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6fold mevmtngoduct i omergeedt i @emedi ouSsaliyat y

al,. 20.23)

1. 1 Epigenetics

Epi ge
wi t ho
modi f
act o

as 1in

Epi ge
i mpor

Stunn

netics is the broad term for processes whic
ut altering the DNA sequence. These include

ications of DN®Ar bmasleat ammdalpobkitst ohecamodi fi c

n a range af ssoalles 0DNAr @orawsheol e chr omos ome,
mammal i an X ¢ hr o(n®esnodnee |s ianedn cHenagr d, 2014)
netainc$ mpo®rtant part of cel,l whiinceha gies deisfpfeecrie

tdanmti ng dev elAd pmoeurztn i and Cedar, 2016; Atl as
enbergEpikgéamdetic marks differ between cell

reinforciywgecepeéci fic Empoestanbhy, many epigenet
retained through cell division, maintaining this
epigenetic marks can al soemvhiamgremeé mt adei swiiormgs &d ¢ 0
mechani senhdmgi ng gene expression to respond to e
potentially mai nttadrnm nagf ttehri st Heo nsgi (gllad méhtragaa l c e as e
2018; Goyal, Limesand. and Goyal, 2019)
1.1.1Histone modi fications

DNA inside the cell nucl eus is packaged and arr a
with wrapping around histon(&s gtwulonlg.fHo rsm onnuecsl ecoasno me
pack tightly into transcriptionally inactive het
transcriptionally gdtii,veaawrghramma tWol tkenaaami Rd 07)
acidsienhomeadc@uilse reversamsleatpiosn al modi ficatio
acids, whichpasi¢econinlgeand modi fiaona@titbes on hi
acessi biONA gpwroft ei ns,esnygymeasfor tr(&omnscrarpdiesn
2007) For example, lysine 9 or 27 acetylation on
H3K27ac) is a permissive mar khibertcansei nt e waatkienrs
all owing opening chromatin to facilitate transcr
the same | ysines tihs haestseorcd cahtreodmanm(iQmu i fn@r, mat i on
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modifications
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Nucleosomes

Cytosine
methylation

DNA

Figut.2:Chromatin structure and eQhirgoenmoestoince

made from compacted chromatin, which is
Each nucleosome is an octamer of histone
Hi stone tails can acquire many chemical [
DNA and tprtainosnc.r iThese can work in combina
met hyl ation, which is a silencing marKk.

Buschbeck and Di. CTherechi2®#0®¥stal k bet ween the n
possible modifications both within and between h

control of gene expression.

1.1.2Cytosine methyl ation

5-met hyl cytosine (5mC) is well established as a s
met hyl ati ovihi radirfkect s gene expressiontandugénome
its ability to affletcti pronedtnedimyditntge addi ti on
group toecdarhtkeorb atom of t heMeoynte®,silne andgFahni,s 201.
modi fication is important for mampycprfocegeae i nc
regul ation, ,Xafpromddiomgacti aadi genome i( Moegeeity

Le and Fan5meow8)ks in combination with histone

enhance it s( Miuknkcetditsogmnl 2 0.0 7)



When found in promoters abdCintaesgeni at ek gwiotnls ,
transcriptional silencing through recruiting gen
heterochromatin and disrupting(McdMadomi,pti on fac
Karunasena and Ahuja,et2®@1Z0.2 K)an ubsocdhiaecs of highly
expressed genes, high | evels of 5mC stop promisc
( Neet ,al20.1Mo)st 5mC is found on CpG dinucleotides
guanine), up to 80% of which are met(hlyil settteerd i n n
al,. 20.0Cp)Gare often found together in CpG islands
with 70% of known g¢(eMoehenp r,a h2o0tOe8r;s | | & ti nah2drltOh
They are also enriched in repetitive el ements, s
el ements to help maintdVeedgemd2n®k0 & tea®@hadli © 9 9 ;
Liseer,al20.09)

I n humans, 5mC is created and maintained by DNA
usi n@gd@&nyl met hi onine (SAM)Theaer @ anred hMNMT nfoar
di fferents, f shat it odmeg nwivwwahhy !l ati on in embryos and
byDNMT3a and 3b, wiatthaltyhtei cnoIhONMT3 L( Beurmc ¢lhifacamd
Bestor, 2004t KndredaNMai ntenance of DNA methyl ati
replication and rENMT,Y wihg chhomnmes bUHRFA{lIHee dcnalmyn
Goyal and Jeltsch, 2004120051 uBe syt lc2z0k0 7))

Met hyl ati on can be removBNA papdsicvaeliyo nt hwi a thgohu t
met hyl ati on maintenance, or actively, through se
by TEhewvEernansl ocati on ((THelcokegitrtatl 20.103)

One of these i ntheyrdmeodkiyareeashyylscytosine (5hmC), ha

proposed to also play a regulatory role as its d
seqguence bias. 5hmC is enriched in regulatory el
embryonic stem cel |l si nanpd adcddomatsaianmdeeleltyMalt a

2018)as well as in actively trangadeil le®d,adenes in

2012; etrual20.12)



1.1. 3NonrcytosDNAmet hyl ati on

DNA adenine can also become met hyl ated, and aden

as an epigenetic mar k i n W acnt earnida Caansda dpersd/si,s t2s0 0

may al so be the case for som€. eeke(l@@rodesdrs ,attao, s u
2015) I n humans, m6dA is known to be an i mportant
modi fication but it has alasmndhieeeni detsemeeed vomeldHh

enrichment of m6dA on activedyrolranstrNbGABMT hgea®s
DNA met hyXasb ,al120,1b8)t hi s result has fai(Xideto be
et ,al12018; Meits hale2evo.2Vu)s heev (e202adlg monstrated that
the presence of m6dA on DNA could be explained e
salvage from RNA( Megheadadwali2002 0et Lalz0.21Qverall,

DNA m6dA may exist in the human genome, but it i

heritable epigenetic mar k.

1.1. 4Met hyl ation |Iife cycle

DNA nheytl ati on is erased dend avecelst dn éBidteido e

1.2). The sperm and oocyte both arise from primordi
devel opmematpaarsesi aptl yactdievreeltyhyl ated to remove pr
parental (Hhackestt tal2013;etGuad20.1Remet hyhat abes

pl abefore birth in sperm but not wunti/l maturati o
knowl edge i s mossbymayomomi be t he ¢ &ineertianalh.umans
2006; &tuqgal2014, 2015;etGaahl20.4V &

Devel opment then begins with fertilisastion, whic

zygotic transition (MZT) to create a totipotent

fertilisation, the maternal and paternal pronucl
but their epigemed ircemainmsdi stinct. Sperm DNA is
met hyl ated, except in CpG islands, then-after fe
wi de reorganisation including actively removing

(Guet ,al2014; eShah2014; eSmjatla0.214)n contrast, oocCcy
DNA is initially methyl ated njdSsmallyl waito dgalc.t i ve gen
2011) After fertilisation, it is demethyl ated pas



repl i caantd onmai nt ai ns more met hyl at(iHdm atsddavea Ip.at er n
200 8; heml20147his demet hyl ation occurs before
where genome met hyl at i(oWe dwerat Sutssi alrojwe satnd Bar t
20009; Senti t,ahl201 4 ; Her naentd ezl 2M@A33 t hi s st age, t he
mat er nal and paternal DNA become mostly indistin
number of differentially methyl ated regions ( DMF
(descri bed iln)2Secti on

During thmateéedinmal transcripts derived from the o

l eading to embryoni c (gee@Ammer a etniber yytoinoc genome
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Figut.2:DNA met hyl ationilhi mammpR®&E&: pri mor
celBll.ue: paternal DNA, red: mat er nal DNA,
di fferentyilalt imemt {Hincluding Siomprdi mée&o&ygDMR
across genome. Dotted I|ine: i MNAI mted chyd el
across the genome is actively removed dul

reestabl igamed eisnt o abeowunrdenselttry | at ed i n s
around MeOtyl ated i n oocytespatliéteral f BNAI

demet hyl ated and maternal DNAeidstpase®iacdl
met hyl ation by implantation. After i mpl al
established. At imprinted genes, DNA i s i

during PGC r eprDougrrianmgmignagmet ogenesi s, DNA
met hyl ated in spermetatylpg@M&snahidy 100% me-
oocytes at maztdariynagbliRls. At f erlt0iOl% gnettihgn,
from one gamete and 0% from the other col
met hyl ated. This is then protected from |



start

s transcrip2-todhcarbuetdabpaez and Harrison, 2

HernandezetMoal2 0.2A35) cel |l s divide furtheelliaoltarthe

polarity is established and téare ibihrmesrt oceglslt mass g o
(I'CM) surrounded by and,twbpbbcfodmsmpaimE)of t he
The I CM differentiates further into the epiblast
embryo, and primitivwehieaolodemtnr i(lPEt)es t o both em
ext-embryonic tissue, includi 0Copkbadaoentahdv ®e6snahe
2010; Pet reotp oaull2®4 6)

The bl astthoecmnmpt ainnttso t he maternabhndtgtobal lining
remet hylbetgiimmmelhifsaciid i tated by an increase in DNN

DNMT3Aside from primortdiakager BNAdemEshyl ation an

ot hepi genneatrikcs are maintainedJohmeoaghobudl) fe

1. 21

I mpr i

are d

mprinting

nted genes are found in therian (eutherian

efined by p@Pe@peociffibcidi hferential express

be confined to development al( Retnafgee,e,t iSsuszwek i 0 ra nids

Kaneksehino,.T2h0elr3e) are over 120 confirmed imprint
(Humani mprints.net; www. BDeseumpbanaescbm)i mprinti
have | ong term effects, including -Wmedéemainng di s
syndrome, Angel man s-Rodsemk, sgntvem@&i ahdsPrader
Syndr onPeet ers, 20€t4;alM®IO)

Il mprinted allelic expresspeoni friecsurldpr dsinomlden e
controll ed DowRsDMRsn. armaienttemamnmce of met hyl ati on
parent of origi whepethti mapabkrektg of the genome i
i n the ,zycgroetgeeir mg i YDVMB(wg t h t he potential to be ir
These can | ater give rise to af&cbebiz;ad20.k)conda
The vast majority of gDMRs identified itmehwmariys
two known paternally wbibh|l ptedug®8MRmpriented gen
H19 and DM&( GiGannouektakaild 99 3; eZthaanld 9.9 3)



Most imprintbedi gdm@sregions containing an i mpri-r
(I CR) with a gDMR which ovéBpapa whtdhBarpowmo2edo
Schudtz ,al20.10)mprinted DMRs are often also associ
hi stone mar ks, with the methyl ated allele contai
H3K9ImeR3IK9Imahd H4K20me3 and the unmethyl ated al/l
per mi sshwvematairrk sm s uktdhK4dame 2 and HG@Meinmal 3,al

2006 ; Goturatl 201 4 ; Sanl i and Feil, 2015)
| CRs can result in imprinted expression in a few
the chromatin structure, altering the accessibil

genes or cont(rfaant r,agZ@n&Jhi s is thought to invol:"
many DMRs have CTCF binding sites. DMRs can al so
l ncRNAs which canisi¢@Barcleoweareds Bartol omei, 2014
2016)gDMRs can also cause alternative splicing,

expresSNioemmcety kal2013;etZi,anlR 0.1 8)

The function of imprinting is debated. Many i mpr
pl acenta growth and early development, so imprin
conflict, where paternal genes aim to increase |

mat er nal genes (chMounnkt,e r2 Otlhbi;s Hanidaj s2@20) d al so g

them a role in nutrient sensing to ad®Opthefret al ¢
theories include trophobl ast defence, preventi ng
paternal genes, or protection against transposahb
regulation can |l ead (Repflreentaudek-kstasdoKaneko

201 3; Spencer and Cl ar k, 2014)

Il mprinting as a growtih luedulaa tegirfgliynsethiied H i s
paternally expmpestdgaemardaet al and pll&Gtammnalukarko wt |
et ,al11L993; Coaetbtt,®N2c0i.02n) mipclea,cent al ¢égda@crine
mani pul ates mater naanlé xert adsplacsinfircam| e et a
speci fic POafpfreocntost eppl acenta nut r i(emtn sttreatrcs faer ¢ a
al,. 2002, 20@5%; ,aC»2@m8; -TLed@doz,al20.2F3u)rt her | GF2t al
increases placenanantd vhecefatar aut(rSaenndtoevtircains por t
al,. 20.2ZT?h)é GF@ene i s si mil ar Igyr oiwtpho ritna nhtu nfaonrs , wi t F
reduced expression Sasd sRaucsisaetled swintdhr olmesy mpt o ms



inclufdeinal growth, reasdocredseod biall el ilcosspafessi
i mpr i natsisnogci at 8 cwwiWhédemann patients (BWS), cha
by over girboawzih, Abi Habi b and Netchine, 2014)

1.2.1Life cycle of imprinted DMRs

Met hyl ation at i mpristhtadddledaidavidse rf icrosmpl et e
demet hyl ation in primbidi arogesm celusres acti ve
transcription, whiasht mamp rbientwehds gnDMRs are est abl
oocytesomadernal ly met hyl ated. Il n mouse, DNMT3 A,
DNMT3L are required fdoor ntanved kty leat i @om af i mprinte
gDMRGBSBour cedhjad2001; Smeatl |,avlo200dl 1The process in hun
i s unknown but mustDNMT 3L f heterkpasssed i n humanrn
met aphase | I( Pedocwtsesaa, Van de Vel de.Tama Deb Rycke,
cortmatnérnal compl etxh d BELCMC)t d sb e Zihmp o,att 2.1 5)

I'n humans, itts, cwhmpomed@QEP,udRALRIPRS5 and &NL&KP7,
expressed specifically in-effecaomuteatarmdsmatrer i a
i ssuesmwli-thcumspr i ndtiisntgur bances as wel |l as inferti

and hydati di f( ®rom hreeotlt gesl 20 1 5 ; Begte malr2ro.1 8)

Met hyl ati on at imprinted | oci must then survive
fertilisation. I n the zygote, it is protected by
DPPAS3, which prevents 5mC(bahkamasaah20tlo2 ;5 hvhoC n
and Gi bbons, DMBR46are also protected from demet hy
zi fdnger protein (ZFP)57, whie€thecs gemeLiennami ce
et ,al12008; Quenna@v201 t;etRiasl@016; Ceotl yacli0.4 8)
ZFP57l spd ay a rol e i n humaanrse, aasss ontuitaattai dosninse h h
neonatal dnedbeteas ( TWDM)almlned hypomet hyl ati on at
| o¢ Mac keaty ,al20.008)her KRAB ZFPs expressed from the
be involved, such as ZFP445 (hudbontanddni Bar tamido melin
20109; Takeaeth gslRi019; Mo RS @raqgheadn,a12 0.2 0)

At i mpl antation, the unmethyl ated all el e must t h

ofde ndWA met hylation. I n mice, this involves CT



(Shaeti f,al2007; Beamarl2010; eCoal20.14Baampl ant ati on
i n miTaod mhr abdnmitare i mportant for i mpS$Shani fmai n
et ,al12007; Het a,a h2andal 8 ; Messetr sal2mild2ffher e i s
evidence that their egURNM2BHRFSLNIMDNMIAMan st i | |

i mportant for i mpr({Dbal gned md éh(alnéc;e Begte maln.n

2018, Datggal20.18 her DNMTs, DNMT3 A, amay Db MBH 8B

i mportant for maintaining DNA met hyl a(tXetn at i mp

al,. 20.25)

Once est almpiDMRsed,an be maintained in some or all
met hyl ation specific to tissues or development al
to Ilineage commitment SocedgbDMBs emai ataiom.all el
met hyl ati on throughout | ife, but there are also
gDMRwhi slurvive this first wave of demethyl ati on
met hyl ated or unmethyl at ¢@&r afitehto nalm@pliT@&Netsaet i on
may have a function -asmpl @R$ atnonhemprgo, or in t
where many transient gDMRs ar-epraiDitRainned as pl a
humansHamadta ,al2016; efananl2016; Shelcdaedo , al

2016)

1. 2. 2Nonrcanoni cal Il mprinting

Nonmwanoni cal i mprinting describes parwhnitchof orig
does not originate from differential methyl ati on
has been described in mice and rats where it ari

H3K27me3 from the oocy-eembrwhincle ithnhsexesa (includi
placenta) |l eadaltl el mamer(tanloautei,ah20.17Jhe process
creates sDMRs and paternal -empressi ontChssiye $ n e X
al,. 2019; edananl20.1A9 )previ ous studnyoisaggmreist alng

i mprintiaogcmayhumans i nFAMEO lgkmeay ,a120.19)
However, a recent screen from our gr-capodidahot
i mprinting in humani npdlaacretnatai orf Depmikerewao i ut e, Lou
Chappdddort ,a120.25)
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1. 3Pl acent a

The placenta is a transient organ which supports
both a physical connector and barrier between ma
performs a variety of functions, including medi a
exchange, modeuliammunnge trhesponse and prfroeduactiendg pr e
hormones including human choriLopia¢c agod®@®@d)r opi n
Unsurprisingly, placental devel opment defects ar
rel acempl| i catiimalsudadomlgamppsi a, fetal growth restr.]
mi scarri agebiarftdr otsielnlsal20.1Tth)e pl aca&mtal so i mpact

t he Foenrgm health of both the mother and the fetu
glucose transfer from gestational diabetes incre
macrosomia, which subsequently is as¢Petated wit
al,. 1993:etTjan20.20)

1. 3. 1Pl acestaucture and devel opment

Pl acenta development and st-spetufeécisthieghluynasape
pl acenta displays deep trophoblast invasion whic
(I makawa, Nakagawa and. Migagrawaes 20L®9 been well
characteri sedhi ohmbasemasyopbhumbhhel with similar
devel opmenmpbaert ati on and placental villus struc

key differences i nohaelddtnge esnt rmacusuag adnd human pl a

As described prpdvaicoethsttay f esmet he trophectoderm an
primitive endodermplntnatbihcansp owlyesn t he bl astocyst
i mpl anhe,trophect odetrrno pphr obdeubctesshi ochhade and

i mpl ant into the matamndalksttdbhksdwiihi maternal
supp(lHemberger, Hanna anTdh eDeeaanr,l Y2 0p210ddc enB8 a at ar o
days fJesttilisatsoynnpyvoidatcreo(phobidga sftosr mid i prrei m
syncytium, a monol ayer oBSumubunduobeambednael ar
cytotrophob( @RI acneelsl,s Carter and Chamétyal 2012; |
2019)iTriimisvwencyti um pementat @r@@adometri um and
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contrsbateransforming it into mnolue copanidalMod d e td
2019)

The STB are not proliferative; they are produced
from CTBs, whi ch r emairm umrholuitf d€rsatt itektee @ .

20193TBesxpand to create the syncyti-ali | masls with
spacé®sy miang at ttirceeb eodfurlcemd ound ¢ ¥ g nPor neot ,al

2018; Aruteytunayl209.2ZTBe CTBs push through the STB tr
form primary villi, comprisingyarC®B core surrou
multinucSEBExeédaembryoniccedd®adéedmom the primiti)

endodemmimmh possibly some tbetpribmit bmefveeplimb| ast

the primary villi to(Bioamchi@dbh@da;r ySve mnAit; 2015)

around dey tli7ar yt vil i are then formed with the

endot heliwhi swiiltndhke pl acental. vascul atur

This establishes the basicastauctundefotfir tWweelps$ aa

gestatiwivitili containing a meseafcehtyadalb Icooorde wwei stshe |
(Fi gulr3¢. The csourer diusnded by CGEBs od i & T(&BIsd me s,
Carter and Chamley, 2012; TKe° OTaByrereti sali.ni t2i0allol)y

Fetal circulation

V4

Umbilical cord

Umbilical artery
Umbilical vein

Chorionic plate
Amnion

Myometrium
Intervillous space

Placental septum
Basal plate

-

Maternal artery

Maternal vein : - .
Anchoring villus

—t Intervillous space
— Floating villus

1 Cytotrophoblast

— Syncytiotrophoblast
— Mesenchymal core

L Anchoring villus
| Extravillous trophoblast

Figut.8:Structure of the human placent a.
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continuous but reduced to 25% of (tBeenisrusrcfhakcee, i n
Burton and BaerTgheen ,ST2Bxle2t)s @t es hor montesmdamc|l udi n
chorionic gonadotrpphcen{hCQd)EaveaBdngen and

Mal assi ne, 2e03,al2mxndy)i t,i acehgnge of nutrient and
takes place between fetal ndollocaod seenodi emta$oEBsn al gl a
connection wittehntahe bimood supply isidgat aselelkshed ¢
(Burton, Jauni aux and Wat s,ah20.062)Mm8; vBufrf ooonnect

the decidua to form anchoring villi and others r
continue to develop through the pregnancy, from
villi form, with branched structures( Amldi no,i gger
2010)

Oth&€TRontinue to alter the maternaCTB®cimdua and
cel | columns from the tips of anchoring villi i n
here, they develop into migrat(BYTewhiralifludrotutse rt
di fferentiate into intekVsTisHeimblergrerenHBawaacahdr L
2020) I nt ereVtTsorml a cuff around the end of matern
and make them capable of higher cORdpotaboegat |
Vercruysse and Hansseats,al200B)e Wwedlickyregul at e

mat er nal i mmuneaeandesmpateher structures such as dec
l ymphatics @Nds@&tei,ml2017; Wi nats palr2ad@er7 ; Pol |l hei me
et ,al20.1A8) they invade further into the muscle of
(myometrium), they fuse to for(nPipjlmemibna@y . bed gi
1980) The endok¥YSmiugraat e inside the spiral arter:i
entering the intervillous space unhHudtitmeamead of

Schaaps, 1987; Burton, Jauni aux and Wat son, 19909

1. 3. 2Definilnggcenta cell types

The main cell type of the placenta therefore is

separated into three main types: CTBs, STBs and

are also ot helrn cfeild st ythreismeas tne rs,t rto masl cell type
undi fferentiatef@ Kehneetmadll®@®lbf)lsen | ater reticul un
ter mi nal villi otrevmil Kmaullh Imastns St ar k andTlisd egner,
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vil i have a mesenchymal st r ocnoanlt acienliln gc oerned owi htehl

cels$sgsrroundedilvvaspgul ar cell s and. smooth muscl e ¢

The final pl acenta cell type inside villi are Hc
macr op h(akgieemt ,al20.08They initially derive from the
haematopoiesis by the placenta but | ater cell s c
(Castelkhtua@tlio87,; Tehomd20.ZTthei kel y fusotipomtect
the fetus, but may also play a role in clearing
mor phogenesis and Vv&saul ogandslLsesdwi g, 1987, Reye
2018)

Recent studies have usedegi hgldefcieee @glsaxgd KMNtAa c e
types cdrad actertsansice i Htroenaseynstt e mrad v icew of

existingfouwmdi asr amM®Pen afr opthob) awt t-8@%Hbaf

t Bse ctyrpcbobl dPOes i dutl20.2EAM)Ts c o mp rdibs¥%e 22

trophobl asts, making them t hTehisse cwansd I|nooveetr ciomnfoin
tri mes+2drq, but only basedl bni $ wobi Stiudulets.t o knov
proportion of syncytiotrophoblast cells, as they
pull ed out from si ngMaenyc esltludtieecshniidgeunetsi.fy subtyp
trophobl-aytpescel but there is curr dmtel lepomi tdc @ams ¢
stromal <cells beswespesti adiTddevantablrati ve anal y:¢

found 19%|l®f wea e strom@bPb weklkes Hahbd.auer cell s

Thentiegrn ve anfaduynsd smany di fferentially expressed
types, and recommended markers expressed excl usi
chall engingf tbowexampl e t hdrre pihsobdaasgamar ker i n t
placenta. They also found many examples of <chang
and ter m, with most mar kers not suitable for bot

which cell type they are expressed in.

