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Abstract

ADP-Ribosylation Factor 6 (ARF6) is a low molecular weight GTPase localised to the plasma
membrane and endosomal compartments. As ARF6 cycles through its active (GTP-bound) and
inactive (GDP-bound) form, it regulates cell surface ligand internalisation, post internalisation
trafficking along the endocytic pathway (1), endosomal recycling (2) and fusion of recycling
vesicles with the plasma membrane (3). Through its regulator proteins, ARF6 affects many
cellular functions including receptor signalling, cell motility, adhesion (4), abscission (5) and
lipid homeostasis (6). ARF6 is indispensable during embryonic development, as Arf6 knock-out
leads to a lethal phenotype in mice (10.1128/mcb.00298-06 7). We are interested in the
membrane receptor trafficking and signalling output of the TGF-f superfamily members (TGF-
B, Activin A and BMP4) in the pluripotency and differentiation of human Embryonic Stem Cells
(hESCs). The ActivinA/TGF-B family ligands, maintain the pluripotent profile of hESCs (7,8), and
signal through heteromeric complexes of type | and type Il transmembrane serine/threonine
kinase receptors which phosphorylate SMAD2/3 proteins (9). The phosphorylated SMAD2/3
proteins oligomerise with SMADA4, translocate to the nucleus and regulate transcription using
a large network of interactions with transcription factors, co-activators and co-repressors (10).
On the other hand, the BMP4 family ligand, which signals through SMAD1/5/8, promotes
differentiation of hESCs through a similar mechanism (11). Previous results from our lab
indicate that ARF6 is implicated in Activin A / TGFB signalling. Using hESCs that over-express
ARF6 or CRISPR-KO lines, we addressed the role of ARF6 in the phosphorylation of SMADs upon
ligand induction. We found significant alterations in SMAD phosphorylation upon activation or
inactivation of ARF6, suggesting that ARF6 is an important factor in the responses of hESCs to
Activin A / TGFB family ligands. Here we extend these studies and address the role of ARF6 in
differentiation of the above genome edited hESCs to 3 germ layers, mesoderm, endoderm and
ectoderm (12—14). Our results are consistent with an effect of ARF6 in the differentiation to
all germ layers. KO ARF6 hESCs exhibit enhanced expression of key markers of mesendoderm/
mesoderm (BRACHYURY, MIXL1, WNT3), extra-embryonic endoderm (AFP2, GATA6) and
trophoectoderm (CDX2) following induction by BMP4 (14). In the case of ectoderm, PAX6, a
marker of neuroectoderm differentiation was enhanced in the absence of ARF6 (12). Finally,
markers of endodermal differentiation (SOX17, FOXA2) were reduced by ARF6 KO (13). We

present our findings and discuss their significance.



NepiAnyn

H ADP-Ribosylation Factor 6 (ARF6) eival pio GTPacn xapnAoU poplakou Bapoug mou
€VTOTIIETAL OTNV MAACUATIKN HEUBPAVN KoL oTa evOoowuLKA Stapepiopata. Kabwg n ARF6
evaAldooetal HeTtal TG evepyou (ouvdedepévng pe GTP) Kat tng avevepyol (cuvoeSeUEVNG
pe GDP) popdng tng, pubuilel tnv evEOKUTTIAPWON TOU TPOCSETN TNG KUTTAPLKAC ETLGAVELQAG,
TNV UETA TNV €0WTEPLKOMOLNON Slakivnon Kot HAKOG TnG evSokuTttaplkng odou (1), tnv
avakUKANON Twv gvoooWHATWY (2) Kot T ouvInén Twv KUOTWOIWV OVAKUKANONG UE TNV
mAaopatiky HeRBpavn (3). Méow Twv MPWTeivwV-TeEAeoTWV TNG, N ARF6 emnpedlel MOANEG
KUTTAPLKEG AelToupyleg, oupmepAapBavopuévng tng onuatodotnong Twv UMOSoXEWV, TNG
HETAVAOTELUONG TWV KUTTAPWVY, TNG MPOokKOAAnong (4), tng amoomoaong (5) kot Ing
opolootaong Twv Autdiwv (6). H ARF6 eival amapaitntn katd tn Slapkela tng UPPUIKAG
avantuéng, kabwg n anoocwwnnon tng ARF6 odnyet oe Bavatndopo GavoTumo ota MovVTiKLa

(7).

