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Abstract

Early hepatic specification and organogeneais be modelled iwitro using
human induced pluripotent stem cells (hiPSCEhese models apply
differentiation protocols to direct hiPSCs through all the deyelopmental
stages to accurately reflect uivo development.Bone morphogenetic protein
(BMP) and fibroblast growth dctor (FGF)signalling are crucial for the
specification of hepatic progenitors during early liver developm&hile the
signalling cascadeof these two morphogenare well characterized, the
mechanisms by whicthey promote hepatic cell fate choicand hepatic gene

expressionn anterior foregut endoderm (FE) cells is not very well understood

In this project we characterizehiPSCGdasedmodel of early lier development

and apply it tounderstandthe role of BMRsignallingn hepatic specificatian

We confirm that BM® signalling isalso necessaryfor liver progenitor cells
(LPCs) specification from FE during hiPSCs differentidsiog. RNA sequencing
(RNA seq.jve examine transcriptome changesluced by BM# during the
transition from FE to LPC sta@errepresentation analysis (ORAJgene set
enrichment analysi§GSERanalysis revealed early activation of hepatocyte
specific functions such as lipid and protein homeostasis, haem metabolism or
coagulationwhile at he same time, cell adhesion and locomotielatedgenes

are downregulatedndicating preparation for cell migration out of the forming
liver bud.We also notice upregulation of all four FGF receptors upon BMP
signalling indicating at possible cross tatneen the two pathwayslhe RNA
seq. also detected a numbef BMP4 upregulatedranscription factors (TFES)
several of these TFare known for their roles in multiple developmental
processes. wong themTBX3, previously reportdd have a role in hepatic
specification in migeand two other TBX family members: TBX2 and TBX20.
preliminary screen, we used published optimized protocol for creating
inducible knockdowhiPSdinesto assess the importance ©BX and othefFs

for the process of LPC specificatiDouble knockdown of TBX3 and TBRR2®
significantly disrupted th&epatic induction procesas shown by decreased

expression of early hepatic genes suclhER, AFP, AAT and AlLBtherstudies
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are necessary toonfirm and further characterizée role of TBX TFs for hepatic

specification.

Our study demonstratabat application of hiPSCs derived models for the study
of developmentcan aid the understanding of molecular mechanisms driving
early liver specificatioand improve our understanding of human embryology
and organogenesi3his knowledge can also be used to created more efficient
differentiation platforms that can yield more matufanctional and clinically

relevant populations of hiPSferived hepatocyte.
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MIXL1 mix pairedlike homeobox

MM master mix

MRNA messenger RNA

MSC multiple cloning site

MSX1 msh homeobox 1

MSX2 msh homeobox 2

NEAA non-essential amino acids

NES normalized enrichment score

NFW nuclease free water

NHEJ non homologous end joining

NKD1 Naked cuticle 1

NKD1 Naked cuticle 1

NKX21 NK2 homeobox 1
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NOG Noggin

0OC2 one cut homeobox 2

OCT4/POUS5F1] octamerbindingtranscription factod)/POU domain, clas

5, transcription factor 1

OEP overexpression plasmid

ORA overrepresentation analysis

PAM protospacer adjacent motif

PBS phosphate buffered saline

PCA principal componenanalysis

PCGs protein coding genes

PCR polymerase chain reaction

PDX1 pancreatic and duodenal homeobox 1
Pen/Strep penicillin/streptomycin

PHH primary human hepatocytes

Pl propidium iodide

PPC pancreatic progenitor cell

Prox1 ProsperaHomeobox 1

PSC pluripotent stem cells

puro puromycin

gPCR guantitative PCR

QQ guantilequantile (plot)

RA retinoic acid

RGM repulsive guidance molecules

RHA right homology arm

RIN RNA integrity value

RNA ribonucleic acid

RNAI RNAinterference

ROCK:i rho-associated protein kinase inhibitor
RPAT M REBLPAT monoclonal hiPSCs cell line
RPMI Roswell Park Memorial Institute Medium
rRNA ribosomal RNA
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RT room temperature

r-PCR reverse transcriptase PCR

rtRA reversetetracyclinecontrolled transactivator
RVD repeat variable diresidues

SB SB431542

SCR scramble

SD standard deviation

SgRNA single guide RNA

ShRNA short hairpin RNA

siRNA short interfering RNA

SLUG aka SNAI2 (Snail Fandihanscriptional Repressor 2)
SM small molecule

SNP single nucleotide polymorphism

SOC super optimal broth with catabolite repression
SOX17 SRY¥Box transcription factor 17

SOX2 SRY¥Box transcription factor 2

SS single strand

SSB single strandbreak

SSEA stagespecific embryonic antigen 4

ST™M septum transversum mesenchyme

TAK1 mitogenactivated protein kinase kinase kinase 7
TALEN transcription activatotike effector nucleases
TBX2 T-box transcription factor 2

TBX20 T-boxtranscription facto20

TBX3 T-box transcription factoB

TET tetracycline

tetO tet operon

TetR tetracycline repressor

TF transcription factor

TGFb transforming growth factor beta

TRAL podocalyxin
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TRE TET responsive element

TTR transthyretin

TWIST twist family BHLH transcription factor 1
VFE ventral foregut endoderm

VLDL very low density lipoprotein

WT wild type

XIAP Xlinked inhibitor of apoptosis

ZFN zinc finger nuclease
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Chapter lintroduction

1.1.The liver

Theliver is the second largest organ of the humiaodyanditslargest gland. It
performsover five hundred functionmcluding metabolism of carbohydrates,
lipids and proteinas wells as storage of glycogeriglycerides, vitaminéA, D,
E, K and:2) andminerals(iron and copper)it produces bile saltsvhich assist
in the process of lipidbsorptionform the small intestinggroteins (e.g.: clotting
factors, albumin beta globulinsand excretes bilirubin, enetabolite ofthe
haemgroup It processes drugs and toxjngarticipates in the metabolism of
vitamin D andirea(Tortora, 2011, Siayeb et al., 2010a)

1.1.1.Thegrossanatomy

Most ofthe liver islocated in the right upper quadrant of the abdomarith
part of itextending into the left upper quadrarit.is grossly divided into two
mainlobesseparated by the falciform ligametdrgerright lobe and smaller left
lobe. The right lobe appears to be further divided into the quadrate and caudate
lobes, but each lobes functionally differentThe gallbladder is a peshaped
organ locatedbetween the right lobe and the quadrate lobEheoxygenated
blood is delivered to the liver by the hepatic artdihe liver also receives blood
from the gastrointestinal tract vithe hepatic portal veinThis blood isich in
nutrients from the gastrointestinal tract. It can also potentially cordaimys,
toxins and microbes ingested with the foodDeoxygenated bloodwith
substances processed by the liver or nutrients neededher atells is colkted
viathe central vein into the hepatic veamd transported to the heariDrake,
2010)

The basic structural unit of the liver is the liver lobklgyrel-1). It is hexagonal

in shape, with central vein in its middle and portal triad at each corner. The
portal triad is made of hepatic artery, portal vein and bile duct. Hepatocytes
radiate from the central vein arranged in one to {eel thick plates interspad

with hepatic sinusoids: fenestrated, thwalled spaces consisting of endothelial

cells interspaced with Kupffer cells. Hepatic sinusoids receive a mix of

Paulina Maria Durczak 1 The University of Nottingham



oxygenated blood delivered by arterioles of the hepatic artery and nutie@nt
blood deliveredoy branches of the portal vein. As the blood moves from the
portal triad towards the central vein, there is an exchange of oxygen, nutrients,
excreted factors and waste produgctath the hepatocytes on their basolateral
surface. Liveproduced proteins, tormones or nutrients can then be distributed
around the body. Bile is secreted via the apical surface of hepatocytes into the
bile canaliculi and carried to bile ducts within the portal triad. The blood and the
bile flow in the opposite directions withihe hepatic lobulgdGordillo et al.,

2015, Ovalle, 2021)

1.1.2.Cellular composition

The hepatocyte is the most dominacell type of the liver (~78% of cell
population) and is responsible feerformingthe overwhelming majority difver
functions mentioneckarlier. The next most abundant cell type in the liver are
cholangiocytesaround 3% of the livexell populationCholangiocytes form the
walls of bile ducts and control the flow of the bile and its pH. They secitte

and bicarbonate. Hepatocytes and cholangiocytes derive from a common
precursor cell, hepatoblasin the early liver developmentEndothelial cells
form the arteriesveins, arterioles and venuoles of the liver and help to control
the blood flow within the orgarThere are also endothelial cells within the liver
sinusoids: liver sinusoidahdothelialcells(LSEC)These are highly specialised
cells that allow the transfer of molecules between the serum and hepatocytes
LSECs also secrete cytokjngarticipate inblood clotting and antigen
presentation Kupffer cells are liver resident macrophages the bcated
within the liver sinusoidslthese cells are the first line of defence against any
bacteriaor bacterial endotoxins that can eansportedfrom the Gl tracwvia

the portal \ein. They are part of the innate immune system response and can

neutralise @rticles by phagocytosis or pinocytosis.
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Figurel-1 Structure of the hepatic lobule and hepatic sinusoid
Image created using Biorender templates.

Theycan also secretepro-inflammatory orantiinflammatory cytokines and
proteinases as a defence mechanisht.cells are another part of thenate
immunesystem resident in the liver. These are natural lek#s thatrespond

to intracellular pathogens artdmour formationand have cytotoxiproperties
Hepatic stellate cells reside around the liver sinusoids and help in the
maintenance of the extracellular matrix (ECM). They store vitamin A and its
related forms, control muscular tone and contribute towards the regenerative

response to tisselinjury(StTayeb et al., 2010a, Gordillo et al., 2015)
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The intricate structure of the livas essential for the performance dhe
multitude of its functionsThe liver is exposed toanyfactors that can damage
itstissue €.g.: toxinsinfectious agentsPespte f A Zs8oNtEnéal regenerative

abilitiesthis can lead to chronic or acute liver failure.

1.1.3.Liver diseasand available therapies

Diseases affecting the liver are a major burden onhisath of the human
population.Worldwide, around 2 million petgdie each year of kv diseases
caused by abuse of alcohml drugs obesityand viral hepatitis(Asrani et al.,
2019) In England alonen 202010 127 people died prematurely due to liver
disease(GOV.UK, 2021Lurrently, he primary treatment for liver failure is
transplantation. However, the need for organs far exceeds the available
donated organs.Introduction of split liver transplants angartial organ
transplantsncreased the number dfie proceduresHoweverthe neel still far
outnumbers thesupply Additionally, the incidence of liver dise&sen the rise

In Englandn the last ten years the numberditientsadmitted to hospital with
alcoholrelated liverdisease increased two fo([GOV.UK, 2021 herefore, it
can be expected that theumber of people needing a ndiwer willgrowin the
coming yearsCell therapy using primaryuman hepatocytes(PHH) is an
alternative method that has already showed some promising r¢Blitavan et
al., 2020) Usimg cells instead af whole or partial organ increastése number

of people who could be treated from odenation. However?His also come
with some limitationsTheydo not proliferate irvitro and cannot be maintained
in culture for more than 10 to 14 da (Mitry et al., 2002) Additionally,
cryopreservation decreasegmbility and enzymie activity of the celléTerry et
al., 2005) Immortalized hepatocyte cell lines cancerderivedcell lineshave
been suggested as an alternative cell soutaewvever, they exhibit poor
function, karyotypic instabilityand increased resilience to toxicological insult
(Szkolnicka and Hay, 201®6herefore,production of hepatocyte from human
pluripotent stem cell$PSCpffers an attractive souroaf virtually limilesscells
available for transplantationThe applications and limitations of PSC will be

discussedn more detail in sectiot.4 of the introduction.
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1.2. Earlyliverdevelopment

Animal studies on zebrafish, xenopus and mice provided most of the information
we currently hold on the early liver development. The livders/ed from the
definitive endoderm (DE), a cell layer that emerges from the anterior primitive
streak during gastrulatiorAs the development proceedse DElayerforms a
primitive gut tube that is further patternealong theanterior-posterior axignto
foregut (FG), midgut and hindgut (H@aret, 2016)Studies on mice showed
that the liver originates from theentral part of the FGThat region of FG also
gives rise to ventral pancreas, lungs, thyroid and stor{iler@mblay and Zaret,
2005) The emergence dhe liver begins whesignals from the surrounding
cardiac mesoderm and septum transversum mesencl{$mel specifyforegut
endoderm (FE) toxpresshepatic genesuch as ALB, HNEs4r TTRJung et al.,
1999, Rossi et al., 200T)hecells begin to thickeforming liver diverticulum
surrounded by daminin-rich basement membrané\s the process continues,
the cells of the diverticulunehange their morphology from a monolayer of
cuboidal cells to a multilayer of pseudostratified aediéed hepatoblast&lso
referred to adiver progenitor cells (LPC@xpressing albumin (ALB) and aipha
fetoprotein (AFR)The basal membran@eaks dowm and LPCsroliferate and
invade the surrounding STM forming the liver fNdva et al., 2005, Bort et al.,
2006) Endothelial cellsfound in the STM surrounding liver diverticulum
contribute towards the hepatoblast expansidiatsumoto et al., 20010nce
hepatoblasts invade the STM they proliferate difig¢rentiate into hepatocytes
and cholangiocytesells forminghe majority of liver parenchyma and biliary

tract, respectively.