1.3.3The unique placenta epigenome

The placenta is hypomethylated overall, with aro
met hyl ated compared to 4% ulme sal@Oi0idge t i ssue

hypomet hyl ation in placenta is not confined to s
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does include repetitive elements, including tran
l arge (>100kb), partially meStchhyrloaetdeed daonnda iLnasS a(l R N
2013; Schetweal2r0.13n) mouse, the | ower | evel of met
trophectoderm | ineage has been | inked to | ower ¢
Dnmt almd higher expresdgumninngft e mvad@up |l afntpdston
de naned hyl gtZihmmg ,al20.18)

Gl obal pl acenta met howleat igoersftraadmmro2Zna8 ®%sin first tr
to 3.1% in term placentas, unl i ke gl obal met hyl a
decreases WFukea@eé2004; ethaanl@ 0.2TIh)i s i s accompani
bybr oad céiamglei st one modi fications, with decreas:
H3 K9 me 3, H3K27me3 afdhbd8yg4mbZB0.2EkXpressi omllseovel s
change acr ossi nge2shtdatoifonpl acent a (eXiptradassasdd genes
2012; Uuestk ¢d |12 0.1P2)acent a met hyl ation at gene prom
variable between individuals, with increased var
tri mester pNaveho#wsal20.l1lHowever, there is also

across a placenta dependi fgdamsestemal 2s0atnBp)lcdhng si t e

may reflect cellular composition.
Repetitive el ements are highly methylated in son
met hyl ated in placenta and highly species specif

as drivers for placenta evolutiepecThérce paoenomwl
derivedt famsnposabl e T&)semehuaenéggenous retrovirus
(ERV,such as pr onovtPELIOAND DI n P TN endDunml et celter

al,. 20Man¥ERYVY families have been identified with
are close to-stprecpHalrl eextpr @S wseetd ,agl@20 4 ; efFr,abt
2023)1I n human trophobl ast st enasc eblelesn, sgreerde ttioc e d
these el ements actFaedemaha®zR) s

HERW i s aopmxtoed human ERV envelope gene which il 1l
el ements can ex hsipbeicti fpilcacfeunntcat i on. One of its co
Syncilt,i which is important for dymnrceedthetr ophobl a
mul tinucl eated cell |l ayéBl amtduyanld 9@ 19 tc eMilt a vi | | i
2000)1ts 56 UTR contains a-slp®eRiviitch eaa htarncpelro minas

promoter region with a CpG islandynwhldtse met hyl a
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expresSMatnoug&ktov&12006;etGpd20.1HE)RW al so hi ghl i ght s
how these el ements can be important for pregnanc
hypomet hyl ated and expressed in placenta, with |
preeclampsia and I(lR@GR bmlea@ae0.h3)

Genomwei de DNA met hyl atiahseazhueseldlav® show

di screpancies between chronol ogical and biologic
use algorithms to calculate biological age on trh
of CpG sites acrqdortvlag_ hge B8 rl cul-atgag mul t i

clocks it is possible to predict clinically usef

related di sease(hat ,mb201a9Whti y stt ias spueen epi geneti c

(¢}

l ock cannot reliably estimate ges(tlacecst o,mabal age,

N

Ol3yenerated bioinformatic pipettéenegetioegiegenat |

clocks that can track gestational age.

1.3. 3. 1PMDs

Partially methyl ated domains (PMDs) are | arge re
met hyl ati osuruobhn®deng highly met hyloart eldowdomai ns
met hyl ated domaThey (W&MDs)first described in fibr
| MRO9(OL i setteral20.0P0MDs have since been commonly repc

cancers, especially( Bipreg halZ®l4)cancer s

A screen across a wide ranget od2Cx28) ftopreds MHMDSa
ranging fkomtoMR2O0 n | engddri aigd up to 75% of the
genome26% of the genome showed shared PMDs acr os
redqitavi nsgt idncti vebpawecealnls t ypriss i ncluded variat:i
aver age met Wy kchetlilont ype, but most Tiweyefabonde 75%.
decreased medathyPMbDsh&xed to cell proliferation anc
DNA repl iTchaitsi ocnooul d be asBgDNAIi mabhbhyl ati-on is | os
replicating regioQéreanr,jangd0nlteoBhasu20.1A8) wi t h
previous reporhetePbbdhramatic histomgemmodi ficati
and genes within showed | pWoeatr ganl2drli2pt iHoevtelsd vadlt s
al,. 2014, DEEP €@¢6nadz20.imes inside PMDs are gene
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repressed and -shpeveei ftiics sfuencti ons that are not re

origin.

The fircanoem human tissue found wliheéy PaMiDes avlaso p
found in mouse, thowhbbrétesbegdinevactbecome fully
i n trhoep htedcetrgno sitmp | ant(aDe coamtto,al2017; e3mjatlh
2017PMDs are distinct in placenta compared to ot
i n hunfarnem a screen of t hr(eSec htreorend epall 2 0.2 8T haesy

covedd37% of autosomes and 3815 genes, which are
Met hyl ation i m%MDbs 7JWahi £4h makes them distinct f
cells lines and tissuesti aP0DéfAbrt ¢édnign hSalrlaalged

frombpg 608 Mb with aof db6é&r &kde

They were reproduci ble between samples, which wa
scr e(ethoeht ,al20.2Tdh)e i nitial screen did not find c¢he
age, butonoettslhereZzhaag ,al2021etT@mh20.2P4)acent al PMDs
have al so been esnirawrhetdo fboe H3K9me3 mar ks, with
profiles in PMDs | ost( Gaditi nag 2 6.2 4Md wpanePMDs al so
|l ose met hoyMert igpenst ati on, whil e highly (mMetchaytloat ed
et ,al20.17)

This may be due to the mewhaohsmsokpDONMALe
met hyl ation i mperfectly, so a single(@pGgtis pron

al,. 20.20)n regions, it replicates the broad patte
met hyl ating the same CpGs each time, so highly n
met hyl ated but are more |ikely to gain methyl ati
met hyl ated regions.sd@dhvedhians ®demat ob human cell s

and in ,cawimt@ilmre | oss with fast grZhoail [,alRr0OdlI8i)f er at i
This is likely working in combination with the |
This may al svth yceeuIptliuaruenmdan trophobl astr esitbogmcaeeltlos
PMD er o(sOkoamret ,a120.1T8N)e ul t wcreld s are an interesting
cancer cel/l l' i nes, whicht{ypesesmethiyi atPdMDsi butet
t he same hi s t(oDnEeE PmaQoknsseotr tail@ .1 8)
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1.3.3. 2P| aceqsstpaeci fic

As mentioned
met hyl ati on after

compared to somatic

i mprinted expression

speci fi FiDgWRrge Ha ma deat

Del geedo,al20.161n) embryonic

met hyl| atuendnet hyllantr eldumans,

met hyl ated DMRs

previously,

i mpl

i mprinting

there arre glAm@dNsi ent gDNM
antation. Although the pla
ti ssue, it exclusively maint

at many cofe atth ensge -ptl raacresnit ean t

,al2016; etananl@a016; Sanchez

ti ssue, some of these |

phaecedpdic mht ernally

have( ¥Waeaeguaindeetn t,a If2i0eld ; ety u,& In.

2011; Baethaak012; eCoad2014; Shelcdhaedo,al2015,

2016 ; Haenadal2016; edtananl2016; Daskeviciut e, Loui s
Maort ,al20.2®v)er 40 of tchoensfei rhnaevde i mpri nted expres
which to date is most | yTapballtéd rMoaslt & xmpprre snstieadn g(e n e
show reduced expression with advancing gestati on

met hy !l g tMoorn ea-$§8do heetz ,al2019;

ePi Javad.19)

Pl acesnpeaci fic imprinting is highly polymorphic b
humans. Hanna and26dabdemdgumasnoal | elic methylatio
Blastocyst

Oocyte Sperm

4O

Primordial germ cell

ﬂ Global ﬂ
U gDMR H

Y@

Embryonic

tissue Placenta
Pl t

J7 Pacerta 11

58 gomr L

Figutité:Life cycle of canonicall.Paiepforinge
specific differential methylation is 1inhi
reprogramming to become a gDMR in the DI
met hyl ation is erased in primordial ger m
Gl obal gDMRts ipreralil ot her |Fsipneecaigfeisc.c DPMRasc €
embryonic |lineages and persist only in pl
DNA with circles as a CpG, black methyl at
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Tabllel: Genes
ar01L@&)Couet
Sanchzel gado @201 &)Pi |l ear @20 19)&h a negt

et

Al |l ach EI

wi t

h confirmepdepi cenit mArHanmaidnag .

@2 0L4)Fanchkel geedo @2015)4.

620LT)

ekKh@getoDgB)Daskevieti ug02®)Yuaat al

(2024)
Gene Methylated Expressed L ocation
allele allele
ACCS Mt pt chrl1:44086801 -44087970
AGBL3 M2 pt2 chr7:134670012 -134671987
AGO1 M3 p3 chrl:36348678 -36351041
AIM1 Mt pt chr6:106957507 -106961973
CMTM3 M# p chrl6:66637337 -66640186
CPXM2 Mt [ chrl0:125505152 -125651500
CYB5R2 M# pe chrll:7693877 -7696363
DNMT1 M?2 P2 chr19:10304096 -10305415
DSCAM M’ P’ chr21:42217239 -42220399
FAM149A M3 p3 chr4:187064415 -187066853
FAM174B M# p? chrl0:128992295 -128996474
G0Ss2 M8 P8 chrl:209847680 -209849302
GLIS3 M?2 P? chr9:4297968 -4300144
JMJD1C M3 p3 chr10:65221271 -65225444
KLHDC10 VR MLS chr7:129746987 -129749876
LIN28B M?2 P? chr6:105403899 -105407132
MCCC1 M2 p? chr3:182815725 -182822410
MOCS1 M# p? chr6:39901167 -39902213
OPCML M# p chr11:132813023 -132815361
PAK1 M# p chrl1:77122000 -77122997
PAPLN-AS M# P4 chrl4:73736942 -73737580
PIK3R1 M8 P8 chr5:67583849 -67585202
PRKAG2 M? pt chr7:151329303 -151331038
PROSER2-AS1 R pt chr10:11934845 -11936937
R3HCC1 M3 p3 chr8:23145610 -23146931
RHOBTB3 M3 p3 chr5:95066854 -95069104
RNF141 M# p* chr11:10560091 -10564029
SCIN M3 p3 chr7:12610078 -12611415

19



Table 1.1 (continued)

Methylated Expressed

Gene allele allele Location
SH3BP2 M# P chr4:2819393 -2820378
SIAH1 M3 P3 chrl6:48397923 -48400894
ST8SIAL M3 p3 chrl2:22486690 -22488547
THAP3 M40 p4o chrl:6685554 -6686900
VWA2 M1 pt chr10:115999021 -115999895
ZFAT M?2 pP? chr8:135709191 -135710250
ZFP90 M3 p3 chrl6:68572176 -68574654
ZHX3 M# p chr20:39944425 -39946301
ZNF396 M?2 P? chrl8:32956700 -32958649
50% of heterozygous samples at selected DMRs, | o
vil i cells to remove differences from cell c omp
|l ess variability at the same sites in somatic ti
shown that of -B@écplfacemgtDdMRs studied, 52% inter\

me
fr
S§
ge

Pl
t h
De
p |
al
i n
de
t h
mo

co

thylation and biallelic expresasitohnouigrh muhlet i pl €
equency varies (bSeatnwebeent gbabtiRos,al20 1 6 ; Mont eagudo

ncheetz ,al20.19I)t is unknown i f this wvariation ari:i
netic variation, environmental exposures, or |
aceqnpgeaci fic imprinting is poorly conserved bet
ough it may be more siniHaretd nalRONé&Er, @EBrainmateas
| gaedo,al20.1S60), al trhiowghmodel s all ow easier acces:
acenta at various stages of development, mouse
ways a useful model for humans. The | imits to
cluding a |l ack of informative gISN®PIsg mumdl eot i o
tectable expression |l evels, also restrict iden
e possibi-tiypeg por deelel opment al stage specific
use models have been useful in defining the me
ndromprinted expression.
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One well <characterised transi enZtdbyf(2 impc i fnitregle rg e n
DBR ype containing 2), which has the same met hyl
(Duféti ®120.147The | ocus has -iammlagad etrmtail opr@DMR, cau
paternal expression of an LalzDerf & @ ®a v20.114dMg si sof o

|l eads to creati sDBMBf whpahebhatks the repressive

mar k all owing paternal ex pr £€gddifpdno nortoent .t hen canon
somatic tissue, the maternal gDMR i s | ost after
paternal sDiMiRfezpdession. I n extraembryonic | ineeé
pl acenta, the matdriaeapr g®MRoandre maintained ins

(Kobayashal2009; eQufaflR®lU4) hum&PKRASperforms the
same roliezKaosbhayas hal20.1T3h)e gene i n mice controls |
growth insansiosieve( @haeer,al20.22)n humans, decr eas
in plac®OBF&Xpressi on have bwinhUGRMomit eetaggds d o
S8ncheetz ,al20.19)

Thexi stence obBppkatmppiat ed igesndwe tghatent al conf |

theory, as the pltaheemntraudentimel €snvironment so i ¢
ti ssue to alter the all ocaddurinng fdemnadTewipisad ntr.es o u
argument adcewl ¢¢xt endanmmargyhand, where i mprinted ge

al so been shown (ttka milmyarmnd Zoaieglns 02020)

1.3.3.3Cetltlype specific methylation

More recent i nvearteivieatl ietdy g el & pneectilfyilcat i on at

pl acenpgeaci fic i mprYwmaredamgenes(l®exigwedsuced cel l

type met hyl ation r euseirneghalmi daarerPdysour cel |l type
from first and thirdThei omelsterwplasciemg ar at ed
fluor esaetnicat ed cel | asmd twenrge plhHFACISg st s

(EGFR+/ KRT&#t) othaM+)endot(h@kD34aH/ CD8dd)Hof bauer
cel(lGD14+/ CD68ts) well as wunsorted placenta villi

Trophoblwernte t hehyrmoossmet hyalnadt eHdo f b a umeas tcley | s
hyper met hylwaittehd pami ¢éimmisot h tr.i m@btaer HDNA
met hy | anoisadrycreased with gestation ,asbwtth previ

decr easemdadtnhel i ill Icieldesnerally showed similar p
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trophoblasts, which is probably because it i s mc
cytotrophdohkastwse. are not i dentfTBcladve hodwedwer hev
of overall methyl(d&toiganm ttyhaBuCTBNSmntdhFe2@WLSpn

Yuan and co(l202wenddi gqui t mpsi DM&Rd wer e mai ntai ne
consistentosy all cell t-gpesi MpAti PIMREEBG % aCp Gs

mai ntained intermediate met hyhayiwar enl esspmabht
i stromal and endonh6gd %ratl mnecoesltl sregi ons where inte
met hyl ati on was retained, stromal and endothel i a
t han t r op htbobfl baasutesrmocsetllllysnet hyl ati on astpexliddent a

i mprinted DMRs, with interemadistne @ pxkat i on
Only one region was higher in stromal and endot h
RASFRF1

| nsiPdeEDsrophoblhagt $ he | owest wmeathh ytlhat iogpmp,o0si t e i n
Hof bauer cell s. Met hyl ati on in PMDs decreased in
The final componesnpecoiff ipd amestnhtyal ati on tested was
el emefmMrophobl ast slomagd ilnawarsper sed n(LdINEar el e me

and Alu el ement methylation than viOvkeir al WithhHef

demonstrsdatgend fi cant differences in methylation b
be due to their different | i nedaegd viarmggi nfse wi t h
trophectodesampwh:e@btdi eendantiel i al anddertirwimmad c e

froprimitive endlmeree mi mprint erasu¢(Bomay have be

Chaml ey and James, 2018; Hemberger, Hanna and De

1. 3. 4Pl acenta and health

The placenta is an important medi atFor fexrampe &Il t
ascreen in mouse of embawy ammiug alnettsh aflo uonrd saubbn or ma

pl acenta mor phol ogi hii n{ ;Perréeeen dei ta waol 2 0.1Pd )acent al

def ecommonl-pccaorwietdhbef ect s in heart, brain and Ve
I n humans, many pregnaacg commbhtgtl onked to abn
pl acentas, riecalrukisarc@rri age, stillbirth, | UGR an

(Brosethsal20.11fhese conditions contribute to a hi
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mat er nal and neonat al mor bidity aSdhmoanhahAiftiycae
(Grahatm ,al20.16s)s uweist h devel opmenlti mknedd tthoo stehe pl ac
can also have an i mpact on |fauretrhdrb éiernn shle.nbl t h, di
and..7

1.3.4. 1 UGR

I ntrauterine growth dreefsitnreidc taiso na (plauGR)l ogi cal gr
restriditagmaobsyedabnobDamad! er veloorcibmerttrhywei ght bel o)
third pe(EBaenkness and Marieit 20R@16 Adé&oy,di jn
2016Nht aff-eobsrB8hs, though this will vary bet wee
popul afiRome, Carceller andUGRbdjsan,ftz2h0X)onf | at e
small for gestatiomwdli degd a(eGA)s having a birth w
the tenth pllrtcreemugHhH et.the groups overlap, they can
i ndependlellGR yhas an i mpact of | ifelong health, a
ri sk of hypertension, type 2(€uabeatneasl L8896 ; heart
Ri eehdwaredts ,al1997)

Asymmet ri c Wwhie@®R niost al | parts of the fetus are s
restricted growth, and this i s soffrtoem prlealcaetnetdalt o
i nsufficiency. This occurs with deficient remode
supplying the placenta, creating a |l ower villous
mat er-hat al exchange, and dysredBluatiomnaonfd many ¢
Jauni aux, 2018)

1.3.4. 2Preecl ampsi a

Preecl ampsi ab%fdfecgrse@nancies in the developed w
of the hypertensive disorders that cause 12% of
after pregnancy (WHO, 2005). It is characterised
proteinuria in t hpe esgencabnRdybbant & ahd Coopes, 2001)
effects range from mild to multiorgan failure an
t he pl a(cBernotsaetn sal20.1Tth)e mechani sms of preecl ampsi

devel opment are not coimpastbégnkaswaci ated with
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abnor mal i nvasion of trophoblast cells resulting

with defective uterine spChioadngrts8egwramdd€heénng

1. 40necarbomet abol i sm

Diet and patterns of DNA methylation couwld be fu

car bohChet abolism. The process generates SAM, whi
donor for DNA alongside many other cellul-ar c¢omp
transl ational protein modifi(d®atcikems anidn ®Rlabdinogvi b
2017)Cmet abolism encompasses the folate cycle, m

and the transul feFiagulbd | matalwdy somatic tissue,
théCcycle takes place in the Iliver and kidney. I
|l ow |l evel to maintain |evels of nucleotides and
ATP and NADPH in the cell

Many components of 1C metabolism originate in th
folate, choline and betaine, and cdflaomedr s vi t an
al,. 20.188 vitamins must all by gained from the di
cannot synthesise any directly (Lyon 2020, Kasi a

Fi gut.B:Onecarbon eltiasm producds gmeotulpys

Components highlighted in yel |l oHw nacey sdteeii
converted into methionine by two pathway:
which uses vitamin B12 as a cofactor and
conversi-ometoafyl 5 et r athey dfr€IlfHo-I)a i nt o tetrahy

or betaine homoc ytsrteen snfee rmneestensy | ( BHMT) . Met
convertademosyl met hi onine (SAM), the maj
met hyl tranaMTédrnaseaewshi ch add met hyl groups
proteins. SAM iSadecgsVykedomoaysteine (SAI
converted to homocysteine i n-aad erneovseyrlshi obn o
hydrol ase AB@AHH)Benosyl homocysteine hydfo
formyltetrahydrofol ate dehydr cagledhalsyede ALI
dehydrogenase, B-HE™Mo clyett &ii me met hyl trans-

cystathakdpnnkase, CHDH: choline dehydr odz
|l yase, DHF: di hydrofolate reductase, D H-F I
met hyl transferase, MAT: methionine adenos:c
met hyl enetetrahydrofolate dehydrogenase,
MTHFR: met hyl enetetrahydr of oetahtieo nriendeu cstyarn
PEMT: phosphati dyl enteh daiydltaminsd eNase, PLD
SHMT: serine hydroxymethyltransferase
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\ folic acid

ALDH1L1 CSE
purines < » THF _ ~ —— cystathionine ———p cysteine
B6 CBS
MTHFD1L
-
p 10-formyITHF 4\ homocysteine
MTHFD1L | AHCY [ folate cycle j
5,10-meTHF —
Folate Folate- ( methionine cycle J
MTHFR = - ~
formate dependent B2 independent transsulferation pathway |
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demonstrated that alterations in diet compositio

(di scussedt i on.

