay conditions were used to assess CME of transferrin

following a preincubation of 48hours with glucosamine, glucose or PUGNAc.
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Overall, no change in transferrin uptake was detectecewtexplants culturé 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/STOPo take into accounthe variation in each method of
termination, data were reanalysed by procedure tygeg(re 4:20). This sukanalysis
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 $OP or MTOP (1.fdld; p=0.33and 1.14fold; p=0.44respectively;
Figure4:20 A&B). CME of transferrin wasichangedn tissue from STOPs (mean Of9R];
p=0.5), but seemed to increasen tissue from MTOPs (mean fold change of 1.18)
following PUGNAC treatmenbut failed to reach significance (p=0.43yo concentrations

of glucosamine were tested on first trimester placental tissue. Following treatrwith

2mM glucosamine, CME of transferrin was unaffected in tissues following a(BF¥QP7)

but reducedin MTOP tissugby 0.85fold), but again but failed to reach significance
(p=0.16).2.5mM glucosamine raised CME of transferrin by ¥®é when wsing STOP
tissue (p=0.09), similar to BeWo cells assessed by flow cytometry, whereas CME of
transferrin was unchangedin MTOP tissue(0.90fold; p=0.64) The combination of
glucosamie and PUGNACc treatmehad no effect{Figure4:20 A&B).

As data was not available on pesisting cemorbidities such as maternal diabetes, these

data were instead analysed in relation to maternal BMI as a prexye4:20 C, D & E).
Assessment of tissues from pregnancies with a maternal BMI-86R@/nT indicated that

altered protein GGIcNAcylation had noffect on CME of transferrin. The number of
samples from women with a BMI of @®kg/nf was too small to perform statistical
analysis however data indicated a trend for raised CME of transferrin by -foRB
following 25mM glucose, by 1.48Id followingln n>a t | Db ! O fdidyoRowiage ™ dn
2.5mM glucosamine treatment#lthough significance was not reached{rend towards
ANBIFGSNI /a9 2F GNIYAFSNNAY ¥ ywoménwasialed F NE
observed 25mM glucose and 2.5mM glucosamine treatméerdreased CME of transferrin

by 1.23fold (p=0.37) and 1.33fold (p=0.15) respectively, however failed to reach

significance with the small number of experimental replicates.
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o 15- endocytosis of fluorescently labelled transfert
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§ 10- tissue (512 weeks):
E Tissue explants cultured (48h) with conditions
EU 54 alter protein OGIcNAcylation levelex vivo (as
g indicated in figue), then changed to seru
[=]
w 00- @ N | depleted medium (with treatments) 1hand then
©© e(ﬁ“w@w \“@‘:\“@ “‘ik@@ exposed to transferrin (50ug/ml) for 3h. Tiss
o ?\3‘3" . were acid washed (20s) and lysed (RIPA bu
@f,d‘@ Negative control tissue was not exposed
6\1\

transferrin. Fluorescent intensity of Iysaread by .
plate reader and normalised to total protein.

Data displayed as mean and SEM, statistical analysis assessed using a Wilcoxon signed ranked test,
where * p=0.05, *p=0.0land ***p=<0.001. Tissue was separated by (A) surgical termination S(BYP
medical termination MTOP, or maternal body mass index (BMI; ﬁg(@) 25, (D) 2530, (E) >30.
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The experimerg included tissues from a wide range of gestational agek2(Sveeks)As
iron requirements are low in the first half of the firstirtrester, 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 begingproximately8 weeks
gestation(Pijnenborg et al., 2006)issue samples were divideadcordingly foanalysis.
Subsequent separation of data by gestation indicated that 25mM glu¢os@56) or
M n n SPYUGNApP=>0.9 had no effect on CME of transferriand that glucosamine
treated tissues (2mM; p=05 or 2.5mM p=0.07)reducedCME of transferrin by 03#old

in tissues <8.5 weeks gestatidrigure4:21-A). In contrast,CME of transferrin was raised
by 25mM glucose treatment (1.38ld; p=0.26 in tissues >8.5 weeks]though data was
non-significant. CME wasnghanged by PUGNAc treatmeriyt increased following

2.5mM glucosamine treatment by 1.36ld (p=0.004)Kigure4:21-B).

When the data were further separated by gestation for tisfodowing STOPs only,
glucosamine treatment significantly increased CME of transferrin by-fbld2(p=0.039)

(data not shown).
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Figure4:21: Assessment of clathrimediated endocytosis of fluorescently kelled transferrin (Alexa
488) in first trimester human placental tissue {& weeks)
Tissue explants cultured (48h) with conditions to alter proteirGIONAcylation levelgx vivo (as

indicated in figure), then changed to serum depleted medium (with ttresnts) and exposed to
transferrin (50ug/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. Dat displayed as mean and SEM, Wilcoxon signed ranked statistical
analysis was used, where * p=0.05, **p=0.@hd ***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

placertal tissue
Transferrin was 19old more GGIcNAemodified in T2DM @5IcNAeome compared to the

obese GGIcNAeome. One out of seven predicted@cNAc target sites was found to be
dehydrated in the obese -GIcNAeome, but not T2DM Table4:3). This site was S317.
Four additional dehydration sites were identified in the T2DNBIONAeome compared to
the obese GGIcNAeome; howevernone was related to a known function of transferrin
(UniProt, 2015) The proteomic analysis also identified lactotransferrin (LFTdan
exocrine fluids and having antimicrobial activifyniProt, 2015) On analysis of these
peptides, three serine sites463, -466 and -471) were modified in both T2DM and the
obese GGIcNAeome. No sitespecific information was available. Interestingly the obese
O-GIcNAeome also had an additional dehydration site (set&¥l), which neighbours a
metal binding sitehistidine-272 (UniProt, 2015)