1.2.1.Signalling during liver progenitor cell specification

Animal studies on chick embryos have helped to establish that ¥iest li
progenitor cells derive from theentral part oFFE(Le Douarin, 1968%tudies on

mouse and chick embryos showed that sierounding mesoderm is necessary

for the formation of hepatic progenito(sloussaint, 1980 he identification of

the factors released by tissues surrounding FE was possible much later. FGFs

secreted by cardiac mesoderm were the first factors foundetarocial for
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induction of the liver fate in the endoderm. Replacing cardiac mesoderm with
either FGF1 or FGF2 signalling in explant cultures was sufficient to induce the
expression of hepatic genes, such as AFP andJUmR et al., 1999FGFs
pattern the endodermal tissue in gradi-dependant manner with low
concentrations specifying the liver and high concentrations specifying the lung
(Serls et al., 20050Ithough those studies were done on mice and chicks, their
findings can be translated to human studies as FGF signalling has been shown to
be necessary for the differentiation of hiPSCs towards the hepati(@fateosk

et al., 2015)BMPs secreted from the septum transversum mesenchyme (STM)
were the next factors identified as crucial for the induction of liver progenitor
cells from the FE in mice. BMP signalling acts in synergy with FGF signalling to
bring about tle expression of hepatic genesid both signals are necessary for

the specification of liver progenitor ce{Rossi et al., 2001Those two signals

are crucial for liver development in mice, chicks, Xenopus and zel{&ifisret

al, 2007, Chen et al., 2003)

Whnt signalling is also implicated in the hepatic specification althouglasict
the case in BMP4 and FGFs, as an inductor but as a repf@asonical Wnt
signalling in the posterior eioderm block the expression of an important
hepatic TF Hhex. When Wnt signalling is blockiagre is an ectopic liver
development in the posterior endoderniTherefore, expression of Wnt
antagonistan the anterior endoderm is necessdoy its ability to commit to
hepatic fate(McLin et al., 2007)

1.2.2.Transcriptn factors in hepatic specification

Transcription factor§TF) are DNAindingproteinsthat have a crucial role in

the regulation of gene expressidivhile the signalling pathways governing the
specification of the liver have been identified, and the signalling cascades that
are activated upon binding of signalling molecules t@ tiespective receptors

are well described, the molecular events that bring about the changes in FE
initiated by FGF and BMP signalling are not well kndany studies attempted

to understand the molecular events behind hepatocyte and biliary epithallial c

(BEC) development hkgentifying factors enriched irthose cells(Cereghini,
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1996) Buildng on that work, lateknockout studies in mice and zebrafish have
reported a role for some of themn the early specification of the liver. At the
earliest stages of establishing the hepatic competence within thedxg1 and
Foxa2 were identified as crucial factofere isa redundancy between them
as single knockout of either tifese TFsloes notaffect hepatic development,
but double knockoutcompletely preventshepatic specificatior(Lee et al.,
2005) Similarly,knockout of HNHAA prevents the acquisition of hepatic
competeny by the FE The removal of this factors preverntse formation of
liver bud andalbumin expression in thiee predicted to develop into the liver.
Pancreatic development is also affected, as the ventral ptregfancreas fails
to be specifiedLokmane et al., 2008)\dditionally, knockout of this factafter
hepatic specificatioseverely affects the development of intnapatic biliary
ducts (IHBD(Coffinier et al., 2002 hese three TFs are so far the only onids
major roles at the very beginning of hepatic depenent. Other TFs identified
in hepatocytes are important in the later stages of liver development such as
hepatoblast proliferation migration and differentiation (Table 1-1).
Interestingly, HNF4& has been shown in mice studies to be an important
regulator of hepatoblast differentiation but nobecessary for hepatic
specification(Li et al., 2000)However,human embryonic stem cell (hESCs)
differentiation to hepatocytdike cell{HLCs$eems to requir¢his TF. Knocking
down of HNF4 in hESCcompletely prevented thei differentiation to
hepatocytelike cellsat the hepatic specification stageelaforest et al., 2011)

It is uncleawhetherthe reason for thisliscrepancys due to species differense
or due tolimitations of 2D, initro modelling of the developmenHowever, the
use of smplified models allows foa more detailed study of the molecular
mechanisms governed by the TFs of interést.example, further exploration
of the role of HNF& in the differentiation of hESCs k_Cs revealed that this
factor is responsible faecruitment of RNA polymerase Il to the promoters of
multiple genes actiated during hepatoblast specificatiofDelaforest et al.,
2018) Therefore, althoughnimal studiesvere invaluable in identifying many

genes crucial for early development, it is still importarggtablishon human
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models of developmentf the findings translatbetween the species. Human
PSCs provide species relevant model andcaessible system for the study of

molecular mechanisms.

Paulina Maria Durczak 8 The University of Nottingham



Transcription

factor Development model Phenotype Reference
: . : A Normal hepatic specification assessed by expression of Afp, Alb, (Zhao et
Gata6 Tetraploid embryonﬁﬁrgpélgrgentatlon with Gata HNf4,Rbpd, TtrtE8.0; al., 2005)
’ A Arrested liver bud development;
Tetraploid embryo complementation with Gata A" Normal hepatic speC|'f|cat|on assessed by expression of Afp, Alb, (Watt et
Gatad null ESCs: Hnf4,Rbp4, TtrteES8.0; al., 2007)
’ A Arrested liver bud development N
Foxal and Mice with Foxal null allele and conditionally A No liver bud formation; (Lee et al
deleted Foxa2 using Ck®xP system with Cre A Failure of hepatoblast specification (no competenceeotral foregut for ”
Foxa2 i . . . i 2005)
under the control of the Foxa3 promoter; induction of hepatic genes);
andltlonal deletion Of.f'rSt exon of HilFgene A Severe defect in development of small and large intra hepatic biliary ¢ (Cotfinier
Hnflb using CreLoxP gstem with Cre under the contro Co . . : T et al.,
_ A Decreased expression in genes involved in fatty acid oxidation;
of AlfpCre transgene; 2002)
A No Alb expression at E8.5
Tetraploid embry@omplementation with null A No pancreatlc mark_er expression (eI
Hnflb . A No liver bud formation etal.,
' A Reduced liver size with cells lacking hepatoblast characteristics; 2008)
A No hepatic markers expression;
A Defect of hepatocyte proliferation; (Sosa
Functional inactivation of Prox1 gene by in frar A Failure of hepatocyte migration from the hepatic bud into STM; .
Prox1 . . ) _ . : : i Pineda et
insertion of theb-galactosidase gene; A Failure to degrade the membrane surrounding the hepatic bud;
) : i al., 2000)
A Persistently high-Ead expression;
Conditional deletion of Prox1 using Cre/LoxF A Impaired hepatocyte differentiation (reduced levels of HiN&dd
Proxl system with Cre expressed from Foxa3 promol increased levels of HNF6 and HNF1b); (Seth et
Prox1 deletd after hepatoblasts migrate out of A Increase in expression of biliary transcripts (Sox9, Lamb1 and Krt19); al., 2014)
the liver bud; A Hepatoblastifferentiation skewed towards biliary fate;
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(Martinez

Hhex Transgenic mice created from Hhex null ESC A He_patoblast_ speqflc_atlon and fiferation r!ot affecteq; ) Barbera et
A Failure of migration into STM and formation of the liver bud; al., 2000)
A Specification and proliferation of liver progenitorigated but the cells
Hhex Transgenic mice with null mutation in the He» fail to migrate into the STM; (Bort et al.,
gene; A Hepatocyte differentiation is disrupted (no AFP or HNF3b expression 2006)
E10.5;
Hhex Conditional Hhex knockout using €axP system A Abnormal hepatoblast differentiation and disruption of liver architectur (Hunter et
with Cre expressed from AlfpCre transgene; A Abnormal development of exttaepatic and intrahepatic biliary ducts; al., 2007)
A Hepatoblast specification not affected;
Hnfa. Tetraploid embryo complementation with A Failureof hepatocyte differentiation: expression of genes associated w (Li et al.,
Hnf4a null ESCs, mature hepatocyte function was undetectable (apoAl, apoAll, apoB, 2000)
apoClll, apoCll, aldolase B, pAH, LFABP, transferrin, RBP, Epo)
Transgenic mice: Hrdd A Hepatoblast specification not affected;
Hnfa. knockout condgitional on éctivation of Alb A Small, round and loosely associated hepatocytes with impaired glyco¢ (Parviz et
romoter and Afp enhancer via rexP svstem storage capacity (barely detectable levels of glycogaihaye enzyme) al., 2003)
b b y A Impaired celtell contact (low levels ofdadherin, and Ceacem1)
HNE4 Human ESCs expressing siRNAs againsaHNI A Failure of hepatocyte specification during hESC differentiation; (Dzlta;?rest
hESdifferentiation to hepatocytdike cells; A Loss of hepatic identity of differentiated cells; 201 1)
) A Defect of hepatoblast proliferation (Suzuki et
Tox3 Tbx3 null rouseembryos; A Hepatoblastlifferentiation skewed towards biliary fate; al., 2008)
A Reduced hepatoblast proliferation and failure to delaminated from the
) liver bud; Ludtke et
[ Tbx3 nll mouseembryos; A Decrease in expression of hepatic markers (@afid Cebp) al., 2009
A Hepatoblast differentiation skewed towards biliary fate;
. A Impaired hepatocyte maturation; hepatoblast differentiation skewed  (Akai et al.,
I'x9. /" k9 .null mice towards biliary fate; 2014)
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A Abnormal bile duct morphogenesis
A 550NBLas Ay | bCwmh | yR ica@nf@and y R
| bCmi  Ywb! SELINBaaizyT

| 2YRAGAZ2Y LT | bCwmh -LOx¥ 2 A Enlarged liver with degenerating hepatocytes at 12 weeks of age; (Lee et al
I b Cmh system; Cre under the control Blapromoter A Disrupted hepatocyte function; 1998) h
expressed during the early mouse embryo;

Tablel-1 Summary of the major studies of TiRsolved in the early stages of liver development.
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1.3.BMP signallinpathway

1.3.1.Ligands, receptors and mediators of the BMP pathway

Bone morphogenetic proteins (BMPs) are members of the transforming growth
factor b (TGFb) family of signalling molecules. They were named for the ability
to induce ectopic bone formation, first observed in th& &6ntury. Since their
isolation and clomig in the 1980s, they have been shown to have ndarerse
biological functios, e.g in the development of thekidneys,liver, skeletal
system,hair folliclesor teeth, dfferentiation of osteoblasts and chondrocytes,
iron metabolism and cancéKatagiri and Watabe, 201@hey are divided into

subgroups according to structural homoloBig(rel-2).

— BMP-2
4[—BMP—4 ALK3/6
- BMP-5 ALK3/6
*‘EBMPJ ALK2/3/6
BMP-6 ALK3/6 SMAD1
_ ~BMP-8A BMPRII
LBMP-8B| ALK3/6 ActR-II SMAD5 SMAD4
ActR-11B
] [—BMP-9 ALK1 SMAD8
— BMP-10 ALK1/3/6
GDF-6 GDF-6
_L GDEF-7 GDF-7
— GDF-5 GDF-5
BMP ligand Type | Type Il rSMAD coSMAD
receptor receptor

Figurel-2 BMP family ligands, receptors 8aMAD mediators
Image adapted fronfNickel and Mueller, 2019)

BMPs are synthetised as inactive, grolypeptides. The mature form is at the

Gterminal of the molecule, and a signal peptide is located at #serinal end.

The two are separated by a pdomain. The mature part of the BMP is

enzymatically cleaved by aopeinase, e.g.: furin cleaves BMfMdelsen and

Christian, 2009)Mature BMP proteins have seven cysteine residues: six form
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intramolecular disulfide bridges, and th& Vesidue covalently binds via a
disulfide bond to another moleaibf mature BMP to form a biologically active,
homodimeric or heterodimerjcligand that can activate BMP receptors

(Bragdon et al., 2011)

In canonical pathwaydMPs induce their effects by binding to type | and type Il
serinethreonine kinase transmembrane receptdFsgurel-3). Although BMP
ligands ca bind to and activate type | receptors directly, their potency is much
increased in the presence of type Il receptors. There are three type Il receptors
that BMPs bind to: BMP type Il receptor (BMPRII), which is specific for BMP
molecules, activin typergceptor (ActRIl) and activin type 11B receptor (ActRIIB),
which are shared with activins and myostatin. From the seven type | receptors
that are bound by the TG#b signalling family, four are used by the BMP
subgroup: ALK, ALK2, ALK3 and AL6 (Katagiri and Watabe, 2016)

To elicitacellular response, BMPs bind to type Il receptors on the surface of the
cell. Type Il receptorsvhich are constitutively activgghosphorylatetype |
receptorsat the glycineserine rich domairof the intracellular part of the

receptor. Activated type | receptors phosphorylate SMAD proteins.

There are eight SMAD proteins (SMAB) identified in mammaldn BMP
signallingreceptor relatedSMADS (rSMADSMAD1, SKM6 and SMADS are
phosphorylatedy type | receptoractivated by BMP®nce activated, rSMADs
form a heteptrimeric complex with SMAD4. SMAD4dsmmon partner SMAD
(coSMAD) utilized also in the F®Bignalling. rISMABDoSMAD complexes
relocate to the nucleus where they associate with transcriptional activators
(e.g.: CBP, GATA4/5/6, TCHf) repressors(GIB, ZEB2, DACHKLF4)and
regulate transcription of target genes by binding to their regulatory elements

(Ampuja and Kallioniemi, 2018)

BMPs can also signal via a +wamonicalroute that it not SMAD mediated
Instead,BMP type | receptors can beled toprotein ligase Xinked inhibitor
of apoptosis (XIAP) that activale&K1. TAK1 is a member of MAPK family.
It phosphorylatesdownstream MAP kinases such as p38, ERK1/2 and JNK
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Activated kinases fiecate to the nucleus whetbey activate TFATF2, €JUN
and cFOS and induce chargge transcriptional activitfZhang and Que, 2020)

1.3.2.Regulators of BMP signalling
BMP signalling can be controlled at several levels. There are inhibitors and
potentiators that can influence the pathway at extracellular, receptor and

intracellular level.

BMP ligands can be directly bound by proteins and prevented from interacting
with their receptors. Noggin, Chordin, Gremlin and Cerberus are just some
examples of extracellular BMP antagon{Bisazil et al., 2015At the receptor
levels, BMP signalling canlbeited by expression of BAMBI, a pseudoreceptor
for the TGB family. BAMBI competes with BMP receptors for BMP ligands but
does not have the intracellular domain that can phosphorylate type | receptors
and activate SMAD protein®©nichtchouk et al., 1999)urther along the
signalling pathways, BMP activated SMADs can be antagonised by inhibitory
SMADS (iISMAD): SMADA 8MAD7. Additionally, SMURF1 and SMURF?2 ligases
can induce ubiquitination and degradation of SMAD1 and SMAD5. And finally,
BMRmediated gene expression can be negatively controlled by miRNAs and

methylation(Brazil et al., 2015)

There are also several potentiators of BMP signalling. BMP1 can cleave Chordin
bound BMP ligands and as such act as an activator of BMP pathway. Sulfated
polysaccharides, such as heparin, have been regad potentiate BMP2,
BMP4 and BMP7 signalling in osteoblast differentiation. Kielin/CHixelin
protein (KCP) and proteins of the repulsive guidance molecule (RGMa, RGMb,
RGMc) have also been reported to positively control BMP sigrilitagiri and
Watabe, 2016)
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Figurel-3 BMP signalling cascade
Image created using Biorender templates.
As BMPsare involved in multiplephysiological functionsthat can be

dysregulated in disease states, it was desirable to identify small molecule

inhibitors of this signalling pathway, to potentially use them in clinical settings.
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Several selective inhibitors of BMP receptors have beentified such as
dorsomorphin K02288, VBB50 or DMH1(SancheDuffhues et al., 2020)
These can also be appliediimvitro experiments that study the role of BMP

molecules in various biological processes.