1.4. 1 Methionine remethyl ati on

To methyl ate the deSademdosnpll metuhiedeni ne (SAM) ult
donates a met hyl g r®adge mandy lc rremamesy st ei ne ( SAH) .
this, the SAM: SAH ratio is often used as a measu
alongside |l evels of othe(rMgpsaamway®BG®IB)mpoheht s th
met hyl transferases which catalyse the donati on
to SAH. This creates a feedback | oop to stop met

converting SAH back to SAM is impaired.

Once demet hyl ated, SAH is converted to homocyste
Homocysteine is methylated to methionine, which

met hi oni ne adenosyltransferase (MAT) to SAM. The

MATI , MATI | a(nkdo tMATalnld Gel | eret 1a919399HalLumand Mal
2005MAT1iAs expressed mostly in the Iliver and for
MATI or a di mer to make MATI I I . MATI I i's a di mer
MAT2A which is expressed outside the |iver in ad

in devel ¢plmenkawa and Tsukadaet 1,81B129,9 3Hordiklawal 99
There is additionally a regMATGeBhat sdbanéeasesncbDh
complex Km when boghe Gredas MAZOOD O ; M@hmanitearz

al,. 2003)mportantly, there are two enzymes which
homocysteine to met hidempiemda:e ntt h @ aft dilwatye usi ng met |
synthase (MTR) aindddpendeontatpat hway using betain

homocysteine methyltransferase (BHMT).

1.4.2Transsul furation pathway

Il nstead of going to methionine, homocysteine can
with cyst aBhinatnmi@®$band onto cysteine wAdtyhase st at
(CSE, enccddidThbiys i s the only way to make cystei
whi ch mpsortant for r(eMtcdBxe alng | a&2rcle?s, wad1l7 )
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bi osynthesis of GSH, hy dr o(gMcnB esaunl ,f i2d0el 2a,n d2 Ot la7u;r i S
Snyder and PauCBS20D49) eqguttartaends |bayt ipoonsatl modi fica
CSE is regulated mostly &LiSEt remuyriegbkahabZl evel
phosphat,ea (fRUPn of B6) as a cofactor,mmsroe when B6
homocysteine MowWheis ISAvel s of SAM are high, it

activator of CBS.

1.4. 3Fol adependent pat hway

The term folate describes a group of mol ecul es v
structure. The biol ogl@neltlaypod dtsimve sf dremmriarhydr of «
( THF)which can come from various dietary sources
glycine, serine, hi dtti disnd mpaonrd amholiinne.dul t cel |
acid synthesis, and in multipilmclpaidimma@rye i n deve
proliferation. Fol ate deficiencies have been wid
devel opment hwetyauee neural t(ulenudeaf aatds Pi cci ano,
Hof fbrand., RdOwedy)er, too high intake over 1000 mg
l ow B12 can al so cause deWVe@d otphemd mtd ,plr20R109 ms

Folate is also important for many other processe
pl acenta development, possibly having a role in

metall oproteinases ( WMMIPIsg & mealc2rOeltli)o n

The folate cycle takes place between the cytosol
redundancies. Folic acid from the diet is first

then THF by dihydrofolate reductase (DHFR) befor
the mitochdndrsi d hen conwedH&dbyo SEHMIR@- and 5, 10

meTHF by MTHFD2, MTHFD2L and MTHFDI1L, turning NA
process. The equivalent enzyme in cytosol, MTHFL
meTHF due to a difference i n t hnee TNFADPR+ /cNoANDVRH treadt
to-nleTHF by MTHFR, or regenerated to THF by SHMT.

The f odleapteendent pat hway i s way pgnmoosceince b mmoni ne,

catalysed MIYyR MMGRi res vitamin B12 as a cofactor,
derived f(Domdngaelzas ,al20.12MTR uses 5
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met hyl t et r ahy dmweolfHd-l)a taes (a5 met hyl donor, whose sy
dependent on the folate cycle and also has | inks
first be activated via reductive methyl ation of
reduct ase;, YavhBRERt ,al20.06n) the placenMBRMTHINFRI s of
andcCBSNRNA are consistent between (fSalsdemtkayad .t hi r d
201 OMTRARNMTHFiRas similar | evels of expression as

fol altegendent pathway i s active.

1.4. 3. 1Fol ate transport

Uptakeeofhrogiaft e i nto the smal.|l i ntestcionmelies medi .
folate tr amGhpdraededlLiCEY6ddn&Zhaet ,al20.11D)t i s
assisted by prosisptecimdmbP&dOMAeegeonde & OhH1

gene which creat esednofnmlgdtuegsami rom pol yglutamyl fc
can be absorbed. PSMA is expressed in many other
knownRi st au, OO0Keefe and Bacich, 2014)

Folate is transportedmomoghet damabd apbdHE&ES, most
meTHmRonogl ut dmat eght , Dainty and IFi nigsl atsa, k e2n0 Ou7p) b
transmembrane ctahrmréerrseaeplt ors. Reduced fol ate ¢
encode®LIEY9Ali s the major transporter at neutral
across humanf Whiessatesne, Flatley an@CGMaanhseprdryt,s 20C
folate at( Wamw,pHhao and Gal dman,s 20@ah)ily express
kidney, liver, placent d, Qiatpl,&l20.06Mtdei neeeptoes f
endocytosis @ales & OLmRAWN msepFiRt hel i al tissues and
(Kamen, ,200@DLRI2sdq knorFwn)i as hemat opoi e(tRocest i ssues
al,. 198a8a)y FOLR3 o( knorvh)i as T (cedrmasgledah,jal20.07)

Their exact mechani sm of uptake is not known, t h
compartment to the cytosolPCFqiZlhdedbeal@®®di9ated by
There are also many ABC transporter scapvahdicthy ar e

(Hou and Matherly, 2014)

Folate is retained in the cytoplasm or mitochond
(Kiemt ,allo%wb6)h folate polyglutamabtewetyndalhet ase (
1993, p . 199; eRfr @d2 85 eLawr ahz®l 4As part of t he
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fol @atye |l e,i $TrHaFn s | dofcraottmh eyt osonli tto@e honsrng
SLC25A3Chasitn,all974,; Titus and Mloe amit Q00O dr i al

transpboteformate is not known.

Transport of folate across the placenta occurs a
believed tRFCBEFVI a®dRIF. FOLR1 binds folate on th
membr anMVM)ef obreei ng i nternal i seamkedwiatthe dr eecnedptcoyrt o s |
wi tPhCFTSol amtk yal20.1IROFPC s al so found on the MVM so
an alternative uptake mechanism, and it found on
transport folate(Keabdthgall00G I, o &dt!l san R 9.1 0)

FOLR2 is highly expresgqeéedoimatsHa f202ill)e pkhtent a
al so expresses ABC transporters MRP1, MRP 2, MR P 3
and mMRNA expression of all of these receptors an
reported to decreasd Widrldsassg e sMi asttiroyn and Mor gan.
t hough other studies suggest FOLR1 stays consi st
mechani sms may change toOoYasghampln2g®&dnc$dl anky
al,. 2010; Cherukad, Wai nwri ght and Wat son, 2012)

1.4.3.2B12 transport

Mammal s requome®bBl122min) but are unable to synthe
must be obtatmeddifetom B12 is synthesised only in
possi bl y Falrggauechar son and Adamset 1,a7V5Q.028at anabe
deficiency in B12 is common in many developing n
( McLean, De Benoi st andoWAd édfenan@0ABdr ©xdti 200 9 ; G
al,. 2017Mil d B12 deficiency can be hard to recogn
it can be retained in the body for years so defi
i nt ake, but severe deficiency can cause megal obl
di sorfdRegnol ds., 2006)

When ingested, B12 is bound byrCiNgpt ocbheioppenca
gastrointestAlnladn,aflaxcna8, . pHap8pcorrin is capable
many forms of the vitamin, not just the active o
fluids including saliva,(Mor&dbatkmi Plhuasenplaasmaie)
2007)As it moves through the digestive system, E
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haptocorrin and bound( Hwr liinmanmsarcd fAwheebrr, 1969;
al,. 1997; Kotz yaldlkio8ef ore being taken up in the i
recepmedi ated endocytosis by cubam. Cubam is mad
B12 binding subuyymndodesdcCB¥ahidnamni onl ess. There

be a small proportion of B12 also absorbed witho
di ffusion in thel Dsanhallglr einntaensdt iLneennern2s, 2019)
I nside the cell, intrinsic factor is then degrad

be released into the cytopl asm, -lpiokses ipbrloyt eti hnr oLuMyBh
(encodeldVBRDRuUt seth ,al20.09B12 can be exported from
mul tidrug resi st anc;eBeperdohtoBlbm eet ((@aMBRE.L1O0Nt i s
believed there are altwhin@lhveenmechahi bmen
characderiTsanscobal amin (TCM2)t wtereann § f caretdse B 1s2

bl ood I evels are often used (dHald  mdadsswr,e pof 781 2 |
and Hof tLpacnkne, .BAN11s) taken up into(Qehtsoby CD32(
Nakayama and SequeAgaitn2609)aken into the |ysosor
TCN2 diegraded and B1l2 releddsed into the

In the Iiver, B12 can be stored for | ater wuse. C
B12 isedi owatds one of the two pathways, which m
cobal amiGoebetto,al2008; Mito sl 26.09B12 to beMTiRsed by
convertmat tywl coballamirmati vely, fTheimitdockohddi ao
anmodi fi eedebayadenosyl cbbaésaei and Grhvebtan2010)
then act as an essential cofactor f&roAthe mitoch
mut ase, which is part of t hceh apiant hfwaatyt yt oa coixd sd i asned
catabolise ketogehMasami @wohadld @Wx2812 has al so be
suggested to have other metabolic roles, such as
| euc-rneh repeat kinase 2, which could play a rol
(Schafdtneal20.19)

During development, it is thought B12 is activel
based on relative concentrations in maternal and
mechanism i s(®Schonetweal 20.2TOONPpr ot ein i s produced b
pl acenta aTOMBpesdadptors so it may be t(ronsported
known as obURRCD)B MO estertupall 996, p. 19981998111999;
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Schneider and Mi Abgorp20daf)in the foettisomay al s
amniotic fluid, whi c h cToOnNtaani dn si nftoreitndslG wc®elaritcvt eodr
al,. 1989; Aiamdaet ,all9.99)

1.4.3.3B2 transport

B2, al so known as ribofl avi n, is involved in man
including the oxidative metabolism of carbohydr a
acids, multiple protein folding pathways, redox
must be obomined dret and is not stored in the b

amount may be synthesitsteaolbogn.baldfeirdiaenmi es have

linked to cell degeneration, cancer and severe n
B2 is absorbed in the smal/l andediaatged i ptecd § NES
(Said, Hollander and Mohammadkhani, 11993; Said a
phosphoryliatsed woo bi ol ogically active forms: fl a

and flavin adenine dGenlulcsl euopttiadkee (BF2ADNi.t h ri bofl a
transporters RVT1, (BWT2daIJldDbO5RVATI3, 2bGH2A
SLC52A3r espe;cttoinveezlagwa ,al2 00 8 ; Y aenta ma t2AD.0RMT 1 i s

expressed in the placenta and small i ntestines.
di fferent tissues from the blood. and is express
brain and salivary gl and. RVT3 is wheolved ims pl
expressed specificalalsy wiend It racsp hadbbsloaspttss,on i n t he

and ki dnfeoysshi neatt saul2016et Jal0.20)

1.4.3.4B6 transport

B6ofpyri doxine) exists as 6 different compounds
structur e, the biol ogi caanldl nyiutsalbceb b v @ idfhroomMm titse PL P
di eB6 acts as a cofactor for dWeronét0Oak2e0,09u)l ar r
including biosynthesis of amino acids, fatty aci
protein foloapghasviegni fi cant role in neurotransm
(Clayton, 2006)
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Studies have demendatsrcatrmdcirated mechanism of wupt
into epithelial and colon cells in vitro, and pa
but the receptors have not( Scehte nbkeeera | Ich%2 ;a c3 aeird ,s e
Ortiz and Ma, e20,8B20.0s8d)itd has been suggested that
SLC19A3 could uptake B6, they are known to trans
been demonstrateditno vif Dlodettapa lBL® 99; Ratf galp.al

2001; Yamas hat20.20n) mammal s, PLP is secreted into
the |iver bound to serum al bumin to avoid early
then take place bef oPrleacietntean tterrasn sap ocretl lo.f B6 has
characterbwtedSLC19A2 and SLC19A3 are highly expr

(Human Protein Atlas, proteinatlas. com).

1.4. 4Fol at edependent pathway

The folate ipdepbeavVyéehbaeattesaset he met hyl donor to
met hi oni ne, <cat a,Imossegd ybyexBbHMTssed i n the | iver a
(Pajares afdl ®r 2l20i6s) .converts betaine to di meth
can then be turned into glycine in the mitochond
dehydrogenase then sarcosBHMMRNMAYyIdTs oglen@sfeqund i
mi ce during devel opoentl, sftragre ttloe ( hecetbladst ocyst
2009)t hough this has not beenBernekphlaitciabtb@ @.10h h u ma
BHMT s not exipmr etshsee dp,| ascuegngteas t i ngd e hend e tatmat hway
is prey®dloemmtk yal20.1TOh)e i mportance of this pathway
to compensate when components for t(hvolfealyate pat
al,. 2005; W4l Jad2@1T8h)ere i s some association betwe
defects and | ow betaine onl(yShwbwe n,af200.0a4tQer eirs al s oo
pregnancy, betaine in maternal bl ood becomes a s

homocysteine while fol ate (Wedaghharge 8 ,av®0&EN one

1. 4. 4. 1Bet ai ne

Betaine is importanand smeatnhyls mbdrydre, t hough it i
a variety of ot(hervepr camals sS5diotws, 12e0vliedl)s ar e hi gh i

kidney where it has an i mportant role 1a& an 0s ma
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met aboli sm.c@Bretmhd nebt ai ned fgym hersxei ldaktf roam chol
I't tiaken up from t he {GIABAd tlrya nBetoait,reae nlc o(dRG@T by

SLC6AZAhoet ,al20.12fhe transport of betaine in hum
not been chaanadc tietr insuesdt wuse an al t erSnaCt6iAile mec h a

not expr(edsusnreacn Pr otein Atl as, proteinatl as. com)

1.4. 4. 2Choline

Mammal s can egmolhies e sbhiud onotsaiomed hfe di et . Chol in

components can also be recycled fromgivesdsi sv@en

to many metabolites in the cell, including acety
and bet&iemay ,al20.2Ch)ol i ne is important during de\
especially for the nervous system, with insuffic
defects similar to folate along wit h( Zetihseerl ,devel
2006 ; Waeltl aacl@ 0.1 8Def i ci encwebeemi cenkad t o DNA
hypomet hyl ation in thei bgame,ofpotslseée ¢ ypltramust ypes
(Niculescu and .Zdinserli,ce2®@®MA) cul tured cell s, chol
pl acenta angiogenesis, inflammati dmKoamdomadrn amwt
and Caudil.l, 2019)

There have been multiple trwhisplanteranspartacthol
possibly varying with cel |l (taylpseo aknnd® kc@GoSnadsi t i on s .
was the first discovered but is only expressed i
(Apparsunatar,al@000; Fetgab2ohn03Gholine is transpor
many cell types mainly by FLVCR1, and the relate
bl odbd ai n b(aKkeneyr ,al202 3; guywen0243LC44A1 and
SLC44Mm2 s(0o known asCTATZA)lsantdranspanrt dlhanidnéen
both the plasma and mit o(chwlinlde i tachh2neOntb, r eThaey | o r
al,. 20217he rel ateds&ILLa 4lA8emashown to transport
i tnechani sm and | ocalisati on h(aSsiencelbaijarb20 @cth;ar ac't
Nakaewd ,al2013)ptake in the small intestine may be
SLC44QAHOTreite ,al20.14)

The majority of choline in cells is used to proo

also be irreversibly oxidised into betaine, for
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mi t ochomdrei &a.onversion is done by choline dehydr
bet aiaheehyde dehydrogenase (ALDH7A1l). Betaine i s
cytosol previouslbyy tShLoQudgdhAtl taon dp Ely@o4md20.2 1)

However, more recent work suggest g Sicthltoestsresrport e
al,. 2023; eKhah20214t) i s actively transpor;toemd acros
a proteiLddedvredl found in the syncySLiCo4t2ZrAd mhdlhleast
stromBaumgarettngrl20,15t)holulgh4 4iA2 al so expressed hig

cytotrophoblasts (Human Protein Atlas, proteinat

1. 5 bOHaD

The Developmental Origins of Health and Disease
environmental exposures in early |ife affect the
|l ater in life (Barker, 1990). Epi demi ol ogi cal st

associations betweemertiragydehater disease outcon
The classic exampWient ear ,t hae sDauv ecrhe -4 :.mi fhree n ant all9 4 4
exposure to this famine increased the risk of di
di seases i Lluanteg/r, ISitfeé n and TBessesemech@hbhlppms may
have developed because it is advantageous for th

to the environment to ensure opt iHonaveverowthi and

does not mean they are still adaptive in the cur
| ater disease may be a result of inability to fo
with the resources availabl e.

1.5.1Studies in The Gambi a

Studies into the effects of environment on human
factors involved. I n an attempt to alleviate thi
effects of nutrition have utilised the seasonal
especially inuttakeda, omfapld phel aituir@ihe Gambi a. The col

experiences a consistent rainy O6hungryé season J

are growina@vsaad Ifadad ity is | ower andhameigytéeat
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foll owing dry O6harvestodo ¢éPasaodi Ea&blrou8alr,y. pt.o 8Alp)r i |

This all ows season to be used as a proxy for nut

Exposure to different seasons during early devel

health ouBabmes. born in the rainy sead$d®®Rare mor
(Ceesay,all997hey are also 10 times more |ikely
which may be | i nk(eModeoe ianffL®8@®7i oMooyreas 198 es

born in the hungry season have altered T cell i n

CD4+ |l ymphocy(é&goeunals20.11)

Two studies have characlt@Gumitgednttise ilneuvdles pofpul at
bet ween seasons.niThoe efdi rdsitetnso and &dtoossbooear ke
year foepr engpmant WDonminngluaelzas ,al20.13Macronutrient
dietary composition changes across the year, wit
dry season and higher carbohyEmat@y iinnt dleerwasny
consistent, unli ke( Prrentitogiasl L9BaButesbody wei ght

decreases during tduee rtao nayg rsiecauslotnur al wor kl oad

Di et ar y diindt ankoet corr elbdtoeo dweblilo maistkhemh i lcehv ealr e a

more stable and r ellti aibsl et hmeeraesfuorree. better to cons
bl ood biomarker | evel BT sshakreoaahli babdl more direct
with anot hmeasiamigdyood bi omarkers in pregnant wom
estiimdghe values at( oomete pali2@0d1 9Bot h studies foun
folate, betaine, B2, SAM and SAM: SAH ratio were
B6, homocysteine, dimethylglycine and SAH was hi

(Fi gulr6¢. There were some slight differences, with
met hi onine or active B12 higher in dry and chold
with the other finding no difference. Overalll, a

significantly wilthsseadasnensitmudygt
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Figut.é: Simpli ficed bome cycl e showing chang
in The Ga@Wliaur of boxes represents compa
seasons in diet as measured by blood bi ol
(Domi nguaelzas et al ., 2013, James et al .,
hi gher in rainy season, yellow arree hnagthe.!
measured. Arrows represent components pr
(James et al ., 2019). Left arrows are dr
Up arrow indicates positive predictor f ol
negati ve rm.r eGriecyt oboxed arrows were predic
components, others were part of predicti?
di hydrofol at eeTHMetimpttdhyé ene tetrahydiTHFg
met hyl tetrahydr odddmdsy | SPAdHmMOoO cSy,s t&d enneg; s ys
met hi onine; THF, tetrahydrofolate.
Additionall vy, both studies found consistent def i
used and therefore proportions varied. For examp
most women were deficient in B2, 30% in betaine

found diffeteonhspobdbpdeficiencies between seasons
deficient in B6 with more in the rainy season an
more in the dry season. Although BDoMmifeg-e®@z meas.u
Salagsad coll eagues al so fosandefmaniyemptaritmnci plaate,
choline. This halglhelreadsnhctecmta ati on of met hyl don

season, potentially giving a higher methylation
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1. 6 Metastable epialleles

Met astable epialleles (MEs) are | oci which show
independent of genetic sequence. I n practi se, ME
variabl e DNA methyl ation between i-ndssuduals but

met hyl ati on wi tshi nT hien dciovnisdiusatlency suggests the |
is established early in developmantd mhmafoteai hiedea
This dowlldy di fderrammed aly | gptoisamp !l ant ati on or di ff
met hyl ation derivingthabomsuhei gamet epwmiotgr ammi ng

i mprinted gDMRs.

MEsare of interest because they could play a regil
in gene expression previously unappreciated fron
Theygre often associated with transposablceanel emen
give rise tegnéwtory DNA el ements or even new e X
(I mbeaul t, Hel l eboi d and efr aman2aQ.1lv@a h#;l aBad wrnq wd

someMES s esponsive to environment, maybe connect.i

met hyl ation aBdrheakt han&mFehgu&Galk)n their cros

ti ssue consistency, MEs can be studied in easily
information on | ess accMBsohld baea. pOwer &bl , t oo
studydfnfgect s of early envi.ronmental exposures

1.6. 11 dentifyinMEsmi ce

MEs have been identified in mice by searching fo
met hyl ation across germ |l ayers but wvariable meth
known as systemic interindlhvei ddu alf cvtaarkisaytfiyonnn g( S1
sidefS|I 4sMEs diest er mitrhieng bsmetvieyl avdai oat imort

i nfl uebnycegdeneti c variation. However, mice can be

known genetic vardartfiiodhke & sos iaflalfsédas i o n

A wel l characterised ME is YhealAgelud iiwkainibde vyel
when expressed causes a( Dieclklioews ,c oladte 2gd 1Rkt !)