The TfR, although not significantly@cNAemodified in diabetes compared to the BMI
matched control, was identifiedhiall placental @5lcNAeomesandthere were differences

in the modification sites between T2DM and the obese controls. The sequence
SAFSNLFGGEPIEFSLAR, spanning residueg77 part of the cytoplasmic tail region
(residues 167) was found to be dehydradl at T21 in T2DM compared to the obese
control. This threonine is part of the motif known to signal endocytosis (residu@38.2@
T-RF) (Collawn et al., 1993) Additionally the cytoplasmic tail sequence
LAVDEEENADMKANVIKPK (reside40c n0 2 @SNI I LJA GKS Y20AF
GNJ yaTSN &S| dz$y @Sikrot, @NE awb Relniidatedpthreonine residues
were in close proximity]52 andT57, in T2DM but not the obese control. The sequence
GDFFRAR (residues 64855), part of the ectodomain (residues 12®0), was found to

be dehydrated aflf653 and%54. It is close to a highly conserved RGD motif-@i8p

crucial for transferrin bindingp the TfR.

158



4.9 Investigating iron levels in maternal serum and placental tissue of mothers
with and without diabetes
Table4:5 summarises data collected from patient records of mothers with TLDM or T2DM,

as wellas uncomplicated pregnancies with a BMI range30 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 (p6@)0 There was no
significant difference between fetal sex, individual birth centile or placental weights
although mothers with TLDM and T2DM delivered on average 2 and 1.9 weeks earlier than
the control group (p6.0003and p=0.08, respectively). Maternal serum ferritin levels
were missing fornine patients in the control group, one patient with TIDM ande
patient with T2DM(Table4:5), meaning no conclusion could be madeamting maternal

iron concentrations. However, the average ferritin level for control pregnancies was

47ng/ml and 40ng/ml in TLDM, which increased to 7&g#l in T2DM.

Table4:5: Demographics, obstetric anbiophysical data for participants.

BMI 2035 (n=12) T1DM (n=7) T2DM (n%) p value
Maternal Age 34 34.5 36 ans
9 (26-42) (21-43) (26-42) b)ns
Maternal BMI 30.3 26.5 324 ans
(kg/m?) (22-32) (22.933.8) (31-41) b)**
0 ans
Smoker (%) 0 0 16.67 b)ns
Ethnicity a)ns
(% Caucasian) 5 83.33 80 b)ns
Placental Weight 522.4 778 591.5 a)ns
(9) (465780) (563787) (473725) b)ns
. 39 37 37.9 a)r**
Gestation (wks) (3841.3) (35.638.6) (36:39.3) byns
Fetal Sex ans
(Males: %) 58.33 57.1 80 b)ns
. . 3340 3823 3360 a)ns
Birth Weight(g) (29004200) (27404340) (29903867)  bjns
IBC 48.85 88.95 67 a)ns
(12-100) (26-100) (24-95) b)ns
Maternal Ferritin 32.8 14.8 55.15 ans
(ng/ml) (10-161.8) (4-167.1) (12.9187.4) b)ns

Participants grouped by condition: typaliabetes mellitus (T1DM), type 2 diabetes mellitus (T2&xM)

two BMFmatched controlsData are median with range. Abbreviations: BMI: body mass index tkg/m
IBC: individualised birthweight centilevplues were calculated for (a) TLDM compared to st BMI
range 2035mg/ik and (b) T2DM compared to contrel8MI range 265mg/i, using Man-Whitney

test, orHshers exact test for smoking, ethnicity and fetal sex only. * p=0.05, **p=0.01 and ***p=0.001.
ns = norsignificant.

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 @lacental iron in placental tissue
Perls Prussian blue stain was conducted to determine the presence of iron granules

(haemosiderin) in term placental tissud-iure 4:22). The bue histochemical reaction
most commonly represestiron stored as ferric deposits within the ferritin complex
(Orchard and Nation, 2011lacental villi stained mainly in the stroma (see obese and
T2DM section ofFigure4:22) and within thesyncytiotrophoblastbasal membrangsee

T1DM section oFigure4:22; blue arrows.
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( E) Mous e Figure 4:22: Analysis of iron deposits in ter

placental tissue, obtained following delive
from mothers with or without diabetes:
Iron deposits (blugurple) weredetected usin

Perls Prussian blustain: Neutral red was us
as a counterstain (pinked) and tissue image¢
by light microscopy at x20 magnificati
Images are representative @t placentas(A-B)
Control - BMI 2035, (C) T1DM, (D) T2Daé#hc
o (E) positie control, mouse spleerBlue arrov
indicates basal membrane staining.

Quantitative analysis of ferric iron was conducted using HisesQimagesoftware. The
area of Russian bluestain 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
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