As mentioned earlier, BMP signalling plays a vital role in the specificdfft{Dsof
during liverdevelopment but this pathway is alsowolved in many other
developmental processeldow thespecific genetic program is activated by the

same SMAD molecules is not clear.

1.4. Pluripotent stem cells

Pluripotent stem cell®SCsare characterized bihe ability to differentiate to
representativecell types of all three germ layers: mesoderm, endoderm and
ectoderm buttypically do not have the capacity to form exgérabryonic tissue.

They are also selénewing meaning they can be propagated in vitro virtually
indefinitely. They express a panef pluripotencyrelated TFs such as OCT4,
NANOG or SOX&nd surface markers e.g.: TRB0, SSEA and SSEA(De Los
Angeles et al., 20150Ithough several typesf ®#SCs have been derived and
characterised, embryonic stem cells (ESCs) or induced pluripotent stem cells

(iPSCs) are the most common types of PSCs.

Human embryonic stem celleRESCsyvere first derived in 199&om a pre-
implantation embrygThomson et al., 1998DPespite their great potential for
application in cell therapgr drug testing, some countries completely banned
their use on the ethical basis BESCs creation remes destuction of an early
human embryqWalters, 2004)However, several years later human PSC cells
were obtained by reprogrammingf differentiated somatic cells inteSCs by
introduction of four transcription factors: OCT4, SOK#4 and eMyc
(Takahashi et al., 200 I YS R W PFE eSS ¢eldsshow the same
characteristics as ESCsiligbto differentiate to cell types of all three germ
layers and seifenewal butlack theethical issues and legislative barriers that
hinder research on human PS@slditionally, theypresenta possibility of

personalisedell therapy or ability to stydgenetically inherited disordeiSince
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their first creation, research on this type of B®&s increasedignificantly

(Figurel-4).

PUleEd,gm‘ human induced pluripotent stem cells X m

Save Email Send to Sorted by: Most recent = Display options fo

Page 1 of 2,711

il
1967 T T 2023

2008: 229 2021: 3,286

Figurel-4 Number of publications relating to hiPSCs A
Pub med search usifd K dzY | y A Y RdzOSR LI dzNJX LI2siirdpi i
increase imesearch interest in this field.

1.4.1.Application of pluripotent stem cells

Pluripotent stem cells (both embryonic and induca@)a possiblecell source

for many applications. Due to their sethewaland a pdential to differentiate

to virtually any cell type of the bodihey present an ideal source of almost

limitless celldor basic research or célhsedtherapies¢ KS WK2f & 3ANI Af
research is the use of PSCs or-88@ed cells fotherapy. Intenseefforts to

bring PSCs to the clinic resulted in seveaaly phase clinical trials that used

PSCs in the treatmenft cardiovasculaand neurological diseasmalignancy or

viral infections with COWAD® (Kim et al., 2022)

Although widespreadse of PS@erived therapies is not here just yeRSE

have found other applications. In the year following reprogramming of human
somatic cells to pluripotency, several hiPSCs tiegved from patients with
monogenic, complex and chromosomal genesomiers were created for the
purpose of disease modellifBark et al., 2008pince then, hiPSCs were used

in the study of many genetic disorders, such as Duchenne muscular dystrophy,

cystic fibrosiscardiomyopathies or metabolic disorddMorera et al., 2022,
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Wong et al., 2012, Lee et al.,, 201RB¥Cs are also a great source of healthy
human cells for the study of viral diseasspecially speciespecific viruses
where animal models cannot be appli®timary tissue havebeen used but
donor shortages, variability and difficulty in tlengterm cell cultureare
limiting factorsPSCslerived hepatocytes were used in the study of hepatitis B
and C(Xia et al., 2017, Yoshida et al., 200ther cell types were alssed,
e.g.: cardiomyocytes in the study aioxsackievirus B#iduced myocarditis
(Sharma et al., 2014nhdsensory neurons for the study of infection with fres
simplex virus (D'Aiuto et al., 2015PSCHasal models allow to examine the
moleculamechanisms of viral entry and spreadingnune sensing of the viral
infection orsignalling pathways that may lead to viassociated longerm
complicationssuch ashepatocellular carcinomgia et al., 2017 )Additionally,
those cells can also be used for identificatiomovel treatments for viral
infections, which brings us to the next application of PSCs: drug discovery and

safety testing.

The availability of disease modets only allows the studgf the pathology b
the disease but also the identificationraivel drug therapies. The accessibility
of vastnumbers of cellsthat are affected by a condition or infecti@mables
high throughput screening afrug librariescontaning thousands of candidate
compoundsand identification of potentigteatments(Kaufmann et al., 2015)
Furthermore, PS@ferived cells can assist in the process of drug development.
Traditional methods for assessihgig toxicityrelyon animal modks, which are
expensive, low throughput, do not always accurately predidtity due to
inter-species differences and come with ethical issues about atreafihent
(Daston et al., 2022 he use of primary human tissiselimitedfor the same
reasonsasits use for disease modellingcarciy, variability and difficulty in cell
culture. Immortalized cell lineslo not keep tleir exact phenotype and are
affected by epigenetialternations(Magsood et al., 2013Human PS@erived
cells pose a great altnative for supply of healthy cglespecially hepatocytes
and cardiomyocytes, which are among the most seersitell types affected by

drug toxicity(Weaver and Valentin, 2013 epatotoxicity or cardiotoxicity are
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the most common reasons for drug failure in clinical triakher withdrawal
from the market(Solotke et al., 2018Yherefore, more accurate models for
assessing toxicity could dease animal use in thdrug developmenprocess,
reduce the risk for clinical trial participants, shorten the timeauithe cost of

the process antimit the number of drugs that fail the trials.

Lastly, PSOsave also allowed the study of developmehte use of human
embryos for the study of early human development is strictly controlled and
limited due to the ethically sensitive nature of such rese&@alently, the UK

law limits the timeframe for which human embryos can be kept alive using
availdle technologies to 14 days. This limits in vitro research te pre
implantation stage before any significant organogerasisirs(Carlson, 2019)
Althoughrecently, the ISSCR has recommended an extension bi-theyrule,
provided robust review process is in place, this area of research can still be
highly controversial and poses ethical questions. The emergence of pluripotent
stem cells, both embryoniad induced, delivered and alternative method for
understanding the molecular mechanisms of early human developfieey.

have been applied tdhe study of skin(Oceguera¥anez et al., 2022)
neurological(Knock and Julian, 202Ridney (Khoshdel Rad et al., 2020)
haematopoietiqJung et al., 2018)r cardiacdevelopment(RamirezCalderon

et al., 2022)

1.4.2.Current imitations ofpluripotent stem cells

PSCs have found multiple applications since their derivafiowever, some
limitations tothe application of the PSderived cellexist One of the main
issues of PS&erived cells is theimmaturity. Phenotypical and functional
analysis showed that P8Erived hepatocytesesemble foetal hepatocytes
rather than adult ones. They express lower levels of CYP enzymes involved in
drug metabolismand produce less albumin and urea compared to FAHEy

also express AFWnhich is absent in PHBaxter et al., 2015 ransciptomic
analysis of PSderived hepatocyte using various differentiation protocols
confirmed that they are more related to foetal hepatocytes rather than the adult

ones There are significant differences in the expression profiles of fattgreaid
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drug netabolism genes or gluconeogenestated genesAdditionally,the
analysisshowed incomplete loss of original cetjene expression profile
(lingering of pluripotencyelated genesand undesired gain of other identities
such as lung dntestine/colon.Sgnificant variability in transcriptome between
hepatocytelike cellsdifferentiated by various protocols was also revealed
(Ardisasmita et al., 2022%imilar issues witlphenotypical and functional
immaturity has been reported in P8€rived cardiomyocyteéWang et al.,
2022)or neuronglmaizumi and Okano, 202The use of immature cells can be
problematic for drugdiscovey and toxicitystudies Although somereports
showed that PS@erived hepatocytesaccurately predict drug toxicity
(Szkolnicka etla 2014) the fact that they predominantly expreS¥ P enzymes

of immature hepatocytes can be problemafi®ie immature phenotypenay
alsoprevent the use of PSderived cell types in the clirds has been shown by

a study that transplanted Macaque nmieys with PS@erived cardiomyocytes

for the treatment of myocardial infarction. Despite some promising signs of
infarct remuscularisation and cardiomyocyte maturation, the monkeys also
presented with arrythmias that can have life threatening consequéd@iamg

et al., 2014)

Another issue with the use of R8¢€rived cell for linical applications is the
possible presence ohdifferentiated PS€In the transplanted cellRSCéring

the risk of teratoma or tumour formatiodue to their enormous ability to
proliferate presence of reprogramming factors or genetic mutations acquired
during invitro manipulation Although detection of chromosomabnormalities

is quite straightfonard, detection and interpretation of single nucleotide
variation poses greater difficulty (Yamanaka, 2020)Highly efficient
differentiation protocols and stringent purification methods are necessary to
ensure that no undifferentiated PSCs or proliferative progenitors persist in the
cell population gien to a patient as cell thergpAnother challeng#o efficient
production of PS@erivedtherapeutic cells ibeterogeneity between the PSC
linesdue togenetic backgroundr epigenetic stats. Thisresultsin significant

differences in the ability of thodeSdines to differentiate into a desired cell
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type. (Choi et al., 2015, Koyandaigi et al., 2013)This may necessiie the
adjustment of differentiation protocslfor individual patientncreasing the

cost and extending the time of the therapy.

Better understanding of early human development is necessary for improving
differentiation protocols that can render puregdations of mature cell types
without any contaminating undifferentiated PSCs or proliferative progenitor

stages.

1.4.3.Genetic modification of stem celiéth programmable nucleases
Theapplication otargetedgenome editing techniques to pluripotent stem cell
research hampenednew avenues in cell therapy, disease and development
modelling and drug screenir@recise and efficient modification of the DNA has
become achievableat the break of this centurwith the development of
programmable nucleaseginefinger nucleases (ZFN), transcriptamtivator

like effector nuclease$§TALENS&and clustered regularly interspaced short
palindromic repats (CRISRRps9 nucleasdiave become major tools for
genome editig. Each othese methodsan introduce a double strand break
(DSB at the precise location in the genom&he [$Bcan be repaired bywo
different routes: norhomologous end joining (NHEJ) or homoldiggcted
repair (HDR)NHE as a high mutation rate asfrequently results in point
mutationsor deletions/insertionslf it can be targeted to a specific gene or its
regulatory element it can disrupt the expression of that gene. tdpdirs the
DSB by recombination with template DNA thas homology regions with the
targeted site The DNA templatean be specifically degnedwith specific
changes to the DNA sequendéechanges can be smdike single nucleotide
alternations or very long sequencesontaining coding sequences for whole
genes(Baumgart and Beyer, 201 Bach of the nuclease systems cam the
DNA at a specific site, but their mechanism, specificity and efficiency differ and

need to be considered when selectimge for genome editing.

ZNFsare made by d@ision oftwo domainsfrom two different proteins. The
cleavagedomain that introduces the DSB in the DN& derived from a

restricionenzymeF{ L ® ¢ KS Syl &YvYySQa 5b! O6AyRAY3
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finger protein thainteracts with ariplet within the DNAMany zinc fingers exist
that differ in theiramino acid composition and affinity for differerti®triplets.

As they function as independent modules, selected zinc fingers can be brought
together designed in a wayottarget a specific DNA sequence of interest
Usually 3-6 zinc finger proteins are used that target Dé¢guence® to 18 bs

in length(Kim et al., 196). It has been shown that Fokl cleavage domain has
one catalytic centre andor it to cut DNAIt needs to dimerize. Thereforayo

ZFN monomermust be constructedo create the active genome engineering
tool. Each monomer recognizesljacent DNA spiences on opposing DNA
strands with a spacer between them of7Bp (Bitinaite et al., 1998)This
doubles the length of recognition site increasing the specificity of tNe.ZF
Improvemens to the original methods have substantiailycreased the
specificity of ZFNsThe ability of wildype Fokl to form homodimers was
responsible for high levels off-target DNAcuts Modification of the domain to
impose heterodimer formation hasduced the issue substantiafyzczepek et
al., 2007)Despite the improvementgleavage with ZFNs has variaffeiency

and b often greatest in &@ich regions, which limits the number of appropriate
sites for targeting Additionally, norcommercial KFs frequently have high
toxicity most probably due thigh rate of offtarget cleavag€Kim and Kim,

2014)

TALENarealsoa fusion of domains from two different proteins. Like ZNFs, their
cleavage domain is derived from the Feakdyme but they use a different class

of DNAbinding domain.Transcription activatelike effectors (TALEsEfome
from a Xanthomonas bacteriummd ae composed of 335 amino acids repeats
that recognise a singlaucleotide in the major grove of the double helikeir
specificity is mediated byepeat variable diresidues (RVBmino acids in the

12" and 13" locationof each repeatRVDs recognisireach of the four DNA
nucleotides have been identifieAs ZFNs, TALENSs need to dimerize to be able
to cleave DNAwvhich increases the specificity of targeted gkém and Kim,
2014) Additionally, therecognition of sigle base by each TALBffers more

flexibility in the design compared to ZNHse onlylimitation to the desigrof
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TALENS comes frometrequirement of a T residuat the beginning of the

binding site.However, even though the design is mateaightforward, the

actual cloning of repat TANRrrays is challenging due to the repetitive nature

of the TAENS. This issue has beemostlyaddressed bygevelopment of cloning
YSGK2Ra fA1S WwWD2f RS yindépéndedtlonbdardyah y 3 2 N
construction of a library targeting 18,740 human protein coding gé@Ges et

al., 2013)

CRISPR/Cas9 editing tool was developed on the basis of the adaptive immune
system idenfied in bacteria and archaela.those organisms, regions of highly
repetitive sequences separated bgn-repetitive spacer DNA were identified.
Later, it was discovered that the spacer Di¢fonged to viruses and mobile
genetic elements. Tise small DNArdgments (~20bpfi SNIZS | & +y WI |
labek for the Cas9ucleaseshat providedefenceagainstinvading pathogens
(Adli, 2018) LikeZFNs and TALENZRISPR/Cas9stemis composed of two
elements: Cas9 nuclease responsible forditing of DNA and a single guide
RNA (sgRNA). SgRNAnsdificial simplified version of the guiding CRISPR
system. In bacteridgas9 is guided WYRISPR RN&ARNA}ranscribed from the
non-repetitive protospacer elemers within the CRISPR clusterdatrans
activatingcrRNA(tracrRNA)When Cas9 complexes wghideRNAt forms an
active nuclease complex thetrgetsspecific regions of the DNA and indsice
DSHFigurel-5). Over time, the guiding RNA has been simplified into one sgRNA
(Jinek et al., 2012The specificity ofeach complex is determined by the short
20nt sequencein the sgRNA(‘rotospaceQRNA and a PAM sequence
(protospaceradjacent motif) that is recognised by the Cas9 enzyme.
Protospacer RNéanbe designedo target any areaf the genome It bindsto

its complimentary sequence within DNA and, ifsitfollowed by the PAM
sequenceCas9 cleaves the DNA three nucleotides into the protosgdicek

et al., 2012)
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CRISPR/Cas9 Gene Editing

d
Cas9
DNA tracrRNA
crRNA
PAM site
b Cas?
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Non-homologous end joining Homology-directed repair
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Figurel-5 CRISPR/Cas9 gene editing tool.

a) CRISPR/Cas9 system with the initial tracrRNA and ;cHRCRRISPR/Cas9 wif
simplified single guide RNA (sgRNAXow endogenous cell repair mechanisms
double strand brealhelp genome editinglmage created usingiodified Biorender
templates.