It i sl ianlkedbdwi ty, glucose intol er a(nteent a,@md .t umou
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1994, Mi |l tebhbaltlgex7)ke many subsequently identifi
associat edl mtirtahc iastparnalcl A g | QAIPgss | | ERV cont ai
prot-ebpdi ng sequences between | on;gCotleer,miQnaol arnedp e a
Huang, 1D®MBel)i nsertion of this | ARrlyed itco ptrioenod ree
The promoter drives expression when unmethyl at ed
states, including DNA methylation and histone pr
(Dukt ,all994; Mor,@agdah999; KazachhdAR.a8The
phenotype is partially heri t(aNbdregestnr aml 9.59%F) mat er n
Environment affects the phenotype, for exampl e a
met hyl donors and cofactors in utero |l eads to in
of fspring with(Weleftfo,allc20%&;s Cooney, Dave and Wol
Waterl and and Jirtled, ,a22036) Cropl ey

Subsequent sthdceseibdemi indgt her exAhPisbi ting SIV

(Kazachemkal20.18Ynl iYkemoAst are not heritable and
changed by environmental exposures including bis
suppl emen(tkBaritoemz zal20.213i tes also function indepe
met hyl ation is generally not correlated across d
but is found at consistent | evel $§ Kaecnodemnmnpapul at
al,. 201 )odvs eeding and genetic screens mean t hat
can be confidently c¢classified as MEs, meaning th

genetic sequence.

A recent screen by Gunasek@az®dmy eachdwhtowll d ecaggrueme

bi sulfite sequencing (WGBS)s ogmmdcatnids scuoeastl ifrrmrom 10
sel ected wietghi opnystr osequencing in a dlihfefyerent <coho
i dentohlI2PMEs mesgi whsQD. 71 itritsesrue corarte |l eetaisa fi ve
CpGs andi ndierduad20ameeg over|l appedi wiushscreens
for SIV, were not affected bdyo noart esrunpapl|l edmeenttaartyi on
andvere associated with LTR .Agah sgoe arbd scu letl e ment s
i nidc attree Agout i ME is not reprd8destadktrse alf soi dei
enri cheKd ufpgprel associ at ed-fhoxge(rKPAR)F)EE inmsd i(n g

sit,especi@Gmlciallb5iml 313 A EGml32Emhd CTCF binding moti
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The mechanism behind MEs iTsr acnusrproesnatbllye uenl kenmoewnt.s

silenced early in development; in embryonic sten
recr uKRABEsoci ated KABLpinolrésult in DNA methyl
H3 K9 nBe( Rowet ,al2010; Quennav2012; Ecco, |l mbeaul t :
Trono, .2/ 7)anbeltenyl ati on establishment in MEs cou

competition between binding KZFP/ KAP1 promoting
and ZF CxxCcdomaining proteinsCotshtasttl lporl 202 ht it
El menr ,al20.2Tth)e parti al i nher i tnmaryc éb eo fe xpd md nMHKESs by
the abilsimayl lofsuwbset of | otie,sciapalrundiimg | APs,
met hyl ati on r ep(rLoageea nami2@ 3 ; ldc lae2 0.1 3)

1.6. 21 dentifyingMBsa man

Il dentification of MEs in humans is more compl ex,
techniques have suggested their existence in the
putative links with environment and di sease. It

genetic ef foeqptopudwae iton ge rmetdiacn yv asriitaetsi oonf vari ab
met hyl ation can be expl ai nevd Iy cgaelnae taincdt VBaerlil at i20
has herebeer suggested that the definition of MES:s

expanded to include those undelrn plairnte awmn tghe ntehtii sc,
this thesis | am defining MEs to include those v
where genetic influence Thhaesy nmoutshlaesen DMrAov e n .

met hyl ati onwiptalh tiemwaérni dual vari atiimdi wiudualot i nt
met hyl afTHew .maey i nfluenced by environment, but th

for the definition.

Humans al so do not have | APs, which have been th

mi ce, so a different D[@Auweprtooa cthh & sdrimfeha dcéudl.g yg eonfet i

influence, it is notidentehyl|l gumassMBESebyothe st
definition. However, screens have identified pot
genetic i Abl dahereethave been six independent scr
humans, two using individual CpGs and four at r e
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1.6.2. 1Screens for human MEs

I n the first screen Wadrer Mdamddi o lhlu@2a@nls@dsu n d
interindivi dbalt wegenii aphemal bl cq®PBlLeulaoady hair

follicles fromi&eadulftys .40mBeé % \elsastpiiedcts f i ¢
ampl i ficati onanm ccroonafBwanyehd pyr osequenciang.o Five v
consistent across I|iver, kidney and brain in ano

variable among monozygothno twfhsesagreeaegdgeaebtviamg at i
is not significant. The five putative MEs had hi
conceived in the Gambilkhnovai hYCHeatB@XKEni t
ZFYVEZ2S8

Har raindd col | @ea@lizgenti fied i1l778hiCplcst he same pat.i
had the minghé®twest met hyl ation val ueacofhroormt t wo t
of tTemefyi l terednfteriamdi viadfita%t d@W%aygred i-ht esue
correlation ovef ©Ohé3i dé&adtiafdi ®@dLEDPiIGIsf er ence in
PBL samples in monozygotic twins, suggesting | ac
sites were also enriched for CpGs identified as
gener al paopwlugtgiemettihnyg aatti dmes e esibthd ss hiedd after

twin cleavage.

Silwaerd col |l ea@luessewlhol e genome bisul fWGBE sequenc
on PBL and hair follicle DNA from two adults. TAh
interindividual (\&dryil gthiioccrh iimsd enx g h ecsotn siins tseinttes w
interindividual di fference in both tissues, but
same i ndiviiduaanld.i dTahteee rNehse 109 200bp bins with th
Sl Vat |l eastsafdCp6G evidence of TGkesticegaonatwene
enriched-tfeolromeurbi ¢ regions, proxi MTtRINA2wak| NEs a
thetrongest caanadisodaiat®MBvei i dent i hiaed nlmi ns
assocbwitth geneti @nwearsi atoindn r med i n a separate t
cohoHypomet hyl &tTIRNMIZad mor e co@mmbi an chil dren
conceived in theaddyaseasbated with | ow maternal
met hi oni ne at.Ac csnecceoptdi osnc raedebn0 ku saiormBaByL of 120
Gambian i nfantWwWTRNM2asi t hedonly significant assoc
However, thsi tteoghalddi gher met hyl ation in the rain
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i nclogther candiRAX8N MEAPLI2ZNt erestingly, this st

foumdchange in meXZlRhRp%at iremrs paotnse to season of <co

van Baal# coll ea@ui®dsenti fied 1042 CpGs with inter
over 0.2 and greater thantithuee rtainkpedsk talrerhaiyn toenr
three tfisasfmoeusr i ndi vi dauiatlvesesr eT leenssra ¢ h @ ce | foarre rsi wch

regions and associated wi tSIPAcTeCdithe rreerti hsykl,a tiinocnl u d i
was associated with reduced risk of €plGsrect al a
overl apped with regions found in the same study
monozygotic twins than genetic similarity woul d
envinment al effect and establishment before embry
enriched for probesofcbowépigi seasbhedtds ifmr odn y ehaer
Gambi an ENID cohort, with higher methylation fro

season.

Kessbaeprpd coll ea@lui®kenti fied 87 putati WEBBE regi on
fromve sampl evd tthw@achf t hree tisbBuestypebteflbdyfo
CpGs wiltth% nt er i nddiiviifdewwametrdniant r ai ndi vildasad range
t haomne tthierd nter i ndi vR uwtuaatli wea n\ie ardefgd WOrp §s a't

| east two thirds mewittimgmarx@iememi 3 @0GmGHhtewwee n
regi omese associated with predicted enhancers, TS

proximity to ERV1 and ERVK el ement s.

They t hen dsetviediogpdnent al stages from gametes to d
embryonic tiredweewi trtepresentation RBRBSI fite seq!
Met hyl ati on atwaMEl wadygswerrs t han b,a cwkigtrhocuaneda 6 e

in intermediate met h-yimpt aobhat hoshhbhegnpotyiong t hey
may be est abbitmmleadnt atME®ogi bad hi gher read homoge
index than controls i.e. CpGs on sammQTflkadattend
ME regions emptaanedf 0. 23 swarmgiesdrmee g e neeftfiecct

The regieabsweeched for ZFP57, CTCF and TRI M28 b

The most comprehensive screenGumafsetaawdas per f orn
col |l ea(gutels9 )whaodenti fi@dr 9OOR&t ed Regi 0BIsVo). SIV (C

The name derives from identifying SI VIl htehyat i s co
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used WGBiSempmesenttiassswees from the three germ | aye
donoC®RSI Vs wer e clbGhkr ultiimsds wdp, G t-teirs s ue
correlab®idh and interindpPRiOdoddl iwa mioldRaNbALZe

was not identi fi eds maplols ssiabnhpdlied eseiorfeoglilwe s e
confirnedsedamacahtewt tthwo failingidterti oadli owdual

variati on.

CoRSI Vs pwesriet i vely cortrepalt edgi eovalt hy nassociated d
(TADsenriched for transposable el ements and depl e
binding7383i CeRSI| Vspbutghrdl5&kmr ragr iveidd h season of
conceptasobefvbt B higher methylation in rainy seas¢
CoRSIWesrenr edihor CpGs associ-atedewi dhs®hsgscan
al sbf eecxtpres swi oh a sbobwechogp rel ati on bet weien met hy
adi pose ti ssueex pwietshisrbbost hs 8 me salnedk x pr essi on in skin
and | ymphobl astdheéreelwlerlei nev®. di stinct groups: \
evi dence of mQTLaré€héigedbypso replrietsendasdat hewe

di fferent methylation distributions

I'n a follow up stadgol CGern@Akdhgsat ed 4086 of t he
CoRSI Vs withpnofB080gene in 188 -deampobuise whit hult airge
sequencingonTheamed nterindi wi2dwa la nrda-tégses u e

correlation0.nébbséet § wasr oang genetic influence at |
often with the major allele correlating with hiog
analysis in a smaller set of 60 donors showed Co
correlated with expression in thyroid, lung and
1.6.2.2lnterindividual wvariation

Il denti fying SIV, |l eading to putative MEs, i's a ¢
mul tiple tissues from the same individwasl s,n many

mi cemany sSstbhdvesinsteadvardieanttiidn eidn met hyl ati on b

i ndividual s. These cannot be classified as MEs v
intraindividual vari ati on, but wohuelyd chaeld Igggbo od c an
still be interesting and drive phenotypic vari at

they are not <conaslelr vteids saucerso.s s
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For

e

xabbet akhsman col | ea@Q2aiz¢gsent 4L d48dhyper variabl

CpG6hCpGswhich consistently had iatrasesad#00idual

datasets of different tid850&sasahldeg cwdrli dtyipers wa g
not explained by amgael @howeH ImManyyewere linked to
explained onpoyr tai assrvadlfdt i on. 24Cp 6 dwvher lhavpped wi
the putative ME dat asetGpGsivker & heersrei,c hehcde fhor prr
ERV1 and ekERVWeNnt 9vamdapped with PofOm and i mpri nf
test on a cohort of matched fetalhoti saedh shewed
criteria for | ack of intraindividual variati on,
variatinvberestingly, their pl auneingmatdytl agetonshowe
di stribut-Bpls compar ed heo adlgt avsdths more | ow

met hyl ati on and | ess int.ermediate methyl ation
1.6.2.3Features of human MEs

So far, there is little over liap dieftfwereenntt hsecrsa dre
(Derakhsthgal2022This may be explained by the smal
screens, giving reduced power, as well as the di
i s, howewdrermise features of the sites identifiec
are enriched for prkessliam!|2nl R\WSEBIeteral

2015) ssubl omeri c(Kegbebtrsal2018; Dereakmshadny

pr ox

They
(Van
gene
sugg
poly

S

mity to ZFP57, CTCF anM&KebBRdItMZIBI2WiI1Bdi ng si t e

are also enriched for oocyte gDMRs and s o0me
Beata kal2018; e$i Jav20.22This is interesting beca
are also associated with ZFP57, CTCF and T

esting a potential (IMomdékt balt2welh ndlee dt womany

mor phic imprinted genes could meet the crite

met hyl ation across a population but consistent w

scre
and
site
| oss
i nco

t he

ens to date haparpmofori edtheed ifcorbi as i n met hyl

h

S

ow this could interact with the methyl ati on

wi t-teoiocgd emet hyl ati on, the observed varia

es or gains during DavRrélryo nd etvheel ogpammeentte sa,t cr e a

mpl et e per sMRst.e nAclet eorfnagth vel y, there could b

g

amet es t owhbiegR ms iws tt .h
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7 Environment, heal mbt agtdabDNAnN

di scussedli® Seéet  DomHaD hypothesis states thalt
posure influences | ateTheé¢inéeahease¢ehemalt cpmesi. b
chanisms that could Ilink early environmental e
ich DNA methylation changes, causing gene expr
ading cdmdiedndathgal 20.1T8h)er e i s a direct mechani st
roudgmet abolism, which requires components fron
thyl groups including tOhdserkeoi sDNAkeSgctioobe
nks however, creating adaptive responses to ea
en investigainhg htehdasene around conception (pe
a critical wi ndow bierc aliesdt, il@ms hdd rstcluys saefdt er

rtilisation patterns of DNA methylation are es
roughodthelsief ereate interindividual epigenetic

d i mprinté&€deDMRBropriate epigenetic |l andscape
vel opmental stage and in every cell type. Very
so be inherited by germ cell s, antl esftlagppeet t he n
prograin@axg nger and Whitel aw, 2012)

7. 1Health I mpaetve!| @ofp meaxtpalsur es

verse birth outcomes can befaaused,bynmandi digf
de variety of environmental exposures. Bot h ma
econception physical activity are ddAsoedi ated w
2014; earaxlRi0Ol5; dtosdl®mM.16Al cohol and caffeine
ve been Iinked to r(e@ARE dStbu dyw hGwed wh,tet2 00 8 ; Po

20,219nd tobacco smoke exposure to worse birth
duced fet@Petgeroszvdh and HedThéese28dVerse birth o
n subsequently be |Iinked to |liahefetli Bemdi sease

th pl-ae¢mta@d out comes.

ese studies provide good evidence for a |link b

ter di sease, bhoevewiedet @epyo HuAknad mail n dsoavust.p & s
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greapeeci sihooow ampact varies depending on timing
environment al.Feoxp exuarmpdm® usie studies periconcept
maternal hbhdbeshegn showhetal agf e@Deaniranetek,al

2016 ; Hoeltl aanld 0.1Téh)e s e stal dioepr ovi de more tools to

mechani sms, in this caise dietadt Igy mavit thheg & ¢ oy
changaets t he ri bosomal DNA promoter which control
RNA

|l sol ating exposures in the periconceptional peri
humans,pdaudi bl e i n some tchaes esst udhyc laufdiansgsi st ed r e
technol ogies ( ARVt rr o ufcehr taisl ithanigenj rewmimemt onl vy
around conccempparoend to ot he.oAROIr @ gh aanscsioecsi at ed wi t h
increased risk of | UGR Camppea®mmhalt2urleld)bkrbhdy t o

| ater healt h, it has beenraessedi at ed withigh bl c
in children and altered heart shdédfeetmrd,adhamber

2008; Vald&hzwelha,al20.13)

1.7. 1.1l mpact loamcent a

The placenta is particularly interesting in the
environment can influence placent al functi on, i n
pregnancy outcomes. -Fettahed, apliveacesmrt pregnancy oL
influence | ater abi esdussaBd.eld..ndPSaacteindrahasuncti o
been associmaeryl evmv¥ihr onmental exposures, such as
and obé¢ Riet y nedterasl2019; eSc,at20.22)ncreased physical
activity before and during early pregnancy can r

preecl ampeimca ,al20.14)

Overall pl acenta morphol ogy has also been associ
example, in the Hel whokipeBiiretntc e@o lparethnat al f ami n
pl acenta thickness has been associatedBairklerri sk
et ,al20.12Another study I|Iinked |l onger and more O0V:
with col or edtBalr edamd20.13)
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Again, ani mal model s mlaeeide vnafifi gc tthed
periconceptional exposurkser oexdmhmel o, aglemca@ant al ¢
affected by a preconception (zZliimdh Gdé20.t40mmmyey in r
term effects include increased risks of offsprin
a preimplantation | ow pftkkwerd ,di2e0t0 0i;n Waotdke nntss,

Ur seeltl ,al2008; Watkies,,aWd&k8)he,se model s suggest
bl astocyst is capable of sensing nutrient status
pl acent al de(vEed logptneanlt2012; Wat kaila6.15)

1.7.1.2Links tomeDNWyI|l ati on

Exposuranygf emvir onmendtuarli nfga cdteovresl konponvenn tt o saf f ect
DNAnet hyl ation, for example there are changes in
regions with fetal bi( $phebthod |l 2Aa@Ypaechamges i n
met hyl ation at 12 CpGs in blood and 12 in buccal
exposure to pEngbMatest ,a12022AFf | at exiposBhe
uterdhe Gambia was associated with differential
in infant white blood cell s, incl wdeilng eidn ggernoewst h
(Her nawdhezgats ,al20.1A5 )me-aaal ysi s found DNA methyl at
neonat al bl ood has been |l inked with many pregnan
associated with birthweight through childhood, ©b
an overlap between CpGs related to dsurtéhsvei ght a
(K¢perts,al20.19)

A study detected DNA methylation differences in

ASD diagnosis, enriched for regions related to f
(Mor daeutntal20.20here were | arge sex di-fferences w
associ ated DMRs in males and 1762 in females acr
I n one of these studies, MARBLES, another anal ys

at 400 DMRs was associated wagai n adrerri cASebd dwiatghn o
devel opment genes, I nCYRaABImdY RSE@2hegte nael2 0.1 9)

Agajanttempting to narrow exposures tottwulle egperi co
di sagree on the effect of MARMe-mmalDNAI saeft hyh &t i on
consensuscorasing DNA methhGla/t MBb®T idbountt meot at
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other imprinted genes which have( Bberemetfa@mind i n o
2022hthas been Iinked to an increased Croirglsasfi si mp
et ,a120.18)

1.7.1.3LimkolmacenxtNeAmet hyl ati on

I'n rodent s, DNoAmat eégt ati on i s affected by maternal
hi gthat di et | eads to placenta gl obal hypomet hyl a
met hyl ation at enzymes involved in epigenetic ma
(Gal-Kabaeati ,a120.10here are also changes at many ¢
transcriptome and met hyl ome, and the genes vary
in different biolGaghaeay, af2z®Mk2) ons

I n humaewi,atdi ons from nor mal pl acenta aging have
sever al pregnancy complications. Accelerated epi
to early onset (Maga@aekl arhp8133dnd | ower fetal weigh
(Tek®AAlyzkee ,2a120,199%hil e decel eration has been asso
maternal weight gain(dor kat eqgia §ali2edri2cly)

A revafewhuman studies f e®exmpdsarwasr iastsyocafat ed with

met hyl ati on changes in placentas both globally a
pollution, maternal smoking, b( Mprteinlollo Aarad dMd rir &
2022) They o bseesreviefde ctths are generally stronger wh
occurs in the first trimester. I n other studies,
have also beahecriessksmever all placenta methyl ation

some changes i n ggrCherixpaleddidd n

As many i mprinted genes are related to fetal gro
have also been | inked to | UGR. Mouse model s have
del etions of genes which are paltgefrReaglding expr esse
Peg3 reduce placent al size and i n(cDeGhsieartan,e i nci
Robertson and Efstratiaedi,all191988)é; ohpbebtveehappen
with deletions on maternall yGel monaPshsledda2genes, s
causing f agtrolwidheaer al ambo,ab2003; efa,bbax0.04)
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This is wel/l inls ludlsikrea t gerdo vbtyh If a@tnoi mpo( it GR2)
controlfleearalo fgwhdwthh dapt apl acent al phenotype
andgdontmwtidrient (tSfaenrsPezraii ,al2017,; SR @gnao.22)
I n mice,gft2zbPlOanscri pt i s expressed specifical
i nactivation restricts the placenta. Deletin

it is able to upregulate transport capacity,

t o e

'y i
g th

par

mai ntain nor mal ftetlall adgreo(@dsntsati@riocniad2002, . 2005)

When present, this transcript can regul ate p

| ace

reduced nyuCoéeetti m@ad20.10GF2 i n HKwmsnshot have the sa

specificity for placenta, but may,sffiolrl exeampigor
|l GF2 | evels are reduced in copTdsboheppalf2rOoolnh )SGA b
I n humans, Sinclai¢2a@fdg«cmd | emgluesi where met hyl
associated with birthweight, of which four had c
transcript levels in placenta. |l UGR has been ass
of the i npPrRINSIed&DBFRengdMont ea-&8do heetz ,al

2019)1t is al so associ all¥MAdwiptrhe sisncorngasaensd ,i i n g
only, Pown@EeXpres(l wlneRli ateadas,al20.14)

Pl acentas from pregnancies with preeclampsia hav
met hyl ation and within this, blood pressure incr

increé&a&aebkarnal20.11yt otrophobl asts from preecl ar

been shown to have increased H3K27ac at upre
cases either patterns suggesting(Zmmatgu,ai ty
2021)

As with ot hehrerte shsauvees ,beten mamnyh <ctomdiléesti ng
t he ef fAeRCTt noeft hyilmttitoen pl acedqatnal yA i mad ecurneda s e
i n DNA met hyl aPtEGnW MEt® T iliaBnar bet eal20.2A2 )r ecent
study founddmdetchylastei on and TeRlpMz2e8wshiiacrh ocfoul d
contribute to chanages wernd |i mpr idmotwinh @JgQ@Ha3ntdi o n
DLK,1 which coul d af f(eAcutv ifedetnall 2 9.2 4 Wt h
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1.7.2Health impd&related nutrition

Nutrition exposure may be key to investigating n
direct | inks of micronutr iwén tepdr oivnitdoe st hmee t1hG | p agtrhov
required for DNA nheatvhey Itanteiroenf.or e f ocused on nutr

related to the 1C metabolism in the following se

A study on pigs found that matlkCnrualr isenppl ement at
(methionine, choline, folic acid, vitamin B6, Vi
pregnancy increased fetal wei(dmstteetrmald Otldél)hat e ge
rats, a few studies have found supplementing die
obesogenic phenotype¢ Szeetobhael 2®0f0f9s p rRiereca ,Bl pe z
2013)