Mag evéladépel n Slakivnon tTwv UMEUPPAVIKWY UTIOSOXEWV KOL O QVTIKTUTIOG TNG
onUatodoTnong Twv PEAWV tNng umnepolkoyévelag TGF-B (TGF-B, Activin A kat BMP4) otnv
noAvduvapia kot t Siadopomnoinon twv avBpwrnivwv euPpuikwyv PBAACTIKWY KUTTAPWV
(hESCs). OLouvbETeg TG olkoyévelag ActivinA/TGF-B, Statnpouv to mpodiA moAuduvapuiog Twv
avBpwrniivwv epPpuikwv PAaoTKwY Kuttapwv (7,15), KOl HETAYOUV TO ONUA HECW TWV
ETEPOUEPWY CUUTIAEYUATWY TWV UTIOSOXEWV SLOMEUBPAVIKAG Kvdong oepivng / Bpeovivng
torou | kat tumou |l, oL omoiot dwodopuAiwvouv T Tpwteiveg SMAD2/3 (9). Ou
dwodpopuAlwpéveg mpwteivegc SMAD2/3 oAyopepilovral pe tn SMAD4, petatonilovtal otov
nupnva Kat puBuilouv tn petaypadlkn Spactnpldtnta MECW €VOG HEYAAOU SLKTUOU
OAANAETUSPACEWY UETAYPOPLKWY TIAPAYOVIWY, CUV-EVEPYOTIOLNTWY KOL OUV-KOTOOTOAEWV
(10). Amdé Vv AGAAN mMAeupd, o TPOOSETNG TNG olkoyEvela¢ BMP4, o omoiog emdyel tn
onuatodotnon Héow twv SMAD1/5/8, mpowBel tn Sladopomoinon Twv avBpwmivwy
EUBpUIkwWY PAOOTIKWV KUTTAPWVY HECW TAPOUOLOU pnxaviopol (11). MponyoUueva
QTOTEAECHATA ATO TO €PYAOTNPLO pag Seixvouv OTL N ARF6 eUmAEKETAL OTN ONUOTOd0TNON
¢ AktiBivng A / TGFB. Xpnowuomowwvtag avBpwrniva euppuika PAACTIKA KUTTAPA TOU
unepekdpalouv tnv ARF6 1 oelpég CRISPR-KO, efetacape tov poAo tng ARF6 otn

dwodopuAiwon Twv SMADs Katd TNV €Maywyr TOU TPOCOETN. BPNKOUE ONUAVILKEG
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HeTaBoAEG oTn dwodopuliwon Twv SMAD KATA TV EVEPYOTIOLNGN N TNV ATIEVEPYOTIOLNON TNG
ARF6, yeyovog mou umodnAwvel 6tL n ARF6 amotelel Baolkd mapAyovta OTLG MOKPLOELS TWV
avBpwrvwy eUPPUTKWY BAACTLKWVY KUTTAPWY OTOUG IPOOCSETEC TNG OLKoyEVeLag AKTIBivng A /

TGFB.