The requirement for the PAMequencels a small limitation of this genome
editing technique.The NGG (where N is any of the four nucleotid&s
sequenceaecognised by the most commonly used Type || CRISPRf{(pas9s

in the genomeevery 812 bprestricting somehow the selection of targeiNA.
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However, new variants of the Cas9 enzymes have been identifiedréhkess
stringent about the PAM sequendgKleinstiver et al., 2015r have been

reengineeredo recogniseshorter PAMHirano et al., 2016)

Unlike ZFNs and TALENs, CRISPR/Cas9 funcéom®rsmerand has been
shown b induce off target effect@Cho et al., 2014 as9 ca tolerate up to 5
mismatches between the guide RNA and targeted sequéicet al., 2013)o
reduce the frequency of off target effects, Cas9 with nickase activity has been
developed Cas9 has two catalytic domaindNH and RuvGhat cut
complementary and nenomplementary strand, respectivel@inek et al.,
2012) Inactivation of one of the domains leaves the Cas9 enwytinenickase
activity capable of introducing single strand breaks (SSBtdmaly.been shown
that a paired nickase approach using two guide RNA@troducing off set SSB
in close proximityon the genome significantly reduces the occurrence of off
target effects increasing CRISPR/Cas9 speqjgtign et al., 2014, Cho et al.,
2014)

Despitethe limitations of CRISPR/Caishas become a major tool of genetic
engineering dudo extreme flexibility, ease of desigmd constructionand
editing efficiencyAdditionally, CRISPR/Cas9 application has moved beyond the
genome editing into geneexpressionregulation, epigenomeediting or

manipulation of chromatin topologyAdli, 2018)

1.4.4.Induciblegene expressiogystems

The sudy of early human development with the use of PSCs offers an invaluable
opportunity for understanding thieighly intricate genetic networks that govern
cell differentiation and specialization. Howevegme TFs have dual roles in
development and their latkoutcanresult in embryonic lethalitynaking the
study of their role in later events impossifle et al., 2000, Zhao et al., 2005,
Watt et al., 2007)Similarly the pluripotency and selenewal of PSCs can be
affected by knockout of gesevith roles inlater developmeniMasui et al.,
2007) Thereforejnducible gene expression systems can be very useful for the
study ofgenes involved in various stages of the developnlanBSCs, these

systems allowemporal control of gene expressiday inducing knockdowns,

Paulina Maria Durczak 25 The University of Nottingham



knockouts or overexpression of candidate gemaésthe desired point in
differentiation Furthermore, gene induct or suppression can be reversible

and dosecontrolled(Kallunki et al., 2019)

Tetracyclinecontrolled operator systens a popular tool to control mammalian
gene expressionlt is based on antibiotic resistanceeamanism of E.coli
bacterig where tetracycline repressor (TetR) protein bindstoperons (tetO)
located before promoters ofesistance genes (e.g.: drug efflux geras)
blocks their expressioliVhen tetracycline is present, it binds to TetR inducing
conformational changeithin the protein.This change prevents TetR binding to
tetO, therefore transcription of drug resistance genes can b&gmTET system
adapted the tetO operons and TepRoteins to gene control in mammalian
setting (Kallunki et al., 201%urther modifications tthe system createdET
OFFconfiguration where TetR is fused wattransactivatoiderived fromherpes
simplex virusl, VP16.When TetR/P16 hybrid is bound to tetQhere is
activation of genes downstream of the operon, and addition of tetracycline
switches gene expression ¢@ossen and Bujard, 199ZFTFON system was
created by random mutagenesis of the TetR protein that identified a variant
bindingto TetO on addition of tetracyclif&ossen et al., 1995Jhis removes

the need for continuous addition of tetracycline to the cell culture medigch

is beneficial as tetracycline and its derivative ydpaline, have beereported

to alter the metabolisnand proliferation rateof human cell lineAhler et al.,
2013) The TET system has been successfully used for conditional expression of
genes in haematopoietic differentiatig¢deng et al., 2021as well as inducible
knockdowns and knockouts in mesoderm, endoderm and ectoderm

differentiation of the human PS@3gurel-6) (Bertero et al., 2016)
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Figurel-6 Combining the TET inducible system with RNAi interference

a) In the absence of tetracycline (TET), the tetracyirishgcible protein (TetR) binds t
TOsequence within the H1 promoter. Access of Pol Il to the promoter is blocked ¢
steric hindrance and there is no transcription of sShRNAs. b) Added TET binds to Tt
induces conformational change in the protein. This change reduces TetR'saabitity
TO sequence. Pol Il is able to access H1 promoter and shRNAs are transcribed c) F
shRNAs are processedibiernalcellRNAinterfering pathwaysProduced shRNAs knoc
down mRNA of the gene of interest. Images created using Biorender tesapla
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1.5. Aims of the thesis

BMP4 ligands secreted from the septum transversum mesenchywedban

shown to be crucial for LPC specification from foregut endodermg mouse

liver developmentRossi et al., 2001 owever, the molecular meahiamsby

which BMP4 induced transcriptional changes in the FE cells, as well as the
identity of genes involved in downstream effects of BMP4/SMAD signalling,
have not been identified.he overarching aim of this project was to gain a better
understanding bthis processn human development. The major stages of the

project are:

I.  Modelling ofhuman early livedevelopment with the use dfiuman
induced pluripotent stem cealldifferentiated to LPC using previously
established differentiation protocol¥alidaton of the model usingell
morphology assessment (microscopy), gene expression analysis (QPCR)
and protein expression analysimihunocytochemistry).

Il.  Examination of transcriptome changesluced by BMP4 signalling
during LPC specification from foregut endodéRNA sequencinghd
identification of direct targets of SMAD proteins during LPC specification
(ChIP sequencindgjdection ofcandidate genefor further examination
of molecular mechanisms.

lll. Investigation ofmolecular mechanisms of BMP4 signalling. Application
of CRISPR/Cas9 in the gene knockdown/knockout and overexpression to
understand the role of BMP4 signalling mediators in the specification of

LPCs.

Chapter 2Materials and methods

2.1.Cell culture

2.1.1.HiPSCs

REBEPATMonoclonal (RPAT MhiPSC line was created by@®ary Duncan at
the University of Nottingham. The cells were reprogrammed from human
dermal fibroblasts usin§endai virusThe cell line was used for all dedised

experiments.

Paulina Maria Durczak 28 The University of Nottingham



All cell culture was performed type Il Biological Safety Cabinets. Cells were

maintainedin humidified incubators at 3€ and 5% GO

2.1.2.Cell culture media
The composition ofell culturemedia used in this thesis is listedTiable2-1.
Once the media was made, it was stored°@t #r up to two weeks and warmed

up to 3PC before addition to the cells.

2.1.3.Matrigel coating

All cell culturedishes wereprepared prior to cell seding by coatingwith
Matrige™ (Corning, #354230at a constant concentration of 0.035mgfamd

kept overnight at 37C.Before cells were added to a coated dish, excess Matrigel

was removed by washing with PBS.
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Medium Composition %(vol/vol)/Final conc. Supplier

DMEM/F12 99.85% Corning, cat# 10-092-CMR
L-ascorbic acid 2- phosphat 0.64mg/ml Sigma, cat# 49752
trisodium salt
Heparin sodium salt 100ng/ml Sigma-Aldrich H3149
Homebrew E8 Sodium selenite 14ng/ml Sigma-Aldrich, cat# S5261
Recombinant human insulin 20mg/ml Sigma-Aldrich, cat# 11376497
Recombinant human transferrjn 5mg/ml Sigma-Aldrich , #T3705
Recombinant human FGF2 100ng/ml Peprotech, cat# 100-18B
Recombinant human TGFb] 2ng/ml Peprotech, cat# 100-21
Commercial TeSR E TeSR (Basal medium) 96% Stem Cell Technologies #05
medium TeSR E8 (25X Supplement] 4% Stem Cell Technologies #05
RMPI 1640 96% Gibco, #21875034
B-27TM Supplement (50X) 2% Gibco, #17504044
i NEAA (100X) 1% Gibco, #11140050
DE medium :
Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122
Activin A 100ng/mi Peprotech, #120-14P
Wnt-3a 50ng/ml R&D, #5036-WN
RMPI 1640 96% Gibco, #21875034
B-27TM Supplement (50X) 2% Gibco, #17504044
FG medium NEAA (100X) 1% Gibco, #11140050
Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122
Activin A 50ng/ml Peprotech, #120-14P
RMPI 1640 96% Gibco, #21875034
B-27TM Supplement (50X) 2% Gibco, #17504044
NEAA (100X) 1% Gibco, #11140050
HPC medium Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122
BMP4 10ng/ml R&D, #314-BP
FGF10 20ng/ml Peprotech, #100-26
SB431542 10mM Selleckchem, #S1067
RMPI 1640 96% Gibco, #21875034
B-27TM Supplement (50X) 2% Gibco, #17504044
NEAA (100X) 1% Gibco, #11140050
PPC Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122
Retinoic Acid 3mM Sigma-Aldrich, #R2625
SB431542 10mM Selleckchem, #S1067
Noggin 100ng/mi Peprotech, #120-10C
FGF10 100ng/mi Peprotech, #100-26
RMPI 1640 96% Gibco, #21875034
B-27TM Supplement (50X) 2% Gibco, #17504044
. NEAA (100X) 1% Gibco, #11140050
HG media -
Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122
CHIR99021 3mM Tocris, #4423
Retinoic Acid imM Sigma-Aldrich, #R2625
Tran;fgctlon media foj OptiMem 100% ThermoFisher #3198507C
lipid reagents

Table2-1 Composition of cell culture media.

2.1.4.hiPSC cell maintenanaad differentiation

For majority of experimentsPAI M cells were maintained 25 flasks in
homebrew essential 8BHB E8)media Cells were split in 1:10 ratwwhen 80%
confluency was reachedo split, cells wererfit washed with 5ml of PBSiljco,
#14190092 and dissociated using 2.5ail TrypLEGibco, #12604029Xor 4min
at room temperature (RTAfter removal of TrypL Ehe flask was gently tapped
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to detach cells from the bottom and 5ml of DMEM was used to wash the flask
and collect the cell500m of cell suspension was added to a new Matrigel
coated T25 flask containing 5ml of HB E@ the first 24hrs the media was
supplenented with 10nM ROCK inhibitor (ROCKTfocris, #1254). Media

changes were performed every 24hrs.

For genetic engineering experimentsPRT M cells were transitioned to
commercial E8 mediby gradual increase dahe ratio between HB E8 and

commercial E&nedia(75%:25%; 50%:50%; 25%:739%0%:0) every 24hrs.

For differentiationhiPS€ were seeded to multi-well Matrigel™ coated plates

at constant density of 20k/chand maintained in HB E8 media for 48 hrs with
daily meda changeDifferentiation was started by addition DEmediafor 3

days with daily media change. Following DE specific#iti®mcells could either

be taken towards HG fate by addition of HG media for 4 days (with daily media
change) or F@&te by addition of FG media for 4 days (with daily media change).
For differentiation towards HCP or PPG,media was replaced with HCRliae

or PPC media, respectively, for 4 days with daily media change.

2.1.5.Cryopreservation

For cryopreservation cells wetdigssociated as in the protocdl1.4 Detached

cells were collected using 5ml of RPMI media and centrifuged at 300 g for 3 min.
RMPI media was aspirated agall pellet was resuspended in 1ml of 10% DMSO
(Sigma; #2650 heat inactivated FB&ibco; #0500064).Cells were quickly

but gently resuspested and 250l of cell suspension was placeeircryotube.

Tube were initially frozen usiiMy Frostyt and moved to liquid nitrogen storage
24-48h later.

2.1.6.Transfectiorof FG monolayer

Lipofectamine protocoHiPSCwere seeded in 12 well plates and differentiated
towards FG B, FG D3 and FG 24hrs prior to transfection, cells were fed with
antibiotic free differentiation media. Immediately before transfection the media
were changed as usudm, 3, 4m or 5m of RTLipofectamine Ivitrogen,
#11668030yeagentwas diluted in 561 of OptiMEM mediand mixed with g of

Paulina Maria Durczak 31 The University of Nottingham



GFP plasmidLonza, #V4X8032) diluted in 50 of OptiMEM mediamixed
gently and incubated for 5min at R'DOM of lipidDNA complex was added per
well of 12 well plate &G D2, FGD3 or FG D2 and FG D4 of differentiation. The
plate was gently rocked to mix the transfection components with the cell culture
media. Transfection efficiency was checked 24hrs post transfection by

fluorescent microscopy and flow cytometry.

Promegaprotocot HiPSE€ were seeded in 12 well plates addferentiated
towards FA3. 24hrs prior to transfectigrcells were fed with antibioticde
differentiation medialmmediately before transfection the media were chahge
as usualFuGene HD (Promeg#;2311) was allowed to reach. BFP plasmid
and FuGene HD reagemere diluted in OptiMEM media at two ratiés1 and
4:1, gently mixed anthcubatedfor 15min at RTLOOM of FuGene/GFP mixture
was added per well df2 well plateand mixed by gently swirlingf the plate
Transfection efficiency was checked by fluorescent microscopy, @B824nd

72hrs post transfection.