I n humarnes UK based UPBEAT trial wused an interven
whi cleduced processed and snack food consumpti on
infant adiposity af{Péteambatth@ldmf aade i al in Bur ki
Faso, intake of multiple micronutrients (UNI MMAPF
significantly reducing the numbers of SGA babies
suppl ementation gRabeteédt oaddd.e2)

1.7.2. 1l mpact Iloamcent a

1Cmet abolism is important for placenta devel opme
nutrition in the first trimester and periconcept
associated with | ower resistance of the wuterine

and thirdertsr,i menstwhi ch hiiagshs orceisaitsetdanwciet h pr eecl an
fetal growth r éRéefr | petlte pasl 2 0.1IESkp o s ur e Dtud cthh e
Hunger Wrand eassoci ateda@idwli adhent a wei ght , birthwei
i ncredps eterm births, stillbi¢tbhenaepd heodat Sls se
and Stein, 20009)

A systematic analysis of the effects of micronut
si x pl accedmtteed outcomes: preeclampsia, small for

birthweight, preterm birth, s(tKiilnl sbredrltldd 2e0R2dL )mat er
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No single factor affected all sSi X, but one or m o
E, vi tamin D, vitami-suppherdheoahbhti om,coal ci um, ir
folic acid, zinc and multiple micronutrient supfr
14 of 25o0mault rfiaacitors reviewed were significantly
preeclampsia incidence, including vitamin D def]i
(Kinshdl Jad20.2A3 )st udiyh &ambi a found that periconcep
mul tiple micronutrient supplementation i mproved
(Owers$ ,2a120.1530me small effects have been found
suppl ementation tionrNegptale i SWGR.n, 2003)
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. 7.2.2Links to eDNMAy Imat i on

ani mal model s, DNA met hyl at i b@r epl aatdticeglrt ms yar e &
ppl emeartisy i n de,veilncplmeditng betaine, choline, |
thionine, and2(WattaemilmnBl and Jirtdte,al20®3F; Si n

di scussemateearrnlaile md telt yalr yd o n o r sAgafuft d c,tg etnhee

anging co@Wwolefofl atkx998; Cooney, Dave and Wol ff,
,al200@e)stricting folate, B12 and met hionine in
d to vahdowete heavier, had altered i mmune respon
ess@uSienceltaiarl20.07hey al so had differences in m

studied CpG sites onm whechi wed,yr oivaelrmahl ael sf.

humads ] ts whose mothers wBuechxploagdrt Wi nher
l'y before and during the pesrliicgotinecteypetaisoenda |D NoAe r i
thyl ati oinGH@e nleiMe i j neatnsal20.0F8u))rt her studi es have
own exposure to this famine in early gestation
gions, mostly annotated as regulatory and with

riy devel opmegnlto®dli aphadks)

e EMPHASI S (Epigenetic Mechanisms | inking Prec
alth Assessed i-Sahadiaa &fdisahP study conduct ec
ndomi sed controlled trials that wused different
econception andndyri Bgxpdefgherentially methyl a

und in Gambian chil dren, oESMSafhe #drqaulr. wer e ar
20) Another randomi sed contsmpelclidd ct ripalgeimedndad s
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i n Gambian cord and infant blood from periconcep
suppl ementkhuleaan,al20.12l)n these children, girls h:
met hyl atli GmR2ad boWMEGBITL,2 but these differences
di sappeared by (nGomeceppdro,alt2hlsl 2)

As discussed previously, seasons in The Gambia ¢
nutritionallCGretit alnedasnutri emns i sa(rSetcltdi.od5). .1

This | eads to a hi ghmeaet lcyln cdiamt aotrdstei omi mfy s eason
possibly expl ai nmentgh vy InactpesdnaedMMivien chi |l dren concei
in the rainy selas6hRo( $e@wt ingn onSiflraenttohil ®.agues
(202i2denti fied 768 CpGs where methylation associ
concepSiodhp GsFi gult7¢. They werues ifdouOnkd array of bl oc
from 2 yeaanowdidwsed ayeadss( EdkedPrt Model l ing with F
regression without any prior assumptions about d
met hyl ation maxi mum with conception at the peak
to September) and minimum at the peak of the dry
The pattern was preserved but with a | ower ampl.
(EMPHASI S) oY.Thgepa?tern was al so preserved but
in a subset of the ENID coh<drtattteodpeé®d S&@E&Hisn at a

with oa al chad@e over

ENID (2yr)

()]
1

seasonal change
(% methylation)
& o

T 5T

JFMAMJ JASOND
conception date

Fi gut.@: DNA met hyl &@ambnaat season of conce
associated SOp3sGs Model |l ed change with con
CpGs. Red Iines highlight 26 ME CpGs, wl
studies (eKesmdlet8,; Van RBRazakl8) . Repr oducee
al(.2022) .
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So&pGs were enriched (8rileptetaalf2iolé; ME€s,al er
2018; VanrtBamdR0.18NThey were also enriched for par
met hyl tZiimark ,al20,1890cyte (lMRIDer gaedo,al2016)
and proximity to ERV1 sites, TEs and ZFP57 bindi
MEs, half have an associabedpm®mTh mhosti obfdittde var

The EWAS catalogue revealed associations includi
pregnancy, maternal pl asma folate |l evels, and ad
Near by SNPs in the GWAS catalogue were associate
childhood obesity andr tcalridti wyvascul ar m

Ot her studies have broken down the effects of in
met hyl ation at sewasas s ondiamtttehdMEsncr eased | evel s o

homocysteine and B6 and débDomangdaelkaesv ealls. of B2

2013)ameasnd col | ea@Lfepsumet hy!| atti &0 wMEBs predi ct ed

by plasma folate, choline and S$emacygsitedgnkey atea&s
however fidundedmrdi dtiiomar kers, wi-2.h SYAH:aSAM rBati o
and methionine as positive predSAHoSAMIimatihe, dry
choline and-6viatsarmpiorsi B i ve and f oll2ataes annedg avtiitvaemi n
predictors in tHei gdihyheeasohanges explained 27
met hyl ation variance buwt tdmrboy at®@hndyr gsecaassdine

di fferent seasonal effects suggest a switch betw
pat hway in the rainy season to the folate depend
|l mportantly, these changes in methylation with d
out comeosn mprinted DMRs in cord blood, placental
bl ood from Gambian infants have been associated
DMRs in infant bl owdrasts adlc2i antoend hvei t h (IQuniglttherf or
et ,al20.2Tth)i s is also wel/l il lustratksd diigsgdhuasdaew

ear | VERNA2a put at iwhe cMEspomsi ve t o season of con«
(Si lewternal20.15)t i s a putative imprintshdowsumour su
pol ymor phic materRd ma meptr lianl2 0.4Adn)ot her exampl e i s
POMCwherDeNA hyper met hylation is established in ea
associated with-caabemnanetam®!| i t e Kg hnetanale.pti on
2016) The methyl ati onP@QME& sabhsecriedtucen and is asso
obesity i n( Kuheihlmdérneanl 2 0.1A2 )t hi r d e xPaAXp8l 'vhie s e
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ioreased metihsyd addiommt ed with periconceptional mi
suppl ementation and conception (i Watteireb gEGadarib.i a r ai
2010; Seitl vael2015; e&tafdl20i20)t i s a master regul atc
gene expression, and its methylation has been as
i n Gambian (cCainlddteeranl20.2 1)

1.7.2.3Links Itaoc epnDiNeAmet hy |l at i on

Onecarbon metabolism is important flom m@iliaegenta D

di sruption of this meitabivhi ggsern eb yc anwusteas-wg d 8 0 me

epigenetic instability in the placenta with many
(Senmedr ,al20237hese studies also raise the idea o
ef fects, as devel opment al defects can be inherit

(Padmanaéehaal2013, .12 1Wwymans, a study | ooking dir
1C enzymepr et er m pfloaucnedn thasghreeas s Mam 2&hm A HC)Y
enzymes involved in producing SAM, and a SAH: SANM
met hyl ati on(Kobéent C@dawtaaant, ,al20.17)

Therelamedteddi es on t hleC enfuftercitesnttasfr mal di et on
pl acent al meltnh yol naet isatpupdlye mesnt ati on i ncluding f ol a
B12 from three months before conception until de

met hyl ation at RGEDHrGsmadtne rt (ir€eagsit@al sltor ejt o,@& |

20217"he MARBLES and EARLI cohorts includdd coupl
of fspring with autism sgoelcltasugrefdp osrotredde rmaatnedr n a |

vitamin intake in the first month of pregnancy.

significant reduction in gl obal met hyl ation with
9216 and 3442 differentially met hyl adteecd e@pGan gr es
met hyl amiitdhn vi t am({ boamntalkked.ZT?h)e Cp Gs wer e enri chec

association with neuronal development al pat hways

Lecor®@and Ilcol |l ea@2a@dst egori sed three dietary patt
in the year before pregnancy and found no associ
met hyl ation. Ther eoWwes hydsaddvBhDG@fi@laat e dwiD MR

a diet high in B vitamins, choline and met hionin
association was found bet Wwddean & ARMRS hr el Bti ed 1 o
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in B6, folate and betaine but l ow i n vitamin B1l2
assocbwitth DMRASBMAnNd&GSDMENd a positive associat|
DMRs r el &StLeCR 5tAeAn6 NF1 W5 t h a di et high in betaine
viamins B2, B 6, and B9

1. 7. 3 Fol ate and B12

1.7.3. 1Ll mpact on heal th

Delving into studies on mdémoé ait edianidd Bd12 muter oénk
studi ed tdugettlwmen heir connection t hrPalget & hlea s ol
been widely studied during pregnancy, as its def
birth weight, preterm birth, spontaneous abortio
neur al tubéTdmbieatand Picci aneot, ,2/12080; Fdllodtfdr and

20140l ic acid is known to reduce neural tube de
taken in the months before and after conception
small for gestat({ bMaastragecbvothasd Leoncetni, 2011

al,. 2015;etG@md20.1Ad)t hough reports are mixed, a sys
did not find that maternal pl asma had reduced fo
preecl amMbBogeitnjal2a0,05hut there may be a correlati

concent r(aMii oenrsy,al20.1 1)

Mouse models have demonstrated it is also import
(Gel i ’aamau Wades,al2008; ePti caklel0l0 9 ; Padneatn aablh.a n
2013)ooking -aarboe metabbpymesm study in rats foun
maternal diet with excess folate and Mtolwf B12 r ed
andMt,rand i ncreasedCbhmRMde nitoKhet ,al20.14)

Manhhumasntudi es have focussed on the main carrier
folate i n threOLpR1aREGEPCGFT Sol asmmtk yal2010; €astafo

Moreerbd ,2120.20)n obese mothers, expression and ac!
FOLRWwere reduceam cirrovtilnd us bruetmbnroatnet ot d Jeplsa&d¢ent a
et ,al20.2P0r)eec|l ampsi al so been | inked to reduced ex

(Wi lliams, Mi stry and Morgan, 2012)
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Syncytiotrophoblasts from | UGR placentas have be
update and reduced | evelR(LOliemrFaAal2dWl8)DMotSGA and
LGA placentas, | ower protEObRa&amMRFMBRMA beeel s of
repor(tavi edesnl20.1A6)study found that preterm plac
| owe€@IRI MRNA, which correlated with increased met
si caend higher cord bl ooB12 oda@anecemthkRafl iofvies,al

2020) Anot her study on preterm placentas also fou
l ower B1l2 in(Carsd alfloadd0.1 7fhi s may be expl ained |
findi hgepbhacenta of higher FOLR1 prFdOtLeRalngdg t houglt
PCFWas | ower.

B12 in placent adbiys NtZy amlspoea t®l acent al protein | e
MRNA have been associated with higher B12 concen
pregnant ad¢lLaycentasl20.16This study found no asso
bet ween maternal B12 and placental outcomes. The
bet ween | ow B12 and | UGR i n( Mu tSloasttyhgallad,0@&n cohor

but there was no associati on (f oauknidneottnoa h2 0l0a7p)a ne s €

An alternative way t of sltatdeyostheomé § eics tolie effec
genel pmorphisms which aff edtoltahte fcwrcdtei Temeznygmecsf
are many MhRwrdMTHFDall | el es i wi bfaumacntsi on all
consequelncepl.acenta, fetal M& R5 nhaatse rbneaeln 2a7sbs6o c i at
wi tincreased maternal pl asma homocwyseeiopéacentahn
i nsuf fi(cHuernnaeys sal20.0T8N)IMST RSNP changesspaan i c acid to
glycimehich could change t hel nsetchoen dsaarnye sgernuec,t ur e
materhabBhas been associ atneedurvailt it urbiasnkd edffect s

pl acental @a&aPasMcetDieomet t,al2005, . Ma0tOebr)MaHF D1
1958ha&as been assotUGBRedndi phacentl{&lur aesgalt i on
2008A polymor pMTBEDWIMi ch affects splicing effici
|l i nkedatteor nal refkeof neural pubdbadbéfyedu® to the
inclusion of a premature stop coding which produ

synt het ase( RaxaMicaDietr ynet t,al20.09)
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1.7.3.2Links tomeDNWAy I ati on

Periconceptional intake of folic acid has been |
sites (reviewetd ,2l168)J.anfehsi s i ncl udes powiitth ve ass
cord bl ood matRyRIAantdi cotnh positive and negative as
LEPPauwel s, Ghosh, Duca, Bekaert, Fresomal] . .Huybre
2017; Pauwel s, Ghosh, Duca, Bekaertet R128Dh) Huy
and GFRSt eegéresuni ese,nl2009; Pauwel s, Ghos h, Duc a,
Freson, Huybreceht sa,l2D.aid@ne ,study al so found nega
correlation of preconception folat(&onseake with

al,. 20.15)

A study meaastuernmal at B 1a&2n d efvoeunsd mat ercroalr eB a2 ed
negatively with gl obal DNA met hyl ation, while co
met hyl ati on spediGFiBPaBlcluys .atT hiple @ ontf Min® B 6 G
correlated with DNA met hyl aMTHEHRKR7 Wwd.i T ec drhree Imatt ed
speci ficadalGlIFRpewhy hgdtMcKrey ,al20.12)

1.7.3.3Links aoepD&dAmet hyl ati on

Il mats, folic acid supplementation with B12 def i
met hy !l alte wéhlKail katr nal20.11F5o0l at e desf iaalsssoociyat ed

wi tghh obal hypomé Khet aali200n0AM)ot her study in mice f¢
both gl obaitspeaencd fsici ddHapEpttmsal20.19% o0l ate daifetci ent
dereased gl obal met hyl ation in placent a. Fol at e
supplementation |l ed to increased expression of s
deficiency in both | ed toLMBRDIlearsck dB kX pd efsisd ioenn «

alone increaske®?2dxpred ssiodn.

I'n a human study of the MARBLES cohort, dietary
with methvwipatrioead &lyi ghl y met hyl(&Stcehdneddamdi. ns

2016)A study by van (Qt0t28Q0okek at &bl ate, B12, S/
SAM in cord blood and placenta methylation in sa
MTHF®6 77T variant. There were no associations wi

bl ood fol ate associated with DNA methylation at
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2kb (shelves), and with the var ikt (aslhsed vweist) h arne
CpGs outside these regions. Wi th the variant, SA
met hyl ati on at CpGs in shore regions and outsi de

significantscorrelati on

Ot her studies have fousgeevidene&tfeéotssita mice,
B12 and folicasagodi athedli widtimetihydmeao®em and decr ea
expressMeasaofPHLDAXSapedt gal20.23A combined or indi
deficiency in B12 and fol il GF2eRi plr @ ;nsimdrc ei i exlr e@es
and |liver expression, and associated with change
modi fi caMabapanal202M )tfho!l @teé i citemerye was decreas
met hyl atH®@MQ1a@MHI gh | evels of either or both | ed

expressi GR 20 KCNQLOMERNA and decreased methyl atio
Il GFR2

Folic acid supplementsiinnhulmaanse riseden rinenecrtteed t
correlate with | ower Hingtrloynoa teiro rD MRt btuhe not t he |
| GFRMRg Loke ,al20.137he same study did not find an:
these sites with B12 or homocysteine at 28 weeks
bl ood associated with methylation at LEP TSS and
of pregnancy were associ atieda wintlly ladwe&r ore tlIBy Isd t
CpGs at LEPI dgteeral202AnN) n vstwoy JEG3 cell s

suppl emented with folic acid supplementation fou
SNRPINut REGLOMEST Rahatt ,al20.17)

Pl acentas from SGA mal es IaaFdA M1o8wleNt hmenmahtyel rantai lo nf o
acid supplémantad20.198B12 maternal bl ood I evels as
negatively with meMThRFkamooerat whheh was hyper met
preterm pl(akcheontt,as¥ad,aVv20.17he same stMTIHyFE&Rhdund

MTRNnRNA | evels were higher in preterm placentas,
were | ower. Both folate and B12 maternal bl ood |
met hyl at i oMMROtp rtohheot er i n both preterm and term |

was hypomet hyl ated i n (pMoeeteetrinalRl022¢ nt as
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1.7. 4Homocyst ainme met hi oni ne

Homocysteinean eveelisnf or maitntvegraast ¢ htetye ef fects of

preceding stages of the pathway. High maternal h
associated with many pregnancy complications, in
|l oss, preeclampsia, preterm delivery, placent al
retriction, reduced placental weight and gestat:i

there are conf |(iDagiti ngl 2Dt200gli y sone study, mentione
has | ooked at homocysteine and placenta DNA met h
associati 4anDNR®Promoter,|l OBMR/ HLCR GFRMR&Gnd GF 2

DMRZ Lolké¢ ,al20.13)

There have been | imited st udioavs iind amlkaet iof g mmd thh ioa
in rats has been | inked(ReegroMay aedaCdai clsahan
2006)Level s in the second trimester hiamvehbmams i n

correlated witpMonséeéehweSghheede and Uel and, 2006

1.7.5B6 and B2

There has been | imited study on the effects of E
pregnancy. Low B2 in combination with | ow cholin
devel opment and gfOl&eh jan20mlTher e are a few studi
which have found positive associati qmBsadafrtbirt hw
Smoo&t ,all997; SeStngahld® a8y vitamMChaBg, WeOt99)
others found no( lasg®cu,alt2i0d0bs, eShrail 0.0 6)

One study found a correlation betweMErG3B6 i n the
met hyl dtMiccCrul leotugahl20.1 6The same study did not finc
associations with B12 or B6 at fiHE® tri mester w
PEGI®GCEBEN®PLAGLAnot her study found a correlation
pregnancy or third trimester B2 RbhAGIHBrdati bl ood n
al,. 20.14)
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1. 7.6 Choline and Betai ne

For DNA methylation, choline and betaine provide
the folate pathway is reduced. Thedyefciami arceires or
Choline can be converted to betaine, so dietary
process will take away chol immeef,r amodt mer swppd er
is known to improve placental vascularisation an
supply and f dtkaleggradoz2vd h7; Kwan, Kirg, ,aY2@017Ji ang
Kwan, King, Yean,alWa@dAgdgA study in mid¥g €bahdnéehat

di et increasednedlhygb alt aDMA i n females this correl:
wei ght and placental efficiency. The diet increa
genes in females and | owered ekKwaestsjadBAO.b8B8)t hr ece
Conversely in rats, a study found choline defici

met hyl athbgher expPmeddndnhygper meotnhlyg fdaMR
(Kovaclkeval20.07)

I n humeanms ,bilrt hwei ght has been associated with |

(l'voetr aal20a22 ower cord blood chpoHogevetmmalb.et ai n

2013Ahigher choline supplement in the third trim
i ncreansegl obalet DMA atnidomet hyl at CRk r@fmottree and

| ower mRNA expression in placenta, an@RHower <cor
(Ji eentg,al20.12here was a slight negative associ at
choline in maternal Dblood at first trimester, th

met hyl atRRPARGINR3ICHSDI1A12 PPARA aRARMA Ut NMBG3

H19MESa@and EPNakandtshdl20.21There was al so a negati\
association betwee NRBEPHWPWIRAtaibodiNL1@fand chol i ne in
cord blood. They also found that higher maternal

associated with | ower Dbirthweight.

A study by Ka(daOmf3@tu nal mat ernal <choline intake a:
increased methyl ati o@RH m ot dh preghaatci es with e
gestational diabet estmecbrdubdl ood and pl acent a,
betaine intake and serum follaGQF2NAsstolcy lad taido wi t h
cord blood and placenta. There was also a negat.i

intake and birthweight.

59



1. 8 Proj ectinsa

My overall hypothesis for this thesis was that n
met hyl ati on at different genomic features within

addressed here in the following ai ms.

The placenta is a vital ti ssud nf art eafp rdgitilingt e o

pregnancy outcomes and |l ater | ife disease. 't ha
pl aceqnigeaci fic imprkFotehhangegnes. these only maintai
trophobl asts, not itrny peaelsl, ploaamnrtea sanauldiyhhi ins ceé éde
types to test their methylation and expression.
The first aim of this thesis is to optimise a pr
stromal <cells from term placenta to be used in T
Previous studies in The Gambia have found DNA me
changes in response to periconcoptional environn
conception. MEs showneddrydiagtieomt aENAss somatic t

an individual and have beehowe wn&re,d atviae ythiog e dee@ nr |
characterised in the placenta, where they coul d

devel opment .