E6w Olepeuvolpe kat efetalouvpe tov poho tng ARF6 otn Sladopomoinon twv
TIAPATIAVW YOVISLWHATIKA EMEEEPYATUEVWY aVOPpWTIVWY EUPPUIKWY BAAOTIKWY KUTTAPWV OF
3 BAaOTIKA oTpwHATA, TO LecevdOSepua, To evEOSeppa Kal To veupoektodepua (12-14). Ta
QMOTEAEOUATA MOG cUMdPwVOLV Ue TNV enibpaon tng ARF6 otn dladopomnoinon oe OAa ta
BAaotika otpwpota. Ta avBpwmiva epPpuika PAactikd kottapa pe KO tng ARF6
napouolalouyv eVIoXUHEVN Ekdpaohn Baokwv SeIKTwVY Tou peoevdodépuatog/ LecoSEpUartog
(BRACHYURY, MIXL1, WNT3), tou efweuPpuikol evdodépuatog (AFP2, GATA6) kal
tpodoektodépuatog (CDX2) petd amo enaywyn and BMP4 (14). EmutAéov, o PAX6, évag
delktng Sladopomoincng Tou VEUPOEKTOSEPUATOG TTIOU EMAYETOL UTIO XNMLKA KAOOPLOUEVEG
ouvOnkeg (12), evioxubnke emiong amouocia tng ARF6. Ev tw peTall, oL Selkteg NG
evbobepulkng Sladopomnoinong (SOX17, FOXA2) mou emayovtal amo tnv Aktifivn A
HeEwWwBONKav katd tnv analoidr tng ARF6 pe CRISPR (13). Nopoucldloupe T EUPHUATA LOG

Kol oU{NTAE TN ONUOoLa TOUG.
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Chapter 1
Introduction

ADP-Ribosylation Factor 6 - ARF6

In higher eukaryotes, ADP-ribosylation factors (ARFs) comprise a group of six small (20kDa)
ubiquitous Ras-related GTPases that are required for maintaining the integrity of organelle
structure and intracellular transport. ARF proteins are regulated through a cycle of GTP binding
and hydrolysis, which activate and inactivate, respectively, the G protein (1-3). In vitro, ARF
proteins function as cofactors in the cholera toxin-catalyzed ADP-ribosylation of the a-subunit
of heterotrimeric Gs, hence the name, (4—6) and have also been shown to stimulate the activity
of phospholipase-D (22-26). A plethora of cellular processes require ARF proteins, including
the recruitment of coat proteins promoting cargo sorting in vesicles, the recruitment and
activation of enzymes such as the phosphatidylinositol (Ptdins) kinases that alter membrane

lipid composition, and interaction with cytoskeletal factors (27).

There are six mammalian ARFs that can be subdivided into three separate classes based
on sequence homology: class | (ARF1/2/3), class Il (ARF4/5) and class Il (ARF6) (28). Class | and
Il ARFs regulate vesicular trafficking between the Golgi appartus and Endoplasmic Reticulum
(ER) (29). The only member of class lll is ARF6, the least-conserved ARF protein that shares
66% amino acid homology with ARF1. So, ARF6 is the outcast of the family, both in sequence
and function, and regulates both clathrin-mediated endocytosis (CME) and clathrin-

independent endocytosis (CIE) and endosomal recycling, Figure 1.1 (2).

ARF6 is localized to the plasma membrane, cytosol, and endosomal membranes
depending on its nucleotide status and has been shown to regulate endocytic trafficking at the
cell periphery (16,19,30), adhesion (31), abscission (3) and lipid homeostasis (6). Also, ARFs are
myristoylated at their N-terminus. Cytosolic ARF6 associates with membranes in a GTP-
dependent manner, while the dissociation from the plasma membrane requires a magnesium
sensitive GTP hydrolysis (32). Subsequently, as all GTPases, ARF6 cycles between an active
(GTP-bound) and an inactive (GDP-bound) state through the action of regulator proteins. The

activation of ARF6 is regulated by guanine nucleotide exchange factors (GEFs), which catalyze
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the exchange of GDP for GTP. Conversely, GTPase-activating proteins (GAPs) hydrolyze GTP to

GDP, therefore inactivating the molecule (22,23).
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Figure 1.1: The role of Arf6 in intracellular trafficking upon clathrin-mediated and clathrin-independent endocytosis. The

location of Arfé mutants in the cell is indicated as the white text on a black background. (33)

Perturbing the expression or cycling of ARF6 has a detrimental phenotype in vivo in
various species. In Drosophila, overexpression of a dominant negative mutant resulted in
neural malformations and inhibited myoblast fusion (35,36). In mice, knockout of ARF6 has a
mid-gestation lethal phenotype, attributed to impaired liver and fetal hepatic cord
development (7). Interestingly, conditional ablation of ARF6 in endothelial cells of mice in vivo
did not exhibit a lethal phenotype, suggesting that its expression is dispensable in endothelial

tissues during development (37).