Biontex protocal Two different transfection reagents were tested from this
company: K4Biontex, #08031.0) and KZBiontex, TO6@@.75)using the same
protocol. HIPSCs were seeded in 12 well plates and differentiated towards FG
D3. 24hrs prior to transfection, cells were With antibiotic free differentiation
media.On the day of transfection, the media were changed as norzhas
before transfectiona multiplier reagent was added to cell culture media to a
total volume of 1% of the medi@ransfection reagents were allowed to reach
RT and diluted in OptiMEM mediarg of GFP plasmid was diluted in OptiMEM
media and then dilutedkagent and plasmigiere mixed together at two ratios:

2:1 and 4:1, reager(im) to plasmid(ng). The solutions we gently mixed by
pipetting up and dowrand incubated at RT for 20min. T@®f the mixed
solutions was added per well of cells and gently mixed by swirling the plate.
Transfection efficiency was checked by fluorescent microscopy at 24, 48 and

72hrs postransfection.
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Mirus protocol TranslTX2(Mirus, #MIR608) transfection reagent was chosen

to be tested. HIPSCs were seeded in 12 well plates and differentiated towards
FG D3. 24hrs prior to transfection, cells were fed with antibiotic free
differentiation media. On the day of transfection, the media were changed as
normal.Transfection reagents were allowed to reach RT and diluted in OptiMEM
media(either 211 or 4m per 50m of the media)lng of GFP plasmid was diluted

in 507 of OptiMEM mediaDiluted transfection reagent was mixed wile GFP
plasmid at two ratios: 2:1 and 4:1 of reagémf) to DNA(ng), respectively
gently mixed andncubated for 15min at RTLOOM of the X2 reagent/GFP
mixture was added per well of the W&l plateand mked with cell culture
media by gentle ricking of the plate. Transfection efficiency was checked by

fluorescent microscopy at 24, 48 and 72hrs post transfection.

2.1.7.Nucleofection

RPAT M cells were nucleofected using AamadD-Nucleofactoand P3 primary

cell kit (Lonza; #V4XB024) On the day of nucleofectiorRPAT M cells
dissociatedas in protocoR.1.4 and resuspended in HBr E8 for cell counting.
The required number of cell§q0k320K were centrifuged at 300g for 3min.
Media was aspirated and the cells were resuspended in P3 buffeliriogta
appropriate plasmidgeither 1.2ug of CRISPR plasni80ng each of guide 2
and guide 3 RNA 600ng of Cas9 plasmiend 600ng of pAAV_puro_MsiKD
plasmid or lug GFP plasmid + i@ of CRISPR plasmidElachnucleofection
mixture was placed transfed to Nucleocuvetta and placed in the 4D
Nucleofacton X unit. DN-100 programme was applied to the cuvettes. Post
nucleofection cells were placed in the incubaabr37°C for 5min to recover
After incubation cells were seeded onto appropriate cell culture plate
previously coated with Matrigelin E8 TeSR media with ROCKIi. Transfection
efficiency was monitored by fluorescent microscopy at 24h and 48h post

nucleofection and by flow cytometry at 48h post nucleofection.

2.1.8.Flow cytometry
For flow cyometry, cells were dissociated with TrypLE as described in the HIPSCs

protocol. Dissociated cells wetellected into a 15ml falcon tubeentrifuged
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at 300g for 3 minutes and the supernatant was removed. Cells were
resuspended iB00M of PBS. For vialtyt testing, Popidium lodide Rl) dyevas
addedat the final concentration of 2rmfg/ml. Flow cytometry data analysis was

performed onBeckman Coulter Kaluza Analysis Software.

2.1.9.Puromycin kill curve

RPAT M ells were seeded at 20k/cm2 in 12 well plate fatm commercial E8
media with ROCHKnd allowed to proliferate for 48hvgith daily media changes
(commercial E8 only). At 48hrs, varying doses of puromycin were added to wells
(0; 005ng/ml; O.1mg/ml; 0.15w/ml; 0.2w/ml; 03ng/ml and O0.4g/ml).
Puromycin was added to the commercial E8 media with daily media changes for
72hrs. Microscopy images of cells atcahcentrations of puromycin were
collected before each media change. Optimal puromycin concentrédron

selectionwas determined by viral eliminationof all cells after 48hrs.

2.1.10.Manual cell dissection

Following puromycin selection, targeted cells were allowed to recover and from
colonies. Once the colonies reaclmgdimal size{5001m), they were manually
dissected undelight microscope attained within a cell culture hood using a
stem cell cutting tooll(vivogen#1460). The stem cell colony was first oub
several small pieces, which were scraped off the bottom of the dish using the
cutting tool. Once detached, the stem cell cuttiogl wasused to aspate the
fragments and transfer therto a well of a 24wp containing commercial E8
media with ROCKA small fragment was also collectedtl placed in a PCR strip

for direct genomic DNA extraction.

2.1.11.Microscopy

Fixedfluorescence microscopy was performed using Opegetthigh content
image analysis system (PerkinEIm@olumbusg analysis software was used to
quantify fluorescence intensityFor each experiment, three technical
experiments were performed. A technical replicaeresents a well of a plate,

with 7-10 fields of each well captured and analysed.
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2.2.Molecular techniques

2.2.1.RNA extractioand cDNA synthesis

For RNA extraction, RNeasy Mt (Qiagen#75162)with on-column DNase
(SigmaAldrich, #DNBE70)digestionwere usedx T2t t 2gAy 3 Y I y dzF
instructions.Briefly, ells were washed once with PBS and lysed 3&0m of

RLT bufferOne volume of 70% ethanol was added to the Igs#id and mixed.
Thereaction was moved onto provided the provideNAbindingcolumn and
centrifuged Bound RNA was washed whBBOm of RW1land then DNase
solution was applied to the column and left at RT for 15min. Following
incubation with DNase, the column was washed %281 of RV1 and then
once with 700 of RPE bufferThe column was dried by 1meentrifugation.
RNA was eluted i80m of nuclease free water (NFWGQ.oncentration of the
eluted RNA was measured using Nanop-1000spectrophotometer. For cDNA
synthesis, 500 ng RNA and @i5random primergPromega, 430 #C1184jth

1 nL of dNTP¢Promega, #U1511per reaction were firsdenatured for 5
minutes at 68C and snap cooled to prevent-fiammation of secondary
structures. 4L of B strand buffer, 0.1M dithiothreitol (DTT), Gvb RNase out
and 0.1257L Superscript (Invitrogen, 1805407 2vere added to each reaction
and samples were placéd a thermocycleusing settingsiO minutes at 2%C,

50 minutes at 42 and 15 minutes at 70. cDNA was diluted in 680of

nuclease free water (NFW).

2.2.2.Quantitative reatime PCR

For gPCR b of cDNA as added to 78 ofSensiMix SYBR® Fluorescein Kit
(Bioline, #QT5220). 0.6uL of forward and revers primers each andul.®f
NFW. Quantitative PCR was run on 7500 Fas{TirealPCR system by Applied
Biosystems with following settings: 1 cycle 5 neiswat 95C, 40 cycles of 15
seconds at 9%, 30 seconds 60 and 30 seconds at(5 melt curve stage 15
seconds at 9%, 60 seconds at 80, 30 seconds 96 and 15 seconds at %l

All samples were run in triplicate. Porphobilinogen deaminase gene ehasis

an internal reference for all samples. Fold change in gene expression was
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calculated using the comparative Ct methBdmers used are listed rable

2-2.
Gene Forward primer Reverse primer
AFP AAACTATTGGCCTGTGGCGA TTTTGTCCCTCTTCAGCAAAGC
ALB CTCGGCTTATTCCAGGGGTG AAAGGCAATCAACACCAAGGC
CXCR4 CACCGCATCTGGAGAACCA GCCCATTTCCTCGGTGTAGTT
FOXA2 GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA
GATA4 TCCCTCTTCCCTCCTCAAAT TCAGCGTGTAAAGGCATCTG
GATA6 GAGCGCTGTTTGTTTAGGGC GCTGACGTCTAGCTCCTCGG
HHEX TGCATAAAAGGAAAGGCGGC TTGCTTTGAGGGTTCTCCTGT
HNF4a ACTCTCCAAAACCCTCGTCG CCCTTGGCATCTGGGTCAAA
NANOG CATGAGTGTGGATCCAGCTTC CCTGAATAAGCAGATCCATGG
POUF1 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC
PBGD GGAGCCATGTCTGGTAACGG CCACGCGAATCACTCTCATCT
PDX1 GATTGGC GTTGTTTGTGGCT GCCGGCTTCTCTAAACAGGT
PROX1 ACGTCATCATTCCGAACCCC TTCCTGCATTGCACTTCCCG
SOX17 CGCACGGAATTTGAACAGTA GGATCAGGGACCTGTCACAC
SOX2 TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT
TTR ACCGGTGAATCCAAGTGTCC GGTTTTCCCAGAGGCAAATGG
BRA(T) TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCA/
MIXL1 GGTACCCCGACATCCACTTG TAATCTCCGGCCTAGCCAAA
EOMES ATCATTACGAAACAGGGCAGG! CGGGGTTGGTATTTGTGTAAGG
CDX2 GGCAGCCAAGTAAAACCAG TTCCTCTCCTTTGCTCTGCG
NKX2.1 GCTGCCTAAAACCTGGCGCC( ATGAAGCGGGAGATGGCGGGGA
DEANR1 ACATTTGGTAGCCCGTGGAG TCTTCCCCGGAGAACTAGCA
DIGIT ACCACTCACGGCAAGCAG ACGCAGGCAGTCACTGATAA
HULC ATCTGCAAGCCAGGAAGAGTC CTTGCTTGATGCTTTGGTCTGT
CARMEN TAGGTGTTGGCTGAGTGCAG CCAACCACTCCCCAAACA
CK19 TCCGAACCAAGTTTGAGACG GCCCCCTCAGCGTACTGATTT
HLXB9 CACCGCGGGCATGAT C ACT TCCCCAGGAGGT TCG A
HNF1b GCACCCCTATGAAGACCCAG GGACTGTCTGGTTGAATTGTCG
SOX9 CTCTGGAGACTTCTGAACGAGH CCTTGAAGATGGCGTTGGGG
LGR5 CTCCCAGGTCTGGTGTGTTG GAGGTCTAGGTAGGAGGTGAAC
GATA2 ACTCCTTCACTCTCAGAGGC TCGAGGTGATTGAAGAAGAC
GATA5 TCGCCAGCACTGACAGCTCAC TGGTCTGTTCCAGGCTGTTCC
HEY1 TGGATCACCTGAAAATGCTG CGAAATCCCAAACTCCGATA
HEY2 AGGCTACTTTGACGCACACG CAAGTGCTGAGATGAGACACAA(
MSX1 AAACACAAGACGAACCGTAA GTACATGCTGTAGCCCACAT
MSX2 AGTCGGAAAATTCAGAAGAT CATGGAGTCTATTGATCTG
TBX2 GGCTTCACCATCCTAAACTCC AAACGGGTTGTTGTCGATCTT
TBX3 AGTCGGGAAGGCGAATGTTT AGCGTGATCACTTGGGAAGG
TBX20 AAGGAGGCGACGGAGAACA TCCTGCCCGACTTGGTGAT
MAF CTCGTCTTTCCCCAGGACTT CCTCTTCTGCTTGGCTCTCT
A1AT ACTTAGCCCCTGTTTGCTCC CGGCATTGTCGATTCACTGTC
C/EBPa TATAGGCTGGGCTTCCCCTT AGCTTTCTGGTGTGACTCGG

Table2-2 List of gPCR primers.
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2.2.3.rRNAdepletion and RNAequencinglibrary preparation

TotalRNAextractionfrom RPAT M and differentiated sampheas performed

as per protocol2.2.1 RNAconcentration was measured using fQG2.0
Fluorometer(Invitrogen #Q3285Ywith the Qubit® RNRBR Assay kit$ljermo

Fisher; #Q1021(ndits quality (RIN valuejvasassessedn 4200 Tapestation
System(Agilent technologies#G2991AAusing RNA ScreenTape Assay kit
(#5067#5576). All sequences samples had a RIN value ofRiiosomal RNA

(rRNA) depletion was performed using NEBRIeRNA Depletion Kit (NEB;
#E6350S)according 2 Y I ydzF I OG dzZNBENR& AyadNHzOGAzZY
depletion was evaluated on 4200 Tapestation using High Sensitivity RNA
ScreenTape Assay itgilent Technologies; 867-5579 (RIN rangg 1.0-3.1).

cDNA libraries were prepareding NEBNext® Ulirdl Directional RNA Library

Prep kits for llumina (NEBE7769 0 | OO2NRAYy 3 (2 YLydzZFIl O
For library multiplexindNEBNext®Multiplex Oligos for lllumina@ekx set 1

(NEB; #E7600S) and set 2 (NEBE,86) were used. Following the library
preparation, the concentration and library quality were assessed using the 4200
Tapestation systemwith High Sensitivity D1000 ScreenTape Assa#KI6{-

5584) Ready libraries were stored-80°C.

2.2.4.RNA sequencing drbioinformatic data analysis

RNA sequencing and data analysis was outsourced to Babraham Institute
Cambridge, UK. The sequencing was performdtiuonina Hi8g sequencer by

Dr Kristina Tabada yield30mInpaired endeads per sample. Sequencing data
quality control and data analysis were performed by Dr Simon AndReasls

were mapped using @R38_v97Ensembl human genome.

Differentially expressed genes (DExGs) between BMP and NOG samples were
identified using DESeq2 function on SeqMonk Mapped Segueralysis tool
(Babraham Bioinformatics, Cambridge). Heatmaps were generated using R
script written by Dr Simon Andrews on R software. Overrepresentation analysis
was performed using WebGestdlittp://www.webgestalt.org) online tool.

GSEA analysis of DExGs was performed using GSEA v4.3.2 software, GSEA graphs

were created using the samseftware Figure2-1). Gene sets were downloaded
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from Molecular Signatures Database hitffs://www.gsea

msigdb.org/gsea/msigdindex.jsp.
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Figure2-1 Features of the GSEA plot.

DExGsvere ranked from the highest to the lowest fold change vaB#EA analysi:
was done to identify gene sets of interegs}Enrichment score plot: each gene from
gene set is checked against the ranked list of DExGs from our experiment (BMP»
and an enrichment plot is created. ES (enrichment s@®thE maximum enrichment
score reached by a gene shtrepresents how naha gene set is overrepresented ¢
the top (upregulated genes) and bottom (downregulated genes) of the ranked
set;b) Rankedjene metric: each bar represents a gene from the gendt setualizes
where on theranked list of DExGs each individualegfom the gene set appears
Leading edge subset: appears before the ES for positive enrichment scores an
the ES for negative enrichment scores. It shows which genes contribute most -
gene set being upregulated/downregulatedCorrelation wh phenotype: the plot is
created fromthe values of the ranking metric of the genes in the tested gene set.
value goes from positive to negative and, in our case, positive value indi
correlation with the first phenotype (BMP48) and negative vialdieated correlation
with the second phenotype (NOG48).