The second ai m of dtehtiesr mihnees iwsh eitsh eeiro DNA met hyl at

conserved in the placenta, and whether it is res

There are interestinWEewedr li arpps i bnet.tdwleeegne B & & | of

met hyl ation in both cases-imphabeaesbabbhndhedi pt e
consistently across different tissue | ayers, pot
expression aBcortaheas hiave. varying | evels of DNA met
individodl shanges have éeepenrbdbnmé&edat.oconditions
Met hyl at iuosnmanatMEIBS can betoekbkepovabkb-gaebooanenet abol i st
components around the ,tiwhei conf ccaom ccehpaangoen t he ava

met hyl groupetetimgenesimaesthganed in the cont ex
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ncy complicatipopaspandel eescha@mgddnin one

i sm
ird aim of this thesis is to characterise
ted genes in response to season of concept
s in DNA methylation in Gambian cohorts ha
i odqc aafbocmnenet abol i sm components in the dief

studskewmatvee ef fcematbomf comeonents on gl obe

ation, or pianrctliucdoiingguiugenssi mprinted genes.

urth aim ofinhkhestthas-earbenbpat hway broadlI

acenta and changes with season of concepti

s in both DNA methylation and expression a
to pregnancy complication, including | UGF
oning of the placenta and its ability to t

fth aim of this thesis is to iinmpreisntiegdat e ¢
and 1C metabolism gesnoetsl|l entkbUdGRNnpt heebKa
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2. 1Pl acemstaanpl es

Pl aceocbbhsected in Norwich, used for the protocol
amplicon seqeemrciommg,ai ned with informed ethical
consent from Norfolk and Nor wi c;h2O0UNSi/"ReDbsi ty Hosp

For placentas collected in Barcelona, wused for b
et hi cal approval forwasl gereahiaed bampheslinstitutdi
Boards at Hospital St Colmmantede D®U 3BYWiI7gs and t he
UniversitWnaf iBasgtaculty of Medici ResaadchiHeBt hihc ¢
Committee (BHBH2B2Zond tri mester placentas were
Human devel opment al {iHDIBARg y, rad ogr evé t h mat ched 1
brain samples (Project Number 200727; REC number
18/ L0/ 0822; Project | RAS number 244325). They we

nor mal
For placentas collected in The Gambia, wunder the
Environment al Factors I nfluencing Human Devel opn

Early Devel opment al Epigenetic Study (EDEN)O, et
coll ection was grantedrbyemnhé MBEmBoanG&véaics Cor
(Project | D/ Ref: 22989), The Ethical Committee o
& Tropical Medi cine (Application number: 22989),
and Health Sciences Research Ethics A@Ggiminattee at

(Reference:-12820/ 21

2. 2Pl acenta protocol opti misati on

From each placenta, 1 ml cord blood was coll ecte
pl acenta. Blood wasil mED@A andh-8SDA@Ced oat DNA

extracti dpl adenma sections were cut, di ssected t
membrane and 0.5 ¢cm of the maternal side and hal
fet al side. Tissue was washed in PBS until it wa
maternal placenta, fmrmhialli pdlacenrntrd werde ucol |l ected

and stor80dACGtf or the BioRepository.
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For cell i solation, 80g of fetal tis’piecweass furt
Each 10 g of tissue per enzyme reaction was dige
with continuous rotation. The first digestion wa
trypsin with 0.25% EDTA (Fisheril Sdioemtgi/ fmil c DNhE®6
| (Sigm&;10MNMG) , 71255 mM MgCl 2, 24 ml DMBEM)()Gi bco,
2.5 ml FBS (*) was added after incubation. The s
70 m cell strainer (0Ba7azjddt heC CBMdlilgest ed tissue
with coll agenasid RWOfmlgdrml( &3 | agenase | Vifrom po
10 mg/ ml DNadlk 5, m@bRg2Z4d ml DMEM) , for 30 minute
with continuous rotation. The solimttehl wasrphaase
and the |liquid from each digestion twice centrif
combined and resuspended in DMEM with 2% FBS.

During protocol optimisation, trypsin pbwder was
solution withOoOmM@gOml trypsin from pa&wdser, (2%i0g ma,
11 10 mg/ ml DNase I-1@®WM@)mal,l2 3N 26 ,,Mg2C4 ml DME M
(Gibco, AN4430

2.2.1Red blood cell removal

Cell suspension from 20g of tissue was slowly I a
di scontinuous Percoll gradient (3 ml each of 70%9
intervals, made with PBS) and centrifuged (20 mi

acceleration 4, braloed e@C)t.edCdlirlosn BOrPe to® 55% fr ac
(inclusive). The solution was diluted to 50ml i n

(10 minutes, 400 g, 4AC) twice, before combining

During optimisation, red blood celll |l ysis was al

resuspended in 10 ml RBC I'ysis buffer (Abcam, ab

temperat ufled frornu es and centrifuged (500g, 5 mi
resuspended aocdsstheepeated up to 3 times until t
During optimisation, two other Percoll condition
55% 30% Percol | (half 55% Percoll bel ow half 30%
suspension was slowly | ayered on top and centrif
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without brakes). Cells were collected from above
30% Percol | and i nt-8l0f%a Perwiot h .59%e sol ution wa:¢
DMEM + 2% FBS and centrifuged (10 minutes, 400 g

2. 2. 2Magnetaccti vated cell sorting (MAC
An aliquot of cells was taken for the input cont
mi nutes) and the pellet fl-&a8ACfrozen and stored

2.2.2.1CD90

Cells were resuspended to a concentration of 3 n
(PBS, 2% FBS Supreme (heat inactivRIBO3I1IPANILIBIi ot
mM EDTA, stored at 4AC) and incubated at 4AC for
shaking. Pri marays aamdtdiemdlody whe appropriate conce.
(Biolegend, 352902) and CD90 508/ %cleel glesn,d ,H L3~ 8cll 0a2s)
1 ABC (Abcam, ab70@82@8Abaam, HLR77Feri) | adg/ 10

incubated at 4AC for 30 minutesnwith constant, g

The cells were washed with 1 ml MACS buffer, cen
minutes) and resuspended in 200 Ol MACS buffer.
(Anrmouse FngiGlr obeads, Milteh4dTlOB)owas, atdd@d and
incubated at 4AC fbh &6nmtaotesgewtle agitation.
washed with 1 ml MACS buffer, centrifuged (400g,
resuspended in 1 ml MACS buffer. The cells suspe

OM filter (Mer ekEA)S431750

2.2.2.2Fi brobl ast

Cells from 40 g tissue wdFreMAESubpehded( PBS322%
Supreme (heat inactivated, -PBABO 3Bl )o,t elc hmM aBEDT A,o0 .
stored at 14A@Hhitb80®Dbl ast K3 BOAddMi | tenyi Biot e
was added to the cells and incubated at 4AC for

agitation. The cells were washed with 1 ml MACS
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10 minutes) and r esulspMAQ@SE douifnf e5r00 The cel |l susp
passed through 40 OM fil 5O@EA)Mbdbrdlor @L SIALTB750

2.2.2.3EGFR

Cells from 40g tissue were resuspeiddedsFiRn 1.5 ml
anti b(oBliyol egend, 352902) was added to the cells
mi nutes with constant gentle agitation. The cell
buffer, centr i4fAucCged O( 40 nou,t es) and resuspended i
buffer. 80 Ol of secomdasg hngiCGilrboobdeya d(sAntMi | t eny i
Bi ot ec-04%713001) was added and incubated at 4AC for
constant, gentle agitation. TheeMMACSI Ibaafwemre washe
centrifuged (400g, 4AC, 10 minuflesMA@8dbuffaes.pen

The cells suspension was passed through 40 Om fi

2.2.2. 4AMACS

A MS column (Milteh4gROB)owas, plaBed onto an Octoc
Separator (MilteO0Oy¥i2l OBi)otoenc ,a IMBAOCS Mul ti Stand ( Mi
1304xB8303) and rinsed with 500 Ol MACS buffer bef
suspension. The fltcdhw etehmawsdgtesamd 500 Ol MACS bu
coll ected as the negative fraction. The col umn w
with a plunger for three rounds of 1 mlI MACS buf
The suspensions were centrifugaad(40@gcedACpell e
flash frozen a®h@AGtored at

2.2.3Flow cytometry

Al'l flow cytometry was performed by Dr Loui se Ma
performed on a Beckman Coulter CytoFLEX instr ume
a blue | aser (488 nm) with a 585 nm filter with
detected using a rmmuewiltalsea Y248 8nm filter with a
nm. Sequential gating was performed: first, a po
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based oM ISC-KSCt hen single cells we-Aevbtak8f bas:e

W before being examined for fluorescence | evel

2. 3Nucleic acid analysis

2. 3. 1Dual DNA and RNA column extracti

Performed with All Prep DNA/RNA Mini kit foll owi
80204). DNA was20sACraendd aRNA wa80AtCored at

2. 3.2Nucleic acid precipitation

Nucl eic acid precipitation was used to clean DNZA
were too |l ow for the intended purpose. For examp
should be close to 1.8 and RNA 260/280 nm ratio
volume of 3M sodwiasmaaddetdate the sample and mi xec
2.5 volumes of absolute ethanol-80AC Wwas heéeftenst
an hour. The sample w&¥9 mémutiesSyugda®, 09®r pm, 4AC)
pell et washed with 500 Ol #7D#wugetap@ddD. mi hutvas, ce
13,000rpm, 4AC) and the pellet air driEed before
DEP-Created Water (Thermo Fisher Scienti-fic, 7500
20AC and RNA was804tCored at

For precipitation in plates, a silmipraegcippiotcatsiso m
mi x (EtOH 25:1 NaOH) was added to each well and
4AC). Supernatant whals 70d% cktr @k d(, m&2det rveiatthe dDEP C
water) was addéadtandvasheppn again (3500r pm, 10 r
Supernatant was discarded amugst-tlewp |abhseo rshpeunnt g e n
paper to remove remaining Et OHI ( DEtBrCpatwatdlermi nut e
was added to each well and t hfeorpllatnei niuntceu.b alt NeAd wa
st or e 0&AC.
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2.3.3NanoDrop quantification of nucl ei

1 Ol of DNA or RNA was | oaded onto a -N&8®O6ODrop sp
Thermo Fisher Scientific Inc.) with the appropri
260/ 280 nm and 260/ 230 nm ratio of absorbance we

2. 4 Cel | | i nes

Cel | |l ines used for antibody optimisation were n
Al'l cells were 2frloawsnk si nat7 53 7cAnG. wWh éan 58e ICIOS r eac h
~80% confluency, they were washed with 5 ml PBS

0.125% trypsin for a few minutes at 37AC. Cell s
at 1500rpm for 5 minutes. The cell pellet was re€

reseedinhe fl ask.

D313llymphobl astoid cells were grown in RPMI medi
Pl asmocin and pen/strep (50 U/ mL). JEG3 trophobl
(with high gluchbSeppGemeaMAdnd pyruvate) with 1C¢
Og/ mL Plasmocin and pen/strep (50 U/ mL). HDFA de
grown in DMEM (with highk Sgilppd ®@sne,ntGlamtda MAX uvat e)
20% FBS, 5 Og/mL Plasmocin and pen/strep (50 U/n

2. 5Bioinformatic analysis

Anal ysis was performed in R unl;Rs Loagtehéelrwaimse st a
2021) Statistical tests are descri bAed osrsdearl It he r
analysis, packages used dmd wiasuwaweasasE:tpiudmt i on
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2. 6 DNA analysi s

2.6. 1DNA Qubit

DNA was diluted to between 0.1 ng/ 0l and 120 ng/
quantification. 1 Ol was thdesDdAarmi ghi Senestngi €
Quantification Assay Kit (Thermo Fisher Scientif
FIl uorometer (Thermo Fisher Scientific) as per ma

standards were prepared with every master mix.

2.6. 2PCR

Primers were resugldendced Et doulf fer -2f00AC.s tTohreayge a't
were dilut eglilt oo n1OWDE PEPBreated Water (Ther mo Fi :
Scientific, 750023) for PCR. Gener alRlenp,ctBIo@QTAQ p
Buf fer, Mer i di an -B1l ®sk)i emase ,usBddO f or DNA or c¢cDNA
| MMOLASE polymerase (with | mmoBuf f &rl04Me)r iwdaisan B
used for bisulfite cbhVv®RQR dniDNAc o nEsaicsht ed Oaf 1. 2
buffer, 110.50 5mM, (MMeCrli di an Bi o<cli0edrbc ei-2 @B 407 ) ,

0.283 i2mM dNTPs (Promegail] UD@U1l)f,orowazsd pri mer (M
Life Sciencell UKPgOIIO0O .re5verse primer (Merck Life S
11 5M Betaine (Merck Li £1e0 0S%)i, & in5c. &7l U iEalPEBRG 2 9
Treated Water (Thermo Fi sherilScpiodnnytmefriacgle 7a,0d0 213)
DNA or c¢cDNA. The standard PCR cycle was: 95AC 10
5360AC (temperature dependent on primer set) 30
3245 cyclesepdepangr) met2A@t5 minutes.

PCR primer sequences can be found in the Appendi
2.6. 3Agarose gel electrophoresis
PCR products were visualised on a 1% agarose gel

(Thermo Fisher Scientifiid, O1GX6GRAE3I budhmaerlZail ut
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10X, made in 1 | : 48.4 g Tris base, 11. 42 ml gl a
EDTA pH 8.0) with 2% ethidium bromide (Merck Lif
TAE buffer (1 I 10X TAE: 48.49g Tris base dissolywv
and 40 ml EDTA=(®. &M, wiptHh doubl e dD¥tupl ed wat gr

Gels were run for 20 to 30 minutes at 120 V. To
fragments, a 2% or 4% gel was used and run ti me
determine fragment size,ilgelfs 1Wér é pr OMNAwil tald dZ r

(Promega, GADW01)o.f 2 ampolaedewaspelr well depending o
experiment with appropriate amount of Orange G |
Scientific, J60562. AC). Electrophoresis was run
tank uni-Pl 4dSclited) withEBlasi RoWweowRac SRAP) yahnadl O

photographed by the-IUVP s3ylsOt eGre.l| Do c

2. 6. 4Phenol / chl oroform DNA extracti on

Ti ssue or cells were homogenised in 1 ml ' ysis b
mM NacCl , 10 mM EDTA pH 8.0) and either pr-ocessed
80AC. It was milxeHO%Wi $DS Ii&n®015ng/ ml Proteinase k

(Thermo Fisher Sglepnanficpnc&ebaved overnight at 5

Phase |l ock tubes (MaXtract High Demgeny 15 ml ph
129065) were prepared by spinning at 1500g for 2
tubes were used (MaXt@Qiaadge hi2g 56 nsiitny,whi ch cas

volumes were adjusted.

1 ml of sample was added to the phase |l ock tube

of equal phenol/chl orof ErRr em «It:uGtel orud ft arar®:ulrseo a m

Al cohol |, Ther mo Fisher Scientific, 15593031) . Th
mi nutes) and this was repeated a total of three
was added, shaken and spun for (1500g, a@f minut es
three times. The sample from above the phase | oc

fresh tube with 2.5 ml 100%det DANAOpPraeandpgent ed =&
was hooked out and transferred to a fresh tube.

11 70% et hanol and spun (1300g, 5 minutes) to pe
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removed and the DNA resu$pDeEnPdTerde aitne dUIWartaeRur(elT her |
Fi sher Scientific, 75002B830AC.DNA was stored at

2. 6. 5DNA column extraction

DNA was extracted -WNsigBdNuMd ctoEBSrpdywsue kit (Ther mo
Fi sher Scientific, 10498961) as per manufacturer
at-20AC.

2. 6.6 Saliva DNA extraction

DNA was coll ected and extL2RBRckield2 @RP®Be nao tperke)p | T

foll owing manufacturero6s instructions.

2. 6. 7Bisulfite DNA conversion

DNA was extracted using metigodsni2bboéaeemandas hen 1
bi sulfite converted usi-Dgr BEZXKtiONA Oderibhryildagtei oBi os c
D5020) -®6 BDNA Met hDjilraBtditiotn ( Shwellllow Cambr i dge

Bi oscience, 10363327) as per manufacturer's inst
st or e 0&AtC.

2. 6. 8Bioanalyzer

To determine fragment sizes, a DNA ScreenTape As
Bi oanalyzer I nstrument (Agilent TechaAaohidgies). LC
as per NanoDrop quantification. DNA was | oaded a

instructions wityw B1@g0O0 S8ampte vBuffer (Agilent T
506-3603), TapeStation Loading Tips-5688)1 and Tech
Hi gh Sensitivity D1000 ScreenTapeb58Mgi.l eMotstTec hn
samples were run with electroni evaka#ldgh, iif | add

Sensitivity D1000 Ladder ( A¢pibl8bnt. Technol ogi es,
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2.6. 9Sanger sequencing

PCR products were sequenced with the BigDye Tern
Sequencing Kit (4337456; Ther mo -WelslheRPCRKcp leatt @ & .i
An appropriate amount of c¢cleaned PCR product (ba
400 bp; 12 ng, 600 bp;251&8gpg me@GUrkem by NanoDr o]
diluted in UlfTraeaRued WaP€r (750023; Ther mo Fi she
make a total vbDll.umehioss vwwas/ miixeadf wgOrli 0. 3
appropriate sequencing plriomkerBDMenmick)@mGA 4

Bi gDye Terminator v3.1 Reddy5ReafStgqoenmirng RODf e
11 UPW). The plate was briefly centrifuged and p
5 minutes, {96AC 30 seconds, 53AC 30 seconds, 60
60AC 7 mi nudwecst. Wwas s2®0A@d at

Samples were purified and sequenceidMdlye cgwelnaerr at e d
Genetics platform at John I nnes Centre, Nor wi ¢ h,
Analyzer (A41046; Thermo Fisher Scientific Inc).
CodonCode Aligner V11.0e2CDEMOr@€CooonC®&A) or Sr
v7.2.1 (GSL Biotech LLC, USA) .

2.6.9.1Cl oning

For single molecule Sanger sequencicdg,netdhd nROGR p
the pGHMEasy Vector Systems (Promega). PCR prodt
3 " of PICRpGEMEEasy Vector (PromegRapiAd3IZiAgat 5on
Buf fer (Promega,lTCH73IAYTAnRNA Ligase (Promega, M

incubated at 4AC at | east overnight.

2517 of SuisneglJeM109 Competent Cells (L2005; Promeg

transfor medilwiafh I2i.gpati on product using heat sho

i ncubated on i1 ce for 30 mMminutes, at 42AC for 45
minutes. The bacteri anw@0® LtBhém ogrhowrl | : 10 g Ti
( Mer ck), 10 g Sodium chloride (Merck), 5 g Yeast
distilled water (ddH20)) at 37AC for 1 hour with

spread -agatBpl ates wi(tlh lampli clj B1BgnboAgarm ( Mer c k) ,
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ml 5@/ ml Ampicillin (idémd-glH RFmkM2@ium), 1 ml O
I PTG (Thermo Fisher Scientific)) and grown at 37
the Iigation product interrupts | acZ ex®pression,

gal act osi dtassleysgealX awhi ch woul d produce a dar k bl

Thus, transformed col onies appriackevhiiifet mfnd0 c an
pr-ewar med LB without ampicillin and further growr
an incubator lJlatoB 7AE. fmoawolgagmiwes was then genoty

PCR primers flanking multiple cloning &madyi nsert
Vector. DNA from positive colonies2wasf@grecipita

prepared for Sanger sequencing with M13, SP6 or

2.6. 1EPI C array

DNA from EDEN placenta sampl éslwamsnanahysedumn t
Met hyl ati &Pl LfvRgaYur ofins Genomics. EPI C data was:s
(v4.;5R 1Cor e Teams i2n0g diybe oi nf or mati cs pipelines
mi nf i package. EDNO IsPmpvaes (removed due to detect.i
> 0.01. Values were normalised wirteha cptrievper opcreosbse(u
probes from sex chromosomes and probes containin

pol ymor phi sms (SNPs) Twésel ef $sc8@888ed91 probes.

Samples were analysed for cell compdsiuteinon usi nog
al,. 2021; YuaWuagoabBid co(l20Ck2Zdgwedsuced cel |l type
met hyl ation refer encée udmtnaas eErPsloyds sfianwgr Icel | types
from first and third trimester placenta. The cel
fluor esaetnicat ed cel | asmd twenrge (tFrACSHo bl ast s
(EGFR+/ KRT&#t) oWhaM+)endoth@D34aH/ CD8dd)Hof bauer
cel(lGD14+/ CDh@®+txse were used to generate referenc
di fferentially met hyl ataemdl lhaiti walenn hee Ipll athyege pack:
estimates the proportionbadedidr etrlresent meted Y| dtyipers
of t hCepsGesAs t he samples were from term placent a,

third trimester placenta.
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One sampbDNOF&®H was excluded from further anal ysi
di fference in cell composition compared to the o
Overl aps between genomic ranges were found with

|l Ranges packages.

2.6.10.8tatistics

Di fferences in methylation between seasons was t
which does not require Tlhesde ngedforuaned mhdeae ttyo t h
to add more terms to asses$acherismwachi of t mel Siarp
For examplcaa,l ctul at e the effect of PMDasr aRBDbher t
tested comparisons with both beta values and 2z s
proportion of methyl aZi®nomes emcthmaplriobe.t he dat a
representing the number ofdadtaarpddrnd deviaamaiyo g oa
mean. This all ows bett earr raoymparoibsecsn wehdrcchsshave di

a

mean beta value&foandachaAngeobe i n dach aslanplad,e di

X = beta value

1T meameta vatpbuebe across all sampl es

Co

standard deviation of beta value at probe acr

The difference i n aste aesaccrhalprcolbbeengwe t h PMDs was ca
eitlmenr o©es&a Mann Whitney U Test i f the data wer e
di stri batadwas considered nor BalalpyWidiks ttreisbtut ed i
determpnedO. 05.