2.2.5.Chromatin immunoprecipitation (ChIP)

For ChIP experiments;HAT M cells were seeded oritd0Omm x 15mm round
cell culture disheso yield appropriate amount of cell per condition with easy
access focell scraping (Thermosifh8cientific, #150464RPAT M cells were
differentiated toD1 and D2 LPCs according to the protachHin the presence
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or absence of BMP4 signalling. For ChIP experiments, BMP4 signalling was
blocked witi2 dorsomorphinChIP was performed usiRgercet Magnetic ChiP
(Thermofisher Scientific, #26150ells were crosslinked usid@ml of 1%
formaldehyde(FA; Merck, #8775) and incubated for 10min at FFRA was
neutralised withlml of x10 glycine solution and incubated for 5min at RT.
FA/glycine solution was removed from the dish thredcells were washed twice
with 10ml icecold PBS. 10 of Halt Cocktail @&re added to 1ml of iceold PBS
applied to the dishCells were detached from the dish using a scréfpsher
scientific; # 08.00-241), collected into 1I5ml Eppendorf tubeand centrifuged

for 5min at 3000gPBS was removed and cell peitdten for furher procedure.
200pl of Membrane Extraction Buffer was added to the cell pellet and it was
mixed by pipetting the pellet up and down and vortexed for 15s. Cells were
incubation with the solution on ice for 15mand then spun at 9000g for 3min.
Supernatant was removed atite nuclei were resuspended in 200ul of MNase
Digestion bufferworking solution. 2pl ofdiluted MNase (dilution factor
determined by previous optimisation) were added to theelej vortexed and
incubated in the watebath at 37°C for 15 min with mixing by inversion every
5min. To stop MNase digestion, 20ul of MNase Stop Solution were added
vortexed and left on ice for 5min. Nuclei were retrieved by 5min centrifugation
at 9000g and removal of garnatant.Nuclei were resuspended in 100pul of 1x
IP Dilution buffecontaining protease/phosphatase inhibitors. The tubes were
sonicatedusingDiagenode BioruptofThree 30s pulses followed by 30s breaks
at medium setting were applieamples were cenfiuged at 9000g fobmin,

and supernatants were transferred to a new 1.5ml Eppendorf
immunoprecipitation. 10pl of supernatant for eaime point and condition
was takes and stored é20°C to serve as 10% input. The remaining 90l of the
supernatant wa diluted in410ul of 1x dilution buffer. 5ul @&hIP gradanti-
SMAD15/8 antibody(Cell signalling;¥1971)and5pul of Normal Rabbit IgGell
signalling; #2279) was added to test and control samples, respectively.
Chromatin and antibodies were incubated overnight &€ 4vith constant
mixing. 20ul oA/G Magnetic Beads was added to each sample and incubated

at 4°C with mixing for 2h. The beads were collected asmggnetic racknd
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the supernatant was carefully collected and discardedl. of IP wash buffer

was added to the beads and incubated for 5atiiRT while mixing. The wash
procedure was completed a total of three tim&s. elute DNA, 150ul 4k IP
dilution buffer was added to the beads and the samples were incubated at 65°C
for 30minwith vigorous shakindproteinase K digestion solution was prepared
using6pl of 5M NacCl, 2ul of 20mg/ml proteinaellowing the 65°C incubation,
beads were separated fronhé eluted DNA using magnetic rack, and the
supernatant waglaced in the tubes containing Proteinase K digestion solution.
Input samples were prepared by thawing on ice and addition of D6Q IP
Elution buffer and proteinase K digestion solutidlhsamples were vortexed

and placed at 65°for 1.5h.To recover the DNASOul of DNA binding buffer
was added to each sample, mixed and placed in the DNA clean up column
inserted into a 2ml collection tube. The columns were centrifuged at 10 000g
for Iminthen washed with 750ul of DNA Column wash bufrce the wash
buffer was removed by centrifugation at 10 000g for 1 min, the tubes were dried
by another centrifugation at 10 000g for 2nil.columns were placed in a fresh
collection tube and 50ul of DNg®lumn elution buffer was applied directly to
the column membraneThe columns were centrifuged at 10 000g for 1min. The

eluted DNA wsistored at80°C until ChIP library preparation.

2.2.6.ChIP library preparatiopequencingand data analysis

ChIP library preparation was outsourced DeepSeq Department at The
University of Nottinghamiibrariegpreparation and sequencing was performed
by Nadine Holmes. Data analysis was outsource®alraham Institute,

Cambridge and perfored by Dr Simon Andrews.

2.2.7.Direct genomic DNA extraction

DNA for PCR screening of targeteBAI M cells was extracted usiPlire
Tissue Direct PCR Master Mix (ThermoFisher, #F1S®&all colony fragment
was placd in 0.6mlIEppendorf tubevith 10m of media 20m of dilution buffer
and 0.1 of DNA release mix were added to the tube and vortexed foA3@s
short spin, the tube was left at RT for 5Smiext, the tube waplaced in a heat
block at 98C for3minand thenspun andstored at-20°C.
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2.2.8.PCRGenotyping

Following puromycin selection, surviving colonies were dissected and moved to
24well plate 2.1.10. Small fragment of each colony was saved for dijebtA
extraction 2.2.7. PCR genotyping was done uskgire master miXMM)
provided with Phire Tissue Direct PCR Master RGR reaction was set up as
follows: 2ul of gDNA samplavith 0.5ul of each primersul of MM and 2ul of

NFRWV . Primer sequences and expected band length for each genotyping are in

Table2-3. PCR programnfer each genotyping is statedTiable2-4.

Expectd band lengtlibp)

PCR Primer name . Primer sequence Annealing Wild- Correctly Plasmid
type q temp. type targeted | integration
Locus CTGTTTCCCCTTC
Locis_fw AGGCAGGTCC R
Locus Locus TGCAGGGGAACC 65°C 1692 No band No band
Locus rev GGCTCAGTCTG/
5QL b ¢ | CTGTTTCCCCTTC
Locus_fw AGGCAGGTCC o
5QL L 50L b ¢ | TCGTCGCGGGTG 65.1°C No band 991 No band
Locus_rev GAGGCGCACCC
3CNT CCACCGAGAAGC
OPTTetRw TACGAG
3QL L 3ONT TGCAGGGGAACC 69.4°C No band 1447 No band
OPTTetRfw GGCTCAGTCTG/
5'BB ATGCTTCCGGCTC
Backbone_fw ATGTT o
5Q. | —— TGAGGAAGAGTT! 60°C No band | No band 1227
— TGCAGCTC
3'BB CCACCGAGAAGC
OPTTetR_fw TACGAG o
3Q. . 3IBB ATGCACCACCGG 60°C No band | No band 1802
Backbone_rev AAAGTT
AGCCCTTGGGGA
0X21
TGAATTGCTG o
CTRL So21 GCACTCCAGAGG 2.6°C 237
AGCRGTGTCAAT,

Table2-3 Primer sequences for OPTiKD lines genotypimgealing temperatures for

primersand expected gel electrophoresis band lengths.
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PCRprogrammesdr Phirepolymerase

Stage Temp Time
Initial denaturation 98°C 5min
Denature template 98°C 10s
Anneal primers * 30s 35 cycles
Extension 72°C 2min
Final extension 72°C 30s
Hold 10°C K

Table2-4 PCR programme for genotyping reactions with Phire polymerase MM
*annealing temperature stated ifable2-3.

2.2.9.Gel electrophoresis

Agarose gel electrophoresis wareformed following genotyping, colony PCR,
PCR amplification gslasmids digestions. DNA products were run e3f/dl
agarose gelsontaining 10mg/méthidium bromide (Invitrogen; #15585011) at
80V for 45min to 1.5HDNA samples were either loaded with 6X loading dye
(NEB#B570518iluted to 1X (digested plasmids and PCR products not amplified
with Phire polymerase MM) or loaded ditlgcinto a well (Phire MM PCR
products) Gels were visualised using 44880 Fujilm Luminescent Image

Analyser.

2.2.10.Immunostaining

For immunostaining, cells were grown and differentiated on 48 well plates. Cells
were fixed with 4% PFA foDrain at 4°C folbwed by two PBS washes. For
permeabilization and blocking cells were treated with 0.1% TritonX in 10%
donkey serum for 3fin. Following that, primary antibody was added for
overnight incubation at%€. All antibodies were diluted in 1% donkey serum in
PBSthis solution was also used as a wash solution. Ex€emstiiody was
removed with three Binwashes. 2antibody was applied for 1 hour incubation

at room temperature (RT) and removed with threebwashesFor 2 antibody
incubation, plates were covered to protect from lighdr double staining, the
procedure was repeated from application of the ahtibody. DAP(Sigma,
#D9542)staining was applied during the second wash followhgn#ibody
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incubation Details of antibodies used are providedTable2-5. Cells wee

imaged using Operetta High Content Imagining System

2.2.11.Building of the pAAV_puro_MsiKD plasmids

2.2.11.1 Plasmid digestion
pAAV_puro_siKBiagnostidigest:

Diagnostic plasmid digestion was performed using EcoRPsinestriction
enzymes. 1ug of the pAAV_puro_siKD plasmiddigested with 1ul of each
enzyme in 5ul of CutSmart buffer and 37ul of NFW. The reaction was incubated

at 37°C for 1h.

Name Dilution Host species
NANOG 1:50 Goat
0oCT4 1:50 Goat
SOX2 1:50 Mouse
SOX17 1:100 Goat
FOXA2 1:100 Goat
CDX2 1:50 Mouse
GAIA4 1:50 Mouse
BRA(T)CHYURY 1:50 Mouse
Alexa Fluor 488 anti-goat 1:400 Donkey
Alexa Fluor 647 anti-rabbit 1:400 Donkey
Alexa Fluor 488 anti-mouse 1:400 Donkey
Alexa Fluor 647 anti-mouse 1:400 Donkey
DAPI 1:500 N/A

Table2-5 Details of antiboiés used for immunocytochemistry and ChiP.
pAA/ puro_ siKD plasmid preparation for ligation with shRNA inSpgsf the

plasmid was digested with 3ul of Bglll (NEB; #R0144) and 3pl of Sall (NEB; #

R3138S) restriction enzymes in the presence of 3ul oimghAlkaline
Phosphatase (rSAP; NEB; #M0371S) for dephosphorylation. 9ul of NEB3.1 buffer
and NFW up to 90ul was added. The mixture was incubated at 37°C for 2hrs.

pAA/ puro_siKD plasmid preparation for Gibson assersintyof the plasmid
was digested witbpl of BstBlI (NEB; #R0519S) and 5ul of Hincll (NEB; #R0103S)

restriction enzymes in 10pul of Cutsmart buffer (NEB) and NFW up to 100ul. The

mixture was incubated for 1h and 30min at 37°C.
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2.2.11.2 Design of shRNA oligos

To maximise the chances of high levels afckdown of each candidate TF,
PubMed database was searched for published sequences of shRNA/siRNAs
shown to efficiently knockdown our selected genes. Where previously validated
aKwb! &S1jdz2Sy0S O2dZ R y20 0SS ¥F2dzyR:X
(TRC)shRNA library has been used to select shRNA sequence with high

predictive values for induction of knockdowrakle2-6).

Candidate TF siRNA/shRNA Source
TBX2 GGAGCUGUGGGACCAGUUC (Cranord'lecg")'tyre etal.
TBX3 AUGCCAAAGAGGAUGUACAUUCA (Dong, Dong et al. 2018)
TBX20 CTGGATCAACATGGCCATATA Broad Institute TRC library
HEY1 (A) UAGAGCCGAACUCAAGUUUCCAUUC (Brun, Jain et al. 2018)
HEY1 (B) UUGAGAUGCGAAACCAGUCGAACUC (Brun, Jain et al. 2018)
HEY2 CUCAGAUUAUGGCAAGAAA (Wang, Zhu et al. 2019)
MAF (A) AGAGGGACGCGUACAAGGA (Bianchi, Bulgarellietal. 2015)
MAF (B) CUGGAAGACUACUACUGGA (Bianchi, Bulgarelli et al. 2015)
GATA2 (B) GCAUGAAGAUGGAAAGUGG (Guo, Fu et al. 2016)
GATA2 (E) UUCUUGGACUUGUUGGACAUCUUCC (Kanki, Kohroet al. 2011)
GATAS AAAGUCCUCAGGCUCGAAC (Feng, Zhu et al. 2019)
MSX1 GCAUUUAGAUCUACACUCU (Goto, Fujimoto et al. 2016)
MSX2 GCAGGCAGCGUCCAUAUAU (Nallasamy, Kaya Okur et al. 2019)
Scramble CCUAAGGUUAAGUCGCCCUCGCUC  https://www.addgene.org/1864/

Table2-6 Sequence of si/fshRNAs for knock down of candidate TF genes.

Once the siRNA/shRNA sequences have been identified for each gene, BLOCK

IT RNAI designer software tool was used to obtain a full ShRNA sequence. As per
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(Bertero et al., 201§)rotocol, additional base pairs were added to each end of
the shRNAs sequence to create sticky ends compatible with Bglll and Sall
restriction enzymesHgure2-2). Top and bottom strands were synthetised by
Sigma and annealed, phosphorylated and purified creating shRNAs ds oligos

ready for cloning into the empty pAAV_puro_siKD vector.

Sall site

GATCCOGGAGCTGTGGGACCAGTTGCTCGAGGAACTGGTCCCACAGCTCOTTTTTTG /
/‘ GGLCCTCGACACCCTGGTCAAGGAGCTCLCTTGACCAGGGTGTCGAGGAAAAAACAGCT

Sense Anti-sense

Loop Poly (T)

Bglll site ShRNA shRNA

Figure2-2 Design strategy of the shRNA ds oligos

2.2.11.3 Annealing of sShRNA oligos

5ul of 200uM top oligo and 5pl of 200uM of bottom oligo were added to 1l of
T4 polynucleotide kinase (NEB; #M0201S) and 2ul of T4 DK rigation
buffer (NEB; MO0202S), topped up with NFW to 20ul. Phosphorylation,
denaturing and annealing was done in a thermocycle according to the following

programme (lid at 95°C):

37°C for 1h

95°C for 5min

Ramp down to 80°C at 0.1°C/s
80°C for 4min

Ramp down to 75°C at 0.1°C/s
75°C for 4min

Ramp down to 70°C at 0.1°C/s
70°C for 4min

Ramp down to 10°C at 0.1°C/s
10°C hold;

o To o Do Io Po Do o Do Ix

Annealed oligos were stored-20°C for up to two weeks.
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2.2.11.4 Ligation of cut vector with annealed shRNA oligos

Annealed oligos werars$t diluted with NFW at a ratio of 1:500. 4pl of diluted
oligos was added to 50ng of cut vector and ligated with the use of 1ul of T4 DNA
ligase in 2ul of TADNA ligase buffer and NFW topped up to 10pl. The mixture
was left at RT for 1h. The ligated plasmias transformed according to protocol

2.2.11.5

2.2.11.5.Bacterial transformation

For plasmid transformation, NEB®@Ipha Competent E.coli (High efficiency) kit
was used(NEB; #C2987H). Bacteria were removed fr867C storage and
thawed on ice for 10min. 50ng of plasmid was added to thé&acteria and

mixed by gently flicking the tube. The tube was placed on ice for 30min. Next,
the tube was placed in water bath 42°C for 30s and placed straight back on

ice for 2min. 250ul of SOC media was added and the tube was placed in shaking
incubator at 37°C, 225rpm for 1 hour. Following incubation, 100ul of bacteria in
SOC was streaked a previously prepar&dagar plate wih 100ug/ml of
Ampicillin The plate was placed at 37°C forlbh.

2.2.11.6 Bacterial colony PCR to identify correctly ligated plasmids

Single colonies were picked from the agar plates cultured overnight. Each colony
was diluted in 10pl of NFVBul were placed ir20OOul LB broth for future
expansiorand 5ul were taken for PCIRCR reaction contained 5pl of thited
colony, 0.5ul of forward and reverse primers ea@lgul of dNTP(NEB;
#N0447S), 2ul afag reaction buffeand 0.125 Taq polymerase (NE®273S)
topped up with NFW to 20ul. PCR was run on thermocycler according to the

following programme:

Bacterial colony PCR

Stage Temp Time
Initial denaturation 95°C 5min
Denature template 95°C 30s
Anneal primers 60°C 30s 35 cycles
Extension 72°C 1min
Final extension 72°C 1min
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Hold 10°C K

4ul of loading dye (NEBB#025) was added to the samples following the PCR
reaction. Samples were run on 1.2% agarose gel for 1h atRadNgwing
identification of plasmids with correct band leng® candidates for each
pAAV_puro_siKbonstruct wereamplified(), purified 2.2.11.1Q and sent for
Sanger Sequencingth Source Biosciende verify correct sequence of each

insertion.

2.2.11.7 PCR amplification

To produce shRNA cassettes for pAAV_puro_MsiKD plasmid building,
pPAAY purp_siKD plasmids witlppropriateshRNAsvere PCR amplified with

the use of primers containing regions of homology for Gibson assembly
(supplementary figure4ng of plasmiadvas amplified using 10ul of forward and
reverse primers each (5uM)pl of dNTPs (NEB; #N04471ll, of Phusion
polymeras NEB#MO0530S) irlOul of high fidelity Phusion buffer. The reaction
was made up with NFW up &Dul. 4 PCR reaction were made up for each

amplified cassetteThe thermocycler run on the following settings:

shRNA cassettes amplification

Stage Temp Time
Initial denaturation 98°C 1min
Denature template 98°C 10s
Anneal primers 65°C 30s 35 cycles
Extension 72°C 30min
Final extension 72°C 30s
Hold 10°C K

Following PCR, th& reactionswere pooled and amplified DNA was purified
according t®.2.11.12The DNA concentration was measured using Nemo
1000and2ug of each cassettegere run on 1% agarose gel for 1h at 80V. Bands
in the region o#00bp were excised and purified followia@.11.11protocol.
DNA concentration fldwing gel extraction was measure using Nzumog-1000

Fragments were stored a20°C.
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2.2.11.8.Gibson assembly

Gibson assembly was performed using Gibson Assembly® Cloning Kit (NEB,
#E5510). 150ng of cut pAAV_puro_siKD vector digested with appropriate
restrictionenzymes, 35ng of each purified DNA insert, 10ul of master mix and
nuclease free water up to 20ul were added to 0.6ml Eppendorf tube and mixed.
The tube was incubated for 1h at 50°C in a thermocycler. Following the 1h
incubation, 2ul of the assembly mixtuw@s transformed in DHbas described
in2.2.11.5

2.2.11.9 Plasmid amplification
To amplify a plasmid following bacterial transformation, a fragment of bacterial
colony or 5ul of bacterial suspensiowas placed in 5ml of LB broth with

100pgml Ampidllin and incubated at 146h in shaking incubator at 37°C.

2.2.11.10Plasmid purification

All plasmids were purified usinBureYielt™ Plasmid Miniprep System
(Promega#Al1222)3mlto 5mlof overnight liquid broth culture @e spun for
30s at16000g The supernant was collected and discardethe pellet was
resuspended using a pipette in 880@f TE bufferl00ml & cell lysis was added
and mixed with the cells by inverting 6 tim&8&0ul of cold Neutralization
Solutionwas added and mixed by inverting the tube then spun3fom at
16000g. The supernatant was transferred to a PureYildolumn and
centrifuged at 160009 for 158he column was washed twid&st with 200m
of Endotoxin Removal Wash and then withi@d Column Wash Solutiofhe
washed were moved through the column by centrifugation at 160B86g.
elution of the plasmid, the column was placed in a clean collection tube ahd 30
of nuclease free water (NFW) was applied directly toctiiemn membrane.
After 4 min incubation at RT, the column was spun for 1min at 1600Gy
eluted plasmid was checked for concentration and purity on Diape1000

and stored at20°C.
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2.2.11.11 DNA purification fromagarose gel

DNA fragments &im PCR amplificatiowere purified using Qiquick PCRnd

Gel Cleanugkit (Qiagen; #8506. PE buffer was prepared on receiving the kit
T2t 26Ay 3 Y| ydzF | DNA daNdoNdRpropriatg EengtNizS duk 2 y a @
out from the gel using a scalp&eightedand placed irl.5ml Eppadorf. PB

buffer was added to the tube in a ratal of buffer to gel volumeThe tube

was incubated for 10min at 50°@rtexingoccasionally to dissolve the gel
completely.1l gel volume of isopropanol was added to the tuberanad. The
sample was apied to theQIlAquick column and centrifuged for 1ratri6000g

The column was washed with 500ul of QG buffer and centrifuged foratmin
16000g Two 750ul washes with Buffer PE follow€&de column was dried by
centrifuging at 16000g for 1miB0Oul of NFWvas applied to the column and
incubated for 4min at RT to maximise the yield of purified DNA. The column was
spun, and DNA concentration was measured using Nnop-1000. PCR

fragments were stored aR0°C.

2.2.11.12PCR product purification

DNA purification directly following PCR amplification was performed using
QIAquick PCR and Gel Cleanup kit (Qiagen; #2836 ffer was prepared on
NEOSAGAY3I G(GKS (Al T2t PP buffeBway adgedz® | O (i dzN
the tube in a ratic:1 o buffer toPCR reactiomolumeand mixedThe sample

was applied to the QIAquick column and centrifuged for 1min at 1600@g.

column membrane was washed twice with 750ul of PE buffex column was

dried by centrifuging at 16000g for 1min. 30ul of N®Was applied to the

column and incubated for 4min at RT to maximise the yield of purified DNA. The
column waspun,and DNA concentration was measured using Baowe1000

PCR fragments were stored-20°C.

2.2.11.13.Sanger sequencing
For sample sequencing samplesrevsent to Source BiscienceNottingham.

Sequencing results wevisualised and compared usiBgapGen®iewer 6.0.5.
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2.3. Statistical analysis

All statistical analysisexcluding RNA sequencing, wasrformed using
GraphPad Pnms. Data is presented asean + standard deviation (SD)
determined based on three technical replicates for qARBRv cytometry data
was based on biological replicat8satistical significance was determined using
the most relevant statistical test, and indicated as follass n % Mp.045;

**p <0.01; ***p <0.00L; ****p < 0.0001. Applied statistical tests are stated in

the figure legends.
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Chapter 3Characterization of hiPSCs differentiation
protocols for the usein modelling of early human
endodermal developnre

3.1.Introduction

3.1.1.Pluripotent stem cells as a model of human development

The exact molecular mechanisms governing each stage of hepatogenesis are still
not fully understood.Animal models, such as Xenopus, miasor chicken
helped toidentify the major genes and signalling pathways governing liver
development, however not all off the findingsanimal research translate to
humans(Lal et al., 2016, Odom et al., 2003ince their derivation, PSC have
been applied for modelling of human development. They provide a species
relevantmodel and circumvent the ethical issues connected to the maintenance
of human embryos in witro culture.PSC can be differentiatedo virtuallyany

cell type of the body bgddition of specific developmental signals at carefully
controlled time intervalsHannan group has established protocols for PSC
differentiation into various lineages of endodermal or{gilannan et al., 2013a,
Hannan et al., 2013b, Hannan et al., 2015, Cho et al., 2012, Sampaziotis et al.,
2015) Each protocol attempts to simulate events occurring during
development as described in the introductiofi.2) and induces PSt go
through progenitor stages to terminally differentiated cbilsaddition of small
molecules or growth factors at specified timEggure3-1). The first stage of
each protocol is directing PSC towards definitive endoderrthe earliest
progenitor ofendodermal organsin our protocol Activin A and Wnt3a are
added to cell media to induce PSC to differentiate towards DE. Aciwia A
member of TGEfamilythat mimics the action of Nodal. It is sufficient to induce
the expression aéndodermalenessuch as SOXbr GSCbut not to syppress
pluripotency factos, such as NANOG or OGTduboul et al., 2010Mddition of
Wnt3a during the DE specification has been shown to improve the level of

expression of endodermal genes augppression of pluripotency gengay et
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al., 2008) Once DE identity is established, as assessed by the expression of
endoderm specific genes, DE can be furtpatterned along the anterior
posterior axigo form foregut, midgut or hindgutepending on which signalling
pathways are activatedActA induces expression of foregut gene HHEX, while
supressing CDX2. CHIR99021, a3iG8Hiibitor and hence Wnt signalling
activator, induces hindgut fate in DE cels shown by expression of CDX2
(Hannan et al., 2013&)fter 4 days of signalling with either ActA or CHIR99021
DE cells will fornforegut or hindgut monolayer, respectively. HGsceln
further be differentiated to gubrganoids while foregutcells are precursors of

thyroid, lung, liver or pancreatic cell types.

To induce FG cells towards pancreatic fateade Retinoic Acid (RA) which
drives the specification towards pancreatic fate. BiMhbitor Noggin is added,

as BMP signalling blocks pancreatic specification and drives FG cells towards
hepatic lineageAdditionally, ActA signalling is blocked usit381!2 ast also

directs FG cells to alternative fates and blocks the expression of pancreas
specific genes. FGF&@nalling blocks the expression of gut marker, CDX2 and

maintains proliferation of the differentiating celSho et al., 2012

Induction of liver progenitor fate from FG cells is achieved by signalling with
BMP4 and FGF10, two factors necessary for the formation of the livéRossi

et al., 2001, Shin et al., 200Additionally, in our protocol we inhibit ActA
signalling wh SB431542, as it has been shown to improve the expression of
hepatic markers in liver progenitor ce{fBouboul et al., 2010)Once liver
progenitor cells (LPCs) are established, they can be matured to either
hepatocyte like cells or biliary epithelial like cellsth®/use of appropriate
growth factors and small molecul@dannan et al., 2013b, Sampaziotis et al.,
2015)

There are numerous protocols for differentiation of iPSCs into cells of

endodermal origin. They can differ in numerous aspects, such as the use of
different growth factors or small molecules, basabia or the matrix on which

the cells are cultured. The timeframes for each cell type can also differ between

the protocols. As currently there are no internationally agreed standards on
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what the best route of differentiation towards each lineage is,imhportant to
show that each protocol used renders cells with correct gene and protein
expression profile, as determined with the help of previous research. Therefore,
our project starts with the characterization of our differentiation platform

showing tlat the protocols we use produce cells of the desired type.
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Figure3-1 The oerview ofprotocols for human iPSCs differentiattowards endodermal lineages used in this thesis.
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3.1.2.Transfection methods for nucleic acid delivery fotegut cells

The objective of tisthesis is to study the genetic regulators of early endodermal

fate choices, in particulathe transcription factors (TFs) responsible for
mediatian of BMP4 signalling durin@C specificatior’he most common way

G2 addzReée I 3ISySQa (@gzsiRNAkmekoutted.: usiigd | Yy 2 (
CRISPR/Cas8)overexpressiofollowed by analysis of the consequences of the

genetic modificationThose studies requirthe introduction ofnucleic acider

proteinsinto the cel§, a process callettansfection. First transfection method

was described in the 1960s and since then enaus new approaches have

been developedChong et al., 2021 he most suitable transfection methad

determined by the purpose of the experimierStable transfection, when the

genetic material integrates into the host genome, is usedh®rcreationof

stable cell lines, large scale protein production or gene therapysi&nan
transfection, whenhe deliverechucleic acids areemporarily inducing changes
inthecelk = OF'y 0SS dzaSR (2 &aiddzRé 3ISySQa Tdzy
geneknockdown with siRN@®ong et al., 2018)

Whether the transfectiorsito be transient or stable, the nucleic acid material

has to be delivered into the cell§here are several methods available for
DNA/RNA delivery into the cells, briefly summarizeBalnie3-1. Ideally, the

selected method for transfection should be highly efficwtit minimal toxicity

to the cells. Howeveagther factors must also be considered when choosing the
method, such ascodt, @ Af | 6t S Sl dzA LIY Sy i Once thiS NI (i 2 N.
method is selectedit requires a degree of optimization to achiemgtimal

transfection efficiency.
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Advantages Disadvantages

Method Description
Application of electrical current to briefly increase the permeability of the cell membrane and High efficiency, even in difficultto  High toxicity; Requires specialist
Electroporation
allow the entry of nucleic acids transfect cells; An easy procedure; equipment;

High toxicity; requires specialist

Modification of cell's membrane permeability by the use of ultrasound waves; An easy procedure;
equipment;

Sonoporation

High delivery accuracy and
Highly skilled operator required;