Changes at individual probes were calcul ated wit
for secafsocnoncaptdi exx .t hese includedadnuddtigd ept es

values were calBewl amedi wiamld Hochberg correction

Comparisons between probe sets with and without
were perfor megpawiatmet m oascs ttehset sdata was not nor mal

di stri Potetdwo groupsManr i Whiwtdreessg .U For t hree gr ol
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t his was aWaKrluisskatleshi s indicated a significant
groups, a pairwiwaes Wislecdont ot edsett er mi ne whi ch grou
di fferent. The p values withiBebhjhami hiesandavas ad)]

Hochberg correction

2.6.1Bisulfite amplicon sequencing

2.6.11.Almplicon selection

CoRSIV I ocations wWaunea steakkeerngg 2 0 bP MDs wer e from
Schroedtera201Where necessary, genome | iftovers we
GRCh38 with Ensembl AsgtEbyek y,aCobha5Rretgeérons wer e

selected as described in Section 4.3.1. Primers

and tested to find the opti mal annealing tempera

2.6.11.Rirst round PCRs

DNA was bisulfite-wednvepritactde si nanddé6 made to a fina
11 per wkll Ir,ea2cdt i ons were performed for each ampl
with primers with adaptor sequences (primer deta

previously opti mitsieodh sSPCR hceonaddapt or sequences we
forwar dTr GATCGGCAGCGTCAGATGTBBATAAGAGACAG

rever seGBOTCGTGGGCTCGGAGATGTBEIATAAGAGACAG

Templ ate useld omMasei2t iér b25umdfhite converted DNA,
product from an initial reaction using primers v
RASSFX*PF,C C+PK, C+PE, OOEP, SoCC, C+PC, PAX8, ZN

Amplification was cioaif nig méd oldwcei Dwmala 1% agar os e
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2.6.11.Gl eanifmgrsaunRCR

PCR products for each sample were pooled by a vi

intensiltyll 116 orill®ach). Mixtures were purified

AMPure XP beads (Beckman Coulter). The bead conc
manufacturer's r econmmemavad iprnismeagrs below 70 bp b
amplicons above 150 bp.

1.25X sample volume of vortexed, room temperatur
m56i7xed and incubated for 5 minutes. The sampl e

and the supernatant remove8O%neethahehrwat8aadded,
incubated for 30 seconds and removed, a total of
to evaporate until rtohne sbheiandys ttou rmmaetdt ef. The magne
removed aimd DNA Puri fication Elution Buffer ( Qi aft
was vortexed, i ncubated for 5 minutes haend added

supernatant with eluted DNA was collected.

2.6.11.149nhdexi ng PCR

A second PCR was performed to add indexes to the
Nextera XT index kit (lllumina). The reagents we
at the Earl ham I nstitute. Eadh, wid DINEBNedk:t 10 ng
Ultra |1 Q5 Mias tie7r PMilikmear2 Pri mer, with a differe
of primers for each well. The PCR cycle was: 98A
seconds, 63ACd80 68AC 45 seconds}, 65AC 5 minute
products were purified with 1.mamX CoOMPurea )XRsbead
before. This clean was damnetlhy Ehel Baomeéh sNXt ut e

A selection of 16 products from across the plate

Assay to calcul ate average | ibrary size using:

OEBAD pPEIT OA GCORAOA A
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and check primers had been removed. This was use
guanti fication for each sample to mix amplicons

equal mol arity, calculated as:

DEt OQE CQEIHQE ¢

. W& & OQE 0RELD Q€ ¢
QOa e 0 L QI OVQIIT REE N

The final |l ibrary was c¢cleaned with 1.2X AMPure X
guanti fied with Qubit. It was then diluted to 4

2.6.11.%equencing

Sequencing was performed on an Il 1l umina MiSeq us
(300 cVvtlaminhQ2082) with 50% Phi X Controel (1111
118001), wusing manufacturer's instructions for .
was done in collaboration with Rachel Hurst at t

2.6.11 . Bi oi nfor mantdi csst ati sti cs

Sequencing data was analysed with a custom in ho
Fol kes to calculate the total number of methyl at
each CpG in each region in each sample.

Subsequent analysis w@ws4d4 pERr ICormedeiamm, R2021)
Comparisons between tissukRearseeasbFTrase dwevii ¢ h
assessed with p value and r, as the correlation
outcomeffererPeas siombs caorvrealaagteivoanr yi ng coverage
assegdwi t Ab&®causee atihm was to comparecaheut wbeand t

the proportvami agixcpgllae ned by the regression |ine
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2. 7RNA analysi s

2. 7. 1 RNA Tri zol extraction

Al'l samples weBOAEtoCetll st were prepared by addir
reagent (Sigma, T9424). Tissue wasr epargeepnatr eadndby a

homogeniSamml.es were either processed -80A@i ght a

200 Ol of chloroform was added and the sampl e mi
room temperature for 5 minutes before mixing Vvig
(15 minutes, 12,000rpm, 4AC). The upper aqueous
(0.8X) isopropadcolThe dsamxl e was | eft at room te
mi nutes before mixing and centrifuging (60 minut
pell et was wasitbddD vilt 020 0kt hanol and centrifuge:
12,000rpm, 4AC), then air dréredled Tihre Ukletlr &@Rurwa s
DEPCTreated Water and the RNA concentration and ¢
I f the 260/ 230 ratio was below 1.8 nucleic acid
(Sect2.03)..2 RNA was BtOArCed at

2. 7. 2RNA integrity (RIN)

RI'N was tested using an RNA ScreenTape Assay o0on
I nstrument (Agilent Technol ogi5e0s0) . higRHA was dil ut
NanoDrop quantification. It was | oaded as per ma
RNA ScreenTape Samplte Badhmreal gdged7)n5 06&dpeSt at i ol
Loading Tips (Agilent-5588hnahdgR&#&, S60e@eénTape (A
Technologi €5,76506 Most samples were run with el ec
| adder was used it was RNA ScreenTape5@6@adder (Ag
5578) .
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2. 7. 3cDNA conversion

1 Ol 10x DNase reaction buffer (Thermo Fisher Sc
DNase | enzyme (Thermo Fisher Scientific, 106942
0.125 Og/ 6l RNA and incubated at room temperatur
adding 1 06l 25 mM BDBA (Sthemmd fRic, 10694233). TI
incubated at 70AC for 10 minutes then put onto
containing 4.0 Ol MMLV RT 5x buffer (Promega, M1
(Promega, C1181), P DEPTIr edltterda RMat er F({ Blhemrm
Scientific, 750023), 1.0 Ol 10mM dNTPs (Promega,
Transcriptase (Promega, M1705) and 0.25 Ol RNasi
Il nhi bitor (Promega, N2611) . It was incubated at
75AC for 10 mifraCd@&asPGCRed to test successful clL
cDNA was std0Ad. at

2. 7.4 Quantitati-vemeeneévterrasnescri pti on
PCR ( gRROR)

gRIPCR was run iBOMitéi caMmeB84 Reacti on Plates (430
Thermo Fisher ScientifiEc) ReTailtlmee PQWRa 1Bty St wani ¢ Fi s |
Scientific, A34222) oor tihe F&DOIOmd&aRCR Regwdtem (Fi s
Scientific) on standard quantitati vil aiti Isuettetd ng.
cDNA, 6. PowerE S8¥BBRn PCR Master Mix (4367659; The
Scientific Tlnd.miil Of.o2r5Swar d pri mer Olantiid 0 .eX®r se

pri mer.

Al pri merrBCRowemg&kTtested before use. Genes were
each cell type in placenta using single cell dat
proteinatl as. com, Karl|l sson et al ., 2021) . Pri mer

from previous o@rubflriccmtRrointSepraBareik o,al20.10B8ach

pri mer pair was run on a PCR and had to work wit
60AC. The+PCR gRTandard curve was run using five :
from tissues where the gene is expressed. Standa

Design and sAmrs software (DA2, Thermo Fisher Sci el
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were run for each concentration of c DNA, of whi c
at | east t wo of each three for a minimum of t hr e

Pri mer pairs were accepted i-lO0OMepnriba®. 88 .ef f i ci

Samples were run in ttreimpliatcat eowitrimlndmr each ge
control geneAsCT(BunsRRUL)IY The cl osest two of each t
used for analysis. Relative quantification, or f
the compajgrg@t i met hod. Samples were normalised aga
sample or highly expressed sampilt es owetdecscsmmened
for analysi s, the same mi xed c¢cDNA was included o
normalise on all plates. Samples were normali sed

ACTBnd&®RPLIWONI ess otherwise specified.

2. 7. 5Biomark HD Fluidigm

Pl ates of DNA and primers werlatpfopgarce beaand asnent
(National Research Institute for Agriculture, FoO
Clerméatrand,) Ffancanal ysis on the Biomark HD FI
pl ates contflai mfed3 1®N/A i n BIDEPaIR eraet ed Water per

primer plate of each sample alongside platform c
and four wells of mixed sample cDNA.perismampbeéat
pl ate of each mixed forwarddama T&Eval 9eagpli idmera d

platform control pri mer (RNAseP).

2.7.5.1Bioinformatic analysis and statistics

Data was processed with Fluidigm Real Time PCR A

produce Ct values for each sample and primer pai

flagging unsuccessful amplification. AlIIl fl aggeoc
further anal yhsows Rsbngi hhormatic pipelines. Al
duplicate and removed if there was >1 difference

Fold change was calcul atedjgsi mgt hbd. c8amplasi we

nor mali sed against mixed c¢cDNA from the same pl at

80



genes where mixed c¢cDNA had not amplified, sampl e
another sample with high expression. For each co
nor mali sed against the same sample to ensure val

genes were tested as paed Sbecekeonebebebce genes v

for all FIl uiMLUFRRPpILltdeRBI:R1Outl iers were defined
change >3 times the standard deviatidm dheve t he
EDEN cohort, genes were included iff ulhesaemmleas 3
per season. In the | UGR cohort, genes were inclu
successful samples per group.

Rel ati onships between expression and groups were
including sex as a covariate. Heat maps were gene
packag@errel ations were calcuobatret sMvieblr Pedts@h@&s
tests were peértbhemsesdmeadijiumseeted p values were cal

Benjamini and Hochberg correction
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3. 2EDEN study

3.2.1Study plan

Much of this PhD project was part of the EDEN pr
MRC Gambia. The aim of the EDEN study was to fur
human MEs identified in Gambian cohorts responsi
(SoC), =especpioatlelnyt itanleilri nks to i mprinting due to
derived methyl ation and the association of both
including ZFP57, TRBEMR®SBteaanlR OQRQCF

The project aims included characterising methyl a
responsive sites, defining the influence of nutr
i nvestigathyeqprvgdameament effects and investigating
i mprinting. Toemwatidon hef aeaftfects with age found
study planned to use cord blood and placenta. Th
conceptions across three years, 300 from the pea
coll ected by the MRC Kenabai Al epdopeati onmelThaei
gat her conceptions from the rainy season 2020 to
encompassing 100 conceptions from each of three
each of two dry seasons, due to the hisyoric hidg

(7]
D
o]
(7]
o
=]
(7]

The study also planned to gather data on nutrit:i

close to conception as possible. To achieve this
1500 women at risk of pregnancy with monthly vis
faeces ande compdxgosure questionnaire. I f pregna
with conception within season peaks, the cl oset

retrieved and analysed to give exposures within
woul d be a target-pat meay ydladmdo nand exposure scre

from plasma and metagenomic analysis on faeces.

At birth, cord blood and placenta tissue would b

woul d be monitored in the first year of | ife unt
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the March after the childbés first birthday. The
samples would be analysed with custom methyl ati o

interest not covered on the s-ahasdaerdtadr ®MPsncl u

(Figu3le. As wel | as SoC associations, this would
specificity between cord blood and placenta, | on
and blood taken at one year, and associations wi

measured. Offspriaeaggeonoaiodp etdlhseo Ibl | umi na, H3Afri ca

all owing exploration of mQTL effects.

The first 50 placentas from each season woul d be
cell tHRipgeuSrly(. Trophoblast cells would be analyse
met hyl ation ar-say.afkdr RNAprinted | oci, sampl es

targeted SNP genotyping -RGR. aMé eédrec syprmali fdcdel IRT w

tested with t-RCRBReard amRAl itceco s elmgiusewlcfiing f or i nfor
l oci . My first PhD aim was to optimise a protoco
mesenchymal cells which could be used at the MRC
3.2.2Samples collected

The project was initially due to start in July 2
COVI-D9 pandemi c. It was further delayed due to p
government funding in early 2021 which would hayv

budget for tMWhbés pwatsiemateevley s@d,he project was set
in late 2021 in time to recruit 2022 dry season

continued through to 2025 dry season conceptions

PhD | included sampl es upcamcmt2i3omrsa.i ny season
The number of project participants was | ower t ha
Recruitment of women at risk of pregnancy was | o

Fi gu8.2: Overview of genomic analysis on p
EDEN project plan. Green: sampl e col IBd aitei
| aboratory Oxraalgyesi i oi nfor;,B@atCseaaanl gbi s
concepti ebhbMPsSe@son of conception differe
(Silewternal2022)metM&Est abl e epidiftkeéerenDMRI |
regi on;p&roént of origin; DEG: di fferenti a
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Placenta sample collection (300 rainy SoC, 300 dry SoC)

\ 4

[ Cell-type isolation on fresh tissue (50 rainy, 50 dry) ]

\

Placenta tissue
and cord blood

KRT7+ trophoblast cells

stored for later

v

analysis

Total mRNA sequencing

v

Mesenchymal cells

A 4

l T Saved for
subsequent
Illumina Custom ‘ y ‘ analysis
Methylation Unbiased G
array screen for SoC assc?c?i:tsed Imprinted
(SoC-DMPs, ME- expression SoC MEs genes
CpGs, imprinted differences SoC DEGs
DMRs) identified in
l | trophoblasts
*_|_+ L 4 >
or atition v 1 [ DNA genotyping ] y
utriti RT-PCR
associations (blood Associations with gRT-PCR a
biomarkers) nutrition (blood Identify
associations biomarkers) heterozygous est cell-tvoe
= Confirm lacentas e YP
Illumina P specificity of
H3Africa differential . P ; Y .
Array expression v differential expression
Maternal DNA ]
genotyping y L
I Allele-specific Allele-specific
mgT(L: on y y bisulfite PCR RT-PCR and
oC- o
sensitive loci Allele-specific Allele-specific Sanger
vs controls bisulfite PCR RT-PCR and sequencing
Sanger
sequencing ) 4

A 4

'

Confirm PoO
methylation

Confirm PoO allelic
expression of
imprinted genes

Confirm PoO Confirm PoO

methylation allelic
expression
of imprinted

genes
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expected from the communities involved and vario
Furthermore, the conception rates during these vy
by historic |l evels and there were high proportioao
participate or withdnawiyng Theometasons for which
and not fully understood but included effects of

community and stigmatisation of not conceiving.

As described in this chapter, I successfully opt
trophobl asts and fibroblasts from placenta tissu
t he MRC Keneba. Unfortunately, due to staffing a
material Iwall avfaiom i solated cell types from EDE

have therefore analysed bul k placenta tissue 1in

We received a cohort of piacé€heaGampd amefemmdmlsect e
conceived across 2022 andp2®@z3.ntWe sraanpd ievse d r&8n
conceptions at the p8S8dkrom t aehHagaogmwmdg,y season
(Fi gu3r2eTabB.&), Tocr eaat ecomparable wcoddrtthe w20 from t
rainy season with 30 from the dry season matched

sample details.in Chapter 4)

Due to projeatadérayspttder parts of the project
avail,absluech as maternal exposures .anldt cnoaryd bbel ood

feasible in future to take the results presented

= = N N
o w o (9]
L 1 1 J

Number of samples
u

o
I

JFMAMIJASOND
L |

Dry season Rainy season
Month of conception

Figu8.2:Samples collected at MRC Keneba b»
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Tabl3el Pl acestaampl es col |l ected ifnorThteh eéGaEnbk M
project.

Dry Rainy
Total
2022 2023 2022 2023
Number of 15 36 20 10
Samples 51 30 81
bet ween placenta and bl ood, as weléx@aessex®!| ori ng
such as maternh|l haverfocosed instead on comparis
seasons of conception, described in Chapters 4,
3. 3Celtlype mar kers
Thenitial aim was to develop a protocol -to isol
trophobl ast cell type, to be able to explore dif
expression<trlogprhorbdmst, we selected stromal cell
common cell typeectWed tnhaernk esresl di fferentially exp
cell types both for antiCRy paaamledc ttivoyippesnd caeldRT
composition. Primers for all genesgmwadicente sPRER w

using combined cDNA from placxgme asaddt itheudi ghlke

primers PR quRTe selected from melt curves and ¢

Cells are separated using antibodies from a sing
mar kers need to be expressed on the cell surface
antibodies commercially available. For trophobl a
cytotrophodlasd geddi bly extravill ous trophobl as
these are not present in the core placenta tissu

fusicnygt otrophobl asts but not fused syncytiotroph
selected two options fuesr sdrutdiilesd iheasAd BRirdeevh sH laA

negative marker, as they are expressed in all p |
trophobFagt3s3Monkt ,al2006NMore recent analysis ha:

that -BILAhows | ow expression in eMdost heexlpiraels sceed Iisl
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extravillous trophodAl astma, ntsh autgiooopdih ghbolna st mar ke
(Deri ®daudl20.24)

As a positive marker, we selected EGFR which is

of cytotrophoblasts, and expressed in some extra

al,._ 2021; Det_i,sl20l® 4Nt is al so commonly used as a
trophob(lvausarns ,al20.21For str omal cells, we selectec
expressed in placentRilg uBrBg.r olbtl aiss a edllass i ¢ mese
stromal cel | mar ker, both in(fhangntaodOabd Bebeav

et ,al2017; Coesteal20uls8)

For verification of tropKRDT awhti cshe |liesc teixgpmnr,e sls euds e
all trophoblast types but not el sewhere and a co
mar kékbieau ,al2018; Detr i,s8lc2l0 4As at rnoopnhobl ast mar ker
usedl M which has al so beDeenr ivedddued 2 012l dsel ect ed
additional genes for different cell types to all/l
cytotroph®®BAIG&Edt ssy(hcyti ot rClGBBobladtlad olUus
trophobHa#&®) s endot helCDa¥, cetld esmdl and perivascul
(COL3Al)and Hof bad@Btidpaeltles n(at Kasl sstmpal2021;

3. 4Protocol to single cell suspen
As the protocol was designed to be used at the N
possible with the equipment available at that si

be shipped at room temperature or frozen whereve

i s chall engiong.r i Wea idli sed reagedltid ewiatnld a ell o md | =
supply. The protocol <«aaculid arntcetd wteillli scey tfolmew ry (|
is a common method for separating cells based on
been used in previ oeGYpemc,anhz®2 Sitnssdd ead | bui |t
established protocols used by our | adctaindatodder s
cel | sortiMgnkMAE&EBE2006,; Soares andTHust us2806&hn
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a Trophoblast cells b asoom " HLA-A

I Mesenchymal cells 0

Il Blood & immune cells 0]

B Endothelial cells 1000 L
CII | S I

«  EGFR .

3004
200+

100+ I
0 |

...................

«wit" Cytokeratin 7

5,000
4,000~
3.0004

2,000+
1,000

400 HLA'B |

C i CDgO 10000 CO L3A 1

250 8,000
6,000

4,000

8000 Vimentin

Fi guB8.8: Pl acent at ycped Ispeci fic gene&areaepmrse i

cell expression data from proteinatl as. ol
mi |l |l a®osi triovpphabl ast bmbergkaetrisv.e tr ophobd as
Stromal markers.

antibody conjugated to a magnetic bead and a str

| abelcleéd s, and does not require any other speci
study, | aimed to collect trophobl ast and str oma
Briefly, the protocol invol ves dissecting placen
membrane and potenti al mat ernal contamination be
to create a singl eFicgeuBrdg .s uTshpee nssiinognl e¢( cel | suspen
processed to remove red blood cells. Desired cel
antibodied yfpeer seelcli fi ¢ mar ker s. I tested many a:

to find the best conditionsct eld, tlesal sdedaeawdllope
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Dissection

e
and
digestion
Placenta E.”ZV”.“e Single c_eII
digestion suspension
]Cells Cells
30-55%
Red blood Percoll
cell removal Cells
J collected “—/
Red blood 40% 5-70%
cell lysis Percoll Percoll
Antibody-
labelled
cells
Magnetic —_—
activated LRI _.
cell sorting
(MACS) - 4 Positive
fracti
fraction '! raction
Fq
FiguB.é4:Protocol optimised for isolating s
fresh placentTahrteiessmeee.hods of red bl ood ¢
with discontinuous Percoll gradient as t|
gRIPCR panel of gene markers for each cell type.
further with i mmunohistochemistry, flow cytometr
Across the protocol testing, | have found variahb
pl acentas. This is a common observation in our |
human placentas. We also do not have high number
l'imitations on t hel eassmbercodl|l daecmol | ect and proce

periods o0fl9CO¥kDrictions at NNUH (Norfolk and Nc
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Hospital) and the timeline of the project in The
for. This timeline did change during the time |
were able to do more than initially planned. Due
compar e editf fcoemdi ti ons between different placent
mostly used direct comparisons of conditions wit
performed in parallel. This has reduced the abil

on the results.

3.4. 1Enzyme digestions

The first stage of the protocol di gests placent s
|l tested different enzyme digestions, judging ef
single cells produced. The original protocol us €

(Soares and HunQt,he2rOOpor)ot ocol s have also used co

mesenchymal and ot(hBerercasvitoll,atl2 @& 38; etasaaddn0.22])

tested trypsin and coll agenase together and comb
numbers of cell s, but the best over aFilgwraes t he c
35a) . The enzymes also have different targets so
cells, so |I tested the product-PCRrom tdewbephmbanonent
what cell types were present. | te&GERNAN t wo tr

KRT)7 and two strom@dl9amatikMr sl (tested RNA extracte

trypsin digest and combined products from trypsi

t wo placentas showed differing results on all ms
most cells, so it was noetel ehsad dfff berkRiequergankb t
35b). The final protocol wused sequential trypsin

| al so tested different versions of the enzymes,

or a solution. The final protocol wuses trypsin s
produced more cell s thamgudrsey)p.si n powder (

3.4. 2Red Dblood cell removal

After a single cell suspension is produced, the
removed before cell enrichment. Our original ©pro
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40% Percoll solution, which separates cells by d

Percol |l and the desired cells above. The first a
which should |Iyse all red blood cells but will n
The Percoll recovered more cells than the RBC |y

proportionFiodgudtbéd) | sRésearch suggests trophobl ast
mesenchymal <cells are found in Percoll concentr a

means many may be |1 ost be(lSonvartehse adnmdn Henlh,el 200 6)

solution from red blood cell |lysis was also inef
MACS, as the columns clogged precenting the cell
that a step which also removed cell debris al ong
necessary,oakbi bobksthe matrix in the MACS col umns
first.

Therefore, a broader Percol | gradient i s better,
bl ood cells and | ess dense cell debris. | testeoc
of 55% and 30% Percoll, collecting all cells in

and a disaxcwsntgrnadi ent with concentrations every

collecting all cells in Fhgukdde% tThhe3G@WIflr Petricon d
gradient produced more cells when compared to th
(Figu¥bd), so | wused it for future procedures. It
adapting the protocol to collect different cell

3. 5Celtlype sel ection

3.5.1Trophobl ast selection

The desired placenta cells are selected from t he
utilises an antibody attached to a magnetic bead
separate | abelled cells. Due to this, the marker
surface. Weamnteillecadieddls based on the single cell e

human protein atl as-PCRspwneh.tMfhbeqRTevious proto
negative sel ecHLiAonABnltt oary for the trophobl ast
the first test.anWeEGHMRbodested positive selectio

9 4



gave a purer population. For theasCDé&mal boell s,

for positive selection.

I optimised the initial anti bodédli9esr eosnt rciecltli olnisn eos
obtaining placenta sampl es. For eachwanthbody, I
di fferentially expressed the marker protein. One
expressed a fluorescent protein, so we could anasa

cytometry without furtherToanteirbdhddy tihrec wkedtli cred .e

used -BRR mar kers differentially expressed in the
3.5.1. IHLAABC antibody selection on cell l i nes

HLA, Bandare not expressed in trophoblasts but ar
cell s. I't can therefore be used for MACS and t he

trophobl ast cells. We testedHiLRhe A€gabody s8eipgt

JEG3 cells (trophoblast | inehi dadHpbArmMBGeaxpIGEPS
expression -Feomm WwiFPal transfer (previously devel
JEG3 cells were mixed with D3131 cells (no fluor
With -BBR, we tested for expression of two protei

not D3EBERNRT)Y and one th&DadppoTheef(ow cytometry
gRIPCR both showed the expected differential expil
mar kers between Fhegulealbl) .|l iIAMdser( MACS, the posit]i
is depleted for D3131 markers and the negative f
mar kers. Different incubation times with the ant

of separation.

Despite the correct cells being selected, the se
negative fraction stil!l contains positive cell s,
successfully | abelled with the antibody and sel e

to famtdi bodies that could perform positive selec

fractions are |ikely to be purer.
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3.5.1. 2EGFRntibody selection on cell l i nes

To tteke EGRRiIi body, we used the same JHEHGIFR ine (t
expressSFe&mx,pression) against D3131EQdFR fluoresce
expression). We tested for the sRGRE@REKRE7T prote
CD4)s. As before, the cell | ines show the expecte

products are enriched for JEG3 maFrikgeuBrBe-di)n. t he po

We tested two antibody concentrations and two se
whi ch changed the results. Compared to the HLA A
fraction (HLA ABC negative or EGFR positive) 1is

with EGFRnNnselsagtgiesti ng a purer cell popul ation i

therefore used EGFR in the protocol for placent s

3.5.1. 3EGFR antibody selection on placenta

Having established the best antibody conditions

testing on placenta samples after Percoll separa
positive selection over negative, I used the EGF
Across eight placentas with the final version of
perfor med, I tested the expression of trophobl as

confirm the expected enr i(kihgnd8@ida) .anAls dexp edti ed,
EGFRNn&KRT@re increased in the EGFR positive fract

i nput and to the negative fraction. The negati ve
depl eted as the antibody selection is imperfect.
markers is | ess clear, posexphplesdbedauses&BERst ro
cbo9and&l Mre depleted in some positive fractions,
|l evel to the negative fraction.

I also tested the yield by counting the cells <co

fraction. Across these eight plla&R@On0 acse | Itsh ep ente an

10gFi(gu3r7é) . I have normalised to starting weight
ti ssue were used on each placenta, depending on
the same ti me. For the final protocol, we used 8
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40g of tissue can be used to select for each cel
million cells on average, which is sufficient fo

RNA analysi s.

3.5.1. 4HLAABCanti body selection on placent a

Al t hough the cell |line selection showed positive
negative selecti on;ABIC taengti ébdb diyhe nHLaA pl acenta to
results were applicabl e.-ABICe ngigaltd vler d maccheé oHL Av
should contaim,t waphokklrysthi gh at aro&ndut2. 5 mil

3.7¢c ) . However-PCRhehqR€&€d all four tested markers
the negativéeifguamt)i,omwiMde dden CDI9Bhoul d be higher ir
positive fraction. I-ABCdanbibodgtanhef HLAher.
3.5.2Stromal cell selection
3.5.2.1CD9@®nNntibody selection on cell l i nes

As with the trophoblast markers, | first tested
l i nes. | selected CD90 dset C@NQtirboomdayl wmasr Kesrs.t ed

a HDFA mesenchymal c elCID9leixme e(sfswvinbbrdoldbd ast ,

previous|IRFBande ai nserted. This was mixed with D3
fluoresceGx%e xmroessi on)PCRorweg ROIsed two genes ex
only in CHDDPAI M and one expressedCDunl y Aigmi D313 he(
flow cytomet+PCRamsdiggRrst there i s gocoed |Isse paanrdat i o |
there was no difference between the diFfifgaurreent an
3.8) . I'n al l cases, the negative fractions show s

coll ectedCDBBXprleesasi on show the positive fractic

3.5.2.2CD90 antibody selection on placenta cell s

I initially used the CD90 antibody to select fra
good cell mar ker. Ac-PE@Rding wastberg®fing stroma
(Figuks9a) . The sel ected celCIDO @anrdel expi eveidonhprand
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Using cell l i nes D31,31RKRC DY antreidjvadi DA ( CD

positi REP ploaFtowecytomsuby®fIPCR r esufltosw
cyt omepterrf or med by Dr Loui se Maor.

have decKKRFExdpressi &GFRBheni xed, with some sampl

an increase in the CD90 popul aEGPRs dhse was exyp
expressed in some fibroblast cell s.

The | arger issue was the number of cells. Foll ow
trophobl ast selection, which gave over a mill i on

selection gave around consisten29§50®wcegliled ds wi
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(Figu¥9% ). This would be very |l imiting for downst

searched for alternative selection antibodi es.

3.5.2.3Fibroblast on placenta

We discovered a fibroblast antibody from Milteny
a magnetic bead, removing the need for a secondas
fibroblast on fresh placenta cells gave a much b
2697000 cells per 10g tissue acRHiopw9d)lthre pl acent
manufacturer was not able to provide any i nfor ma
targeting, so it was notypeseixxpbpressooeheficdb mcsl hc
expression data. HBP@Rvepanet hal JBWed me to test f
as with vihoeuspraent i bodiP&LCR. tTelsd i qRT on t hese cell s
a good enrichment for sRirgur8d) GDOlandhlaMk er s (

higher in the selected cells than tE&EFRagati ve c

KRTare decreased. | therefore used the fibrobl as

3.5.3Verification-PCiRt magR®EeTr s

On one placent a, I t est etdy pteh emafruklelr spPa@riRetlh ogfRTc e | |
(Figu3leQ . The fold change is al/l calculated rel at
should already be enriched for trophoblast and s
enrichment of all trophoblast markers in the EGF
fi brobl ast He IAB, s weixtche ppthe | ar ge PIAG&Edra c hment i n
cytotrophobl HdtAGwmas kleower i n EGFR positive than
still hind hdémr otbohaast positive cells, where it was

cel l mar kers were enriched in the fibrCBldast pos

Fi gu8.8:Pl acenta stromal cwel [t IMALCsSlabcSteil erc t 1 ¢
CD90 antic-d&ey.ection with fibr,odpdR-RPER &0T I
expression of two tr &GF&®RnIKaRST)7 madk e ws £t |
mar ke€bPo9@nd&l Mb-cNumber of positive cells
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Selection E EGFR positive [ Fibroblast positive

Fi guB.2d0gRTPCR for markers for placental ¢
cellUsing placenta 23BR294. All sampl es a
(dotted | ine). Ma+ttkerph odbH @GFKRM7panyt otr oy
(PAGB4 ewtddous trepbh!l saytnclyti ot rCaoBIBo b |
stromal CO8)) snatdgrnophobMliaw,t s(tromal and peri
(COL3A1l endot heCDhDaM, caend sHdf baLDelM4. cel | s (

which is an endotheli al cel l mar ker, was enriche
which could indi-tmaophaelbmasthonel ection but this i
i nput so may not represent a |l arge number of cel
CD14 was very low in both selections.

3.5.4Verification with flow cytometry

As additional veri fication of cel | selection, W €
flow cytometry. This allowed us to quantify the
not possibl-PCRi.thtgBTso uses protein eR@ERession
as mR#ldes not al ways equate to protein. The fl ow
by Dr LO@huappEddor.

For the trophobl ast selection, we tested the KRT
using it for flow cytometry. On JEG3 cells, whic
positive, we found only a slight shift in the fI
controlgulrleh) . The isotype control-splkRcecuflfdcr &f nect

of the antibody, so gating should be set where t
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to the MACS input, from 46.6% to 73. 9 %, and a de
fractHiogh3ret ). The MACS input is high already as
from the original pl acenta composition, as the F
selected for the desired cell types. Looking at
flow cytometry, thetataopastbfe¥®l| Mopxpression, of

| owest i s gone in the positive fraction and the

3. 6Pl acenta RNA

There are two measusedasctememenRNA extracted from
placenta: the amount of RNA and RNA integrity (F
pl acenta is commonly reported to give | ow yields
this may be due to high | evebhassand actsbuietdegf at
(Hai moosc hman, Fisher andHdywoxina 20060i ssue disrup

both increase the activity of | yé6Baomah,aRNases,
1993; HynAal2003Hurther, | abour can cause hypoxi a
pl acent al pH and increase apoptosis, which incre

(Ci ndsDawd eets ,a120.07)

RNA yield from placenta tissuet i@k OFFi)enndilnogw, wi t
RNA yield around 10 times | ower in placenta tiss
HEK293T cells. They found yield was better with
in RNAIl ater and with extraction using TRI zol rea
cases, theyrahdewa$ | arge with some very | ow san
mean yi el digdfmg0.tiéssue, which is very different

achievedgbmg55ti ssue extracted w(Fdj &&NAwdsy mi di

2009) RNA yield was not affected by time after de
(Ar t heutr sal20.2 3)

For storage of one or 10 months, two studies fou
better than f(&sehetrale2z20ilndg eMarali2®.17They differ et
in their RNA quality assessment, one using RQI a
should be c¢dmpgerdamalier , Bergmaier dameyPhaftthl fo2ad!

val ues around 8 for preservalt iwon hwifttlasRNAIraeteeri na
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However, other studies havewathi éVadhthuaReegd zoh gb
al,. 20,139r even d ARQIlheutrfsal92 0.2 3)

One study found placentas can be stored for up t
without aff e€fajagtdRIR009Thi s is in contrast to a
study in The Gambia, where RIN decreased from ar
though yiel-@C&ndngqRY¥SR¥awfnot affcekdemtde,lal

2014) This may be due to the RNase activity, as s
prevent degr agabisomaby ac( All RiNeasltets and Yanagi har a

Generally, RNA quality is aBRCRmaoa(Rlsdisgeacamd f o

Pfaffl, 2Z®GW6)uality RNA can increase the range ¢
found and changes with the houseke(elpd magt yg&Ine use
2012; Hewngl20.13Qverall, placenta RNA is often |
guality, but the influence of different factors
studies emphasise the importance of storage at a
processing i mmediately to preserve yield and qua

3.6.1Temperature

Therotocol was originally performed at room t emj
centrifugations not including the Percoll step a
were done at 4AC. | decided to test if performin
increase the yidelRNAof Thel ttan protocol took se\
so | was concerned the time would cause the RNA
could be particularly important for work in The
2530AC. | tested one plaeleatti ownt ht wem EIGFR BEGFR

selection and one with EGFR and fibrobl ast sel ec

A direct comparison of cold and room temperatur e

pl acentas, each time performing the two in paral
number of EGFR positive cells varied across the
similar betwaeemnorndidtiitpudrdean() . However, there was a

more RNA extracted from the cold condition than

the three pHiagcudrhetbg s
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tested both for -tewpe emasr loemr ofascewdl | . This sho

t good enrichment of EGFR and KRT7 in al/l cond
riched in two of the samples in the room tempe
creased in &dleltteeasaesn kWihte col d condition each |
I d condition gave better results.

then did another test including fibroblast as
ded an extra condition where the protocol was
til MACS, which was performed at room temperat
r fibroblaetl poshtalvke conditions, and a better

ndi tFiign3rlez ) .

t he-P@GRTtesting, EGFR and KRT7 were enriched i
t not in the fibroblast cells, with better res
pression was mixed, showing | owest expression

ndition. VIiMewgs!|loewl atn the EGFR fractions and

in the col dFcouw3dledt.i ohggin, this showed that keep
protocol cold gave better results.

3.6. 2RNA extraction

Given the previous studies, | tested the RIN of
stage of the cell i sol ati ohapB.&t. oclTdli si rplarce ntlaa c
processed in the cold room. The sample | tested
3.9, which is below other studies and slightly I
our group, of around 4 to 6. The RI N wars tnuec h hi
enzyme digestions, increasing to 8.5 and increas
Percoll separation. I't may be that this process

RNA integrity. Both MACS selected fractions on t

FiguBe2Testing the effect ofcetldmeearratcurvbe
Compari son between cold and room teadeét al
RNA yiett@Qompari son of cold, room temperat
at room temperatur e, with EGFRIJRPRAERf T bsol
Fold changes calcul ated as c@Galnlgeyif e lodn. M,

107



Condition B RT [ Cold

99TH4dclc

§9TH4CC

Sample

12528 Lo I

1

2,500
2,000
1,500

o 1,000

500
0

VN

99T14¥4dec

S91Y¥4ce

Sample

#9T1dgeC

3,000,000
2,000,000

© 1,000,000
0

L
0]

KRT7

yo

EGFR

hmm.ﬁw_mNN
o
[
§9TdgeC £
(18]
- wn
AN-HO
pl1od
7|-‘®®HN_mNN
o
jal
§914gee £
©
wn
}vQHN_MNN
owmowmno
oNInNG
- )
pl1od i

9914ddcce

§S9Tdgce

m +91dgce
onowno
ISINT TS

Sample

99THdZC

S9T1dgZe

Sample
Condition B RT [ Cold/RT 0 Col d

- 79 TddcC

CD90

ys plod

2,000,000
wn 1,500,000

‘v 1,000,000

&)

500,000

-3se|qoqid _"umm_nenc
R:ERE] - Y493
~
~ =
X >
L<rmoN—O O s NO
eys pj|od | 2yd2 pjJod
L 3se|qodql
15EIa04ai 3ise|qoiqgly L 1sejqolqi4
R:ERE! _\
F d493 L 4493
o o
) o o))
| 0O
@)
n o n o
— — ~N = O
dm;o p o4 eyos p o4

108



Tabl3e2:RNA integridyfferentftémwapdocogl ament a
22BR67

Stage RIN

Placenta 3.9

Digest 8.5

Post- Percoll 9.5

EGFR+ 7.6

EGFR- 9.0

CD90+ 9.4

CD90 - 8.7
showed higher RIN than the original pl acenta, 7.
therefore reassured that the protocol resulted i

affected by the time taken during processing.

| al so tested the effect of extraction met hods,

to those with a Qiagen All Prep column, which al/l
from the same sampl e. [ used two placenta tissue
against anveal ReAnaxtiracti on method using Trizol

more RNA, and the RNA intedabB.8) .wals thedt ed f2 cmield
JEG3 cells as cell l ine RNA is generally good qu
Percoll separatioamroudmae Ilyateiedf Ml@mPr ep col umns t h
Trizol for JEG3 cells, but much higher in the pl
hi gher from the Al Il Plrado@3.8) n boahsoastestéd the san
ti ssue from two placentas. These had much | ower

yield and equivalent or higher RIN with the AIIF

Tabl3e3:Ef fect of RNA extraction method on yield a

Trizol AllPrep
Sample

RNA (7 g) RIN RNA( 71 g) RIN
Cel |l s JEG3 31.2 7.30 15.9 9.70
(2 mi | placentapost -Percoll 0.11 6.70 1.45 8.70
) PL7 8.96 4.4 1.97 4.1

Tissue
PL10 3.39 3.4 0.397 4.6
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Th
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ven the smal|l amount of cells produced from th
hi eved on this test, I used the AIlIl Prep for al
l ected cells. We also felt the All Prep protocoa
t he evReCh &K

/Transferring protocol to MRC K.

e original aim of optimising this protocol was
mbi a. |l visited the site at the beginning of s
e protocol was effective there and to train th
in difef ewmasnperforming the protocol on ice inst

ongside a much higher room temperature in the

was only able to perform the cell i solation pr
sit, in collaboration with the MRC Keneba staf
eci ffi @parloltyococpali mi sati on and not from EDEN study
s expected that more samples would be avail abl
S not possible due to delays with project setu
te. After my visite phoeespétadacehital were conce
y season. Unformnetsatwelry oeltl avaul abl e on t hese
neba staff extracted RNA and made c¢cDNA so | <co
¢RCR.

st show an enrichment of EGFR and KRT7 express
I'l's and VI M in the fibirg@udilehs)t. shesl ewcittehd pcreelvliso u(
acent as, the enrichment i s variable between sa
, which shows a reversal of the expected patte
is is |likely due to a mix up with saeple | abel
ows consistent resul tPCRwistulgg@EA.s Tthe @Rt ocol

fective at cel | selection in The Gambia as at

-

e two samples | processed were not part of the

|l e to do further

Q

nalysis on them. Only a smal

om the other three so there was only enough ma
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FiguB.ead3 Pl acenta MAPELRgREsults from &alffeve

dry seplsaospracessed at MRC Keneba with ¢

compar iggRelMCR fapression of two tr &fmiFr®mida

KRT)7 and one strowWwaM. maarkelred are all nor

i nput of placenta 23BR291 to al |l ow Ceolnip ay

from five rainy season samples processed

from UEA for compari son.

gRIPCR. This means these samples were not avail al
investigation, | believe this was due to i mprope
this was rectified for the following season.

On my second visit, at the start of the rainy se

pl acewhasvwere part of the EDEN study and count t|

observed at UE A, the cel |l count i s variable acro

111



of those obtaiFngd3rkEd) UEWe(di d not tesRCR haese wit
we wanted to keep any material for fuller analys
study samples collected in the dry season for «co

performed any analysis on these.

3. 8Epigenetic confirmnaaytpen of cel

enri chment

Al t hough t he ptlyapcee nitsao lcaetlilon protocol was not us
project, we were able to -ugpeispeoifhneemetpgalatc
novel i mprinted differentially methyl ated regi on

3.8.1G0Sandl K3R1

To i nvestitgyaptee scpeelcli fi ¢ met hyl ation, the cell i s

me and the met hyl ayDirDag @beaaslkyesviisci ut e

The characterisation of no@Ge$S$2mndpKBRthed candi dat
perforbnydDagnkaskevianditlkeas been phDuabslkiesvieecdi uitn

al(.2025)Briefly, the DMRs were found using met hyl
to be methylated in oocyte and partially methyl a
bl astocyst-:spRlcaicfenct,a mater nal met hyl ati on was <co
PCR andclsambmi ng fr ametngdramm,pland met hyl ation sensit

Both genes were also confirmed to have paternal

Previous datwpenspet¢tific methylation suggested t
met hyl atGm$was conserved in all placental cell t
cel Feg@3rled; Yuaat ,al20210his was tested using cel | ¢
the protocol described here with MACS for EGFR

(o )

(stromal ) . Bi sulfite PCR and Sanger sequencing
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FiguB.#a4Celtlype specific meGOS Bbatdd o3 PRI
Reproduced from étas&kWd Z)b.G0 8.2c-d Pl K3.Rl c
Met hyl ati on arrayedat22022bgdpYamet hyl ati o
pl acenta tissue and cell types from MACS
(stromat) bBdygh row represents one DNA st
e Unmet hyl at.ed CpG

mai ntained across MiogWBrlebel.l Unyfmed uhat el y mater n.
genotyping was not available for this sample to
was the maternal one.

AtPlI K3,Rlinter medi ate met hyl ation should &e confir
UnfortundPet 993@8F5homozygous in the avai abl e s
met hyl ation could not be tested. However, intern
confirmed in placenta tissue and trophoblast cel

unmet hyl ation (Figure 3.14d).
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3.8. 2KCNQXegion

The analysis of trophoblast and fibroblasts at t
The analysis of placenta tissue was doKreea alny ot he
Chen and Professpr David Monk

KWMWMR1 (also kn&ENQAODMIRE is a well characterise:
i mprinted gDMR in mice. I't control s tchoedipnag er nal
RNAKcnglwhich causes paternal silencing of the o

(Kcnolt lJajnd near by ngdryess nducing repressive histone
(Lewits ,al2004; #&ml,aub20.04)n mouse placenta, at | ea
(ThAsc,ITZpan@ag8IsscHA c22,8Ph8 ddlap L, IThfrsTRrBr2sf 2

TnfrsO2BpDhcrFhanknolup to 7.7 megabases away ar

silenced on t he (fHatnenran al2 OBAid)emechani sm for this
bet ween somatic and placental tissues is not cur
I'n human KdDMRILe,js al so maternally imprinted and

expressKenNQabbdantrols paternal silencing of equi
cludbKNyg1E8LC22 AINBPHLDA2However, the sDMR found
mouse i s not cong¢dMowettd ,alR0l0GmManbedyeoand t he

three centromeric ubi quisttohues |pyl ascpErdiiai i e€ed i gnme nt i

>

>

is not conserved so these genes are biallelicall

Further characterisation of the region is needed

I first confirmed the 50% methyl ation at the kno
trophoblasts (EGFR+), stromal <cells (CD90+) and
Fi gu3rledh ) . [ next used these sanipyeres dmedinfviest i ga
met hyl ation at two previously uncharacterised DN

have been the subject of previous study by other

FiguB.és C4dlylpe specific methyl ation at DMR:

aUCSC browser showing transcripts in the r
oocyte and placenta at theép & hmeth DIMRtsi & r sit
ti ssue and cell types from MACS with EGFR

CD90 (stmaomabpd®y acenta 22BR294 was wused ur
Each row represents one DNA saUmmat hyl ated d
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