Physical
Gene microinjection Manual delivery of the genetic material by the use of a fine needle; efficiency; Control of the amount of
Laborious; Small scale experiments;
the delivered material; Low toxicity;
Can be applied to single cell Toxicity; requirement of specialist
Optical transfection Creation of small, transient holes in the cell membrane using light (e.g.: laser beam);
transfection; high efficiency equipment;
- Positively charged lipid aggregates that encapsulate the negatively charged nucleic acids and High efficiency; Inexpensive; an Efficiency dependent of cell type
Cationic lipids
mediate the entry into the cells by merging with the phospholipid bilayer of the cell. easy procedure; and culture conditions; Toxicity;
Cationic polymers (e.g.: DEAE-dextran, Cationic polymers form nucleic acid-polymer complexes which can be taken up by the cell by Variable transfection efficiency and
Inexpensive; An easy procedure;
polylysine) endocytosis; toxicity;
Chemical
Low coast; good efficiency;
Positively charged calcium cations bind with negatively charged nucleic acids forming a Efficiency can be easily affected by
Calcium phosphate applicable to w wide variety of cells;
precipitate that can be taken up by the cell; e.g.: change in the pH;
An easy procedure;
Magnetic beads; Complexes of iron oxide and nucleic acids are introduced into the cells using magnetic field. High efficiency; An easy procedure; For adherent cells only;
Can induce strong immune
A DNA virus that enters the cells by binding to CAR receptor. It is then internalized via integrin-
Adenoviruses Highly efficient; non-integrating; response in host cells; higher
mediated endocytosis and transported to the nucleus.
handling risk;
Lower risk of immune response in
Viral A DNA virus that enters the cells via receptor-mediated endocytosis and is transported into the Limited packing capacity up to
Adeno-associated viruses host cells; lower risk of insertional
nucleus. 4.9kb;
mutagenesis;
Stable transfection; lower Possibility for insertional
Retroviruses RNA virus that integratesits RNA into the host DNA using reverse transcriptase.
probability to trigger inflammation; mutagenesis and gene disruption;

Table3-1 A brief summary of available transiea methods(Chong et al., 2021, Fisijawa et al., 2021)
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3.2.Chapter aims and objectives

In this chapter we aim to characterize our differentiation platfornand
demonstratethat it is suitablefor modelling of early stages of human liver
developmentwhile optimizng a transfection method fonucleic aciddelivery

into cells with the following objectives

A Human iPSCs can be applied to modelling of human development
A Foregut monolayer and hiPSCs can be efficiently transfected using lipid

and mechanical methods

3.3.Results

3.3.1.Characterization dPSC differentiation to endodermal lineages for study
of early human development

RPATM hiPSC cell line was differentiated definitive endoderm (DE) and
foregut cells following the protocol specifiedHigure3-2a. The morphological
changes happeng during the differentiation to FG are presentedrigure

3-2b. Upon induction of differentiation to DE cells begin to proliferate and undergo
morphological changensistent with epithelial to mesenchymal transition (EMT).
RPAT M cells form loose colonies and have high nucleus to cytoplasm ratio. By DE
D3 the cells form a densely packed monolayeriacrease in sizeCells that fail to
differentiate die off. Estdishment of a homogenous layer of DE cells allows for
anteroposterior patterning depended dhe delivery ofspecific growth factors.
ActA induces FG fate which results in further proliferationraadification ofcell
morphology toarhomboidal shapeMorphological changes were accompanied by
changes in gene expression as analysed by dA@ffotency genegradually
decrease as the differentiation progressesilemesendoderm genes: BRA(T) and
MIXL1transiently increasgoeaking at DE Dgrigure3-3a). This indicatethat the
cellsprogress through therimitive streakstage.As the differentiation continues,
endodermal genes are tggulatedwith peak SOX17 and FOXAZ2 levels at DE D3.
There is also upregulation of CXCR4, GATA4 and EBiMES3-3b). Once DE
monolayer is established at DE D3, cells are further induced towards anterior

foregut fate bysignalling with Act A onlidighlevels ofSOX17FOXA2 and CXCR4
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are maintainedthough the FG stagef differentiation. The specificityof FG
differentiationis confirmed by HHEX expression and lack of midgdthindgut
specific markers: PDX1 a@®X2, respective{lfigure3-4a). At FG D4 there is also
no expression of liver or lung specific genes indicating that theeli<zare not
primed towardsanyspecific cell lineag@igure3-4b). We were also able to detect
increase in the levels of DE specific IncRNAs: DESANARGIT, whiléne levels of
mesoderm specific IncRNA CARMENver/pancreatic cancer associated INCRNA

HULC remainedrtually undetectabléFigure3-5).
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+ACT A 100ng/ml

+ACT A 50ng/ml
: +Wnt3a 50ng/ml
hiPSC £ » DE > FG

DE D2 DE D3 FG D1 FG D2 FGD3 FG D4

Figure3-2 RPAT M differentiation t®E and FG
a) Schematic presentation differentiation of hiPSC to DE and FG cell types; b) Light micyosw@ges of RAT Mp21)hiPSC differentiating tc
DE and FG. Scale bar =200
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Immunostaining analysis showed that by DHelS8 than 15% dfells expressed
NANOGlIess than 3% of cells expres€@@T4and less than 1%OXZFigure3-6).

SOX17 was expressed by over 90% of cells and FOXA2 by over 95% of cells by DE
D3.BRA(T) levels peaked between DE D1 and DE DZA5#ttand 64% of cells

staining positively for this markeespectivelyFigure3-7).

Immunostaining of foregut celihowed continued high expression (ové#® of

SOX17 and FOXA2 and no expression of CigjX2e3-8).
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Figure3-3 Gene expression changes durinBART M differentiation towards DE and F
gPCR analysis cfianges in a) pluripotency genesmtBsendoderm genes; ¢) DE speci
genesMean expression value at each day comparéB$&s using one way ANOVA w
5 dzy y #iiltipl@ éomparison tegn=2)
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Figure3-4 RPAT M differentiationenders cellexpressing FG specific markers.

a) QPCR analysis shows expression of FG specific marker HHEX with no expressic
and hindgut specific markerd) FG cells are not primed towartiger or lung
progenitors.Mean expression value at each day compared to iPSCs using on
ANOVA witts dzy vy #liltipl®@ domparison tegn=2)
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Figure3-5 LncRNA expression durind®RT M differentiation toward3E and FG

QPCR analysis shows upregulation of endoderm specific IncRNAs DEANR1 ar
while cancer specific IncRNAse not expressedMlean expression value at each d:
compared to iPSCs using one way ANOVAbwdtty” Yy $niiltipl@ éomparison test (n=2)

Next,RPATM hiPSC cell line was differentiated to definitive endoderm (DE) and
hindgut cells following the protocol specifiedrigure3-9a. Appropriate marker
expressin profile was checked by gPCR and immunostairdnge signals
inducing the formation of HG are delivered after DE D3, the cells elongate and
form a more densely packed monolayer with spheroids appearing usually
around HG DA4(Figure 3-9b). Gene expression profile by gPCR shows
upregulation of hindgut specific factor COditn HG D1 and rapid suppression

of FG marker CXCR4. PDX1, a gene specific for midgut develapuienally
undetectable. HNF TF important for liver as well as colon development, is
upregulated on HG D2 and there is a continued expression of broader
endodermal factors such as FOXA2, SOX17 and GATA4 from DE stage
throughout HG stag€Figure 3-9c). Immunostaining analysisonfirmed high
expression of endodermal markers SOX17 and FOXA2, and upregulation of

hindgut specific marker, CDX®%% of cells positive B{G D4)Figure3-10
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Figure3-6 Pluripotency marker expression profile duriRBAT M differentiation towards
DE.

a) Immunostainingmages of differentiating -RAT M cells. Scale bar = 200 b)

Quantification of immunofluorescent imagsBows gradual decrease puripotency

markers;Mean fluorescence intensity at each day compared to iPSCs using on
' bhx! ¢ A { KnulBpbizyoyhRaiisoriiest (18.
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Following successful differentiation towards FBAR M cells were further induced
towards hepatiand pancreatidates following protocas in Figure3-11a. During
the specification of LPC from the FG, ttedls undergo subtle morphological
changes. The cells enlarge and become more rouridedng PPC specification
from FG, themorphological changes are more pronounced and resulhén t
formation of tight monolayefFigure3-11b). On the molecular level, LPC start
expressing hepaticanscription factors such as TTR and HN¥Fem LPC D1 and
by LPC D4 there is a good expressitrepétic (AFP, ALB) and cholangie¢{tK19)
genes demonstratinghe bipotential nature of LPCAt the same time, there is no
expression of pancreas specific genes such as HLXB9 oirdiz&dting that the
pancreatic fate has been efficiently suppresseBCs show good expression of
panceas specific markers such as HLXB9, PDX1, SOX9aRiNEATAG, with no
expression of hepatic markers suchAdP or TTR, indicating that the protocol

specifically produces PPEglre3-12).
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Figure3-7 Mesendoderm marker expression durin@/RT M differentiation towards
DE.

a) Immunostaining images of differentiatingPRT M Sale bar = 20@m; b)
Quantification of fluorescence intensity shavensient increase in BRA(T) gene a
gradual increase of SOX17 and FOX#éan fluorescence intensity at each d:
O2YLJI NBR (G2 At{/ & dzZaAy3a 2y Scompasdson!test|
(n=3).
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Figure3-8 Endodernal marker expression inRAT M cells differentiated to FG.

a) Immunostaining images of differentiating® RT M cells. Scale bar = 200 b) High
percentage (>95%) of FG cells express endoderm markers, SOX17 Aapdvieaix
fluorescence intensity at each day compared to iPSCs using one way ANO\
5dzyySiadQa Ydz GALX S O2YLI NRazy GSaid o
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Figure3-9 RPAT M differentiation to HG

a) Schematic of differentiation of hiPSC towards hindgut fate; b) Microscopy ima
morphological changeturing DE specification towards HG. Scale barm806) QPCR
analysis of gene expression chan@ésanfluorescence intensity at each day compar:
G2 At{/ & daAAy3a 2yS gl & !bhzx! gAIGK 5d
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Figure3-10 Endodernal marker expression in-RAT M cells differentiated to HG.

a) Immunostaining images of differentiating® RT M cells. Scale bar = 200 b) At HG
D4 high percentage of cells (>95%) express Qieéh fluorescence intensity at eac
day comparedto iPSCsyasi 2y S 4+ & ! bh+! GgAGK 5dzy/
(n=3).
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Figure3-11 RPAT M differentiation towards LRGd PPC
a) Schematic of differentiation protosb) Microscopy images of morphological changes during differentiation. Scale barm;100
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3.3.2.Manipulation of signalling pathways during endodermal linage
development

To futher demonstrate that our platform is a reliable model for human
endoderm development we have manipulated specific signalling paghway
showtheir importance for directed differentiation in line with events occurring

duringthe invivodevelopment.

CDXZTFs has been shown to be essential for the establishment of intestinal
identity during patterning of the primitive gut tube in m{@&ao et al., 2009)nd

that its expression is activated by Wnt signalliSgerwood et al., 2011)
Therefore, inhibition of Wnt signalling during HG specificatian & should
abolish CDX2 expression and prevent the acquisition of intestinal identity by DE
cells.RPAT M cells wemifferentiatedtowards HG fatevith either the addition

of CHIR99021or DKKL. CHIR99021 is small molecule activator of Wnt
signallinglt activates Wnt signalling by selective inhibition yé@gen synthase
kinase 3 (GSB), an enzyme in the Wnt signalling pathway tisapart of a
complex degradingy-catenin a transcriptional cactivator Dckkopfrelated
protein 1 (DKH) is a Wnt atagonist. It inhibits Wnt signalling by forming a
complex with LRP5/@&ceptors making them unavailable for the Wnt ligand.
Cells differentiated to HG in the absence of Wnt signalling show morphology
resembling that of FG rather than HG, with a@isaining loosely packed and
rhomboidal in shap@é-igure3-13a). Thecellsfail to express HG specific TF CDX2.
There is a slower and weaker suppression of FG speXCR4 in cells treated
with DKKL and weaker activation of HNE4There are differences in the level

of expression of other endodermal markers such as SOX17 and GATA4, while
inhibition of Wnt signalling seems to have no effect on FOXA2 expression. DKK
1 treated cells also started expressing TTR gene, which is a marker of liver
specification and fail to upregulate a marker of intestinal progenitor cells, LGR5
(Figure3-13b). This shows that our development model mirrors the results of in

vivoexperimenton mouseembryos As similar experiments are not possible on
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human embryos, hiPSC differentiation can be a reliable alternative for a more

detailed study of the humaliver development.
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Figure3-13Whnt signalling pathway manipulation during specification of HG cells
a) Light microscopy image of morphological differences. Scale barmm;I00QPCR analysis of gene expression profiles of HG cells differentiated
presence (CHIR) or absence (RK&F Wnt signallingdata presented as mean +.$Multiple unpaired ttestswith Welch correction (n=2).
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3.3.3.Transfection opmization of foregut

The interest of this study are TFs responsible for the specificatidtCofrom
foregut cellaunder the direction of BMP4 signalling. To study the gene function,
cell transfection of the foregut monolayeight before induction towards

hepatic fate will be necessary.

Ou choice of method of transfection was chemical transfection with
Lipofectaming due to itscost, simplicityof useand previous experienc&FP
plasmid was used to monitor transfection efficiency by fluorescent microscopy
or flow cytometry.RPAT M cells differentiated to FG weransfectedwith
varying ratios ofipofectamine to NA to identify the amount of reagent giving
the best transfection efficiencyhe cells were transfected at FG D2PRB&nd
FGD2 and F®4 to identify the best timinfpr transfection. GFP fluorescence
was checked 24 hours post transfectidfluorescentmicroscopy images
revealed very few cells positive for GFigure3-14a). Flow cytometry analysis
confirmed low transfection efficiency with less than 10% of cgilessing GFP
when cells were transfected at FG D2 and FGigdre3-14b). The 10% rate of
transfectionsuccess is insufficient for our experimental nedksrefore we
tested several other lipid transfection reagerasailable Four reagents were
selected for teting: X2 (Mirus), FuGene(Promega, K2 (Biontey and K4
(Biontex) The selected reagents were appropriate for the transfected material
and cell type. FG D3 cells were transfected with two different ratios of reagent
to DNAfor each tested reagent. Transfen efficiency and cell toxicity was
qualitatively assessed using light and fluorescent microsé@yuGene and
K4 at 2:1 ratiseemed to have the highest transfection efficiency although
overall, the transfection efficiency appeared very low foteslled reagents.
Additionally, 4:1 ratiof allreagens seemedo cause substantiakll toxicity as
evidentby the thinning otthe FG monolayer 24hrs post transfectiéiig(re
3-15).
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Figure3-14 Determination of transfection efficiency using Lipofectamine

a) Light and fluorescent microscopy images of FG cells transfected at various
during the specification and with varying Lipofectamine:DNA &xdale bar = 10Gn; b)
Quantification of GFP+ cells using flgmometry, n=1
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