1.1. ARF6 Structure and Mutants

ARF6 consists of four distinct regions that are responsible for its functionality and subcellular
localization. ARF6-GTP associates tightly with membranes, an interaction mediated by an
amphipathic helix along with a myristoylated N-terminal helix, which flips open upon binding

GTP and insertsinto the lipid bilayer. The N-terminal helix interacts with the nucleotide binding
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site through the Interswitch, comprised of two B-strands and a B-hairpin loop, connecting the
Switch | and Switch Il regions. These two domains are located centrally in the protein and are
responsible for the interaction of ARF6 with its cellular partners, specific GAPs and GEFs
(38,39). Switch I, Switch Il and its binding Interswitch regions undergo conformational changes
upon ARF6 activation and displace the amphipathic helix from a hydrophobic pocket, allowing
it to bind with membranes. In addition, the hydrophobic residues that are exposed further

strengthen the association of ARF6 with phospholipids, Figure 1.2 (40).

Figure 1.2: ARF6 Structure in GDP/GTP Forms. In
the GDP form of ARF6 (Left) Switch | (Purple),

IS‘:”tCh '1'( h Switch Il (Blue) and the Interswitch (Red) regions
i e_rSWI e form a hydrophobic pocket that harbours the N-
Switch 2

terminal amphipathic helix (Green). In that state,
a conserved aspartic acid residue protrudes from
the Switch Il domain and along with GDP
stabilises the structure. Exchange of GDP for GTP
causes a conformational shift on the Interswitch

2-reéidue shift

region by exactly two residues. This shift
displaces switch | and Il regions and allows the
protein to bind to GTP, which is available in the
cytoplasm. In addition, the movement of the
Interswitch dislodges the helix from the pocket

with the latter being now able to associate with

membranes. Adapted from (41).

Crystallization of ARF6 in both the GTP- and GDP- bound forms allowed for the
generation of constitutively active (ARF6Q67L), dominant negative (ARF6T27N) and fast
cycling (ARF6T157A) mutants that are indispensable for studying ARF6 function, Figure 1.3.
ARF6Q67L cannot hydrolyse the bound GTP, whereas ARF6T27N cannot bind GTP and
therefore exhibits limited activation. Both of these mutations are part of the effector domain
of ARF6 and thus interfere with the GTP-GDP cycle. Moreover, affecting the activation state of
ARF6 also interferes with its localization (42). ARF6T157A is an activated mutant of ARF6 that
rapidly exchanges GTP for GDP more quickly than the wild-type ARF6 suggesting that it is a fast
cycling mutant, while still being able to undergo hydrolysis by GAPs. This mutant has also
enhanced ARF6 activity in vivo and induces cortical actin rearrangements in Hela cells (Lack’s
cervical cancer cells) and enhanced motility in MDCK cells (Mardin-Darby canine kidney cells).
The function of ARF6T157A is attributed to the limited ability of the alanine residue, located

in the Interswitch, to form van der Waals bonds with the guanosine ring (41,43).
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Figure 1.3: ARF6 T157A is more active than wild-type ARF6 and is still subject to normal regulation. A) MDCK cells were infected
with adenovirus encoding HA-tagged WT, dominant negative (T27N), constitutively active (Q67L), or T157A ARF6 for 4 hours.
Cells were lysed and GTP-ARF6 isolated by incubation with glutathione S-transferase-GGA3. ARF6 levels were quantitated by
Western blotting with monoclonal anti-HA antibody. B) MDCK cells were transfected with plasmids encoding ARF6 T157A
either alone or in combination with the GEF ARNO or the GAP ACAP1. ARF6-GTP was isolated and quantitated as described
above. Gels are representative of at least 4 separate experiments (44).

1.2.  Activation Machinery of ARF6 through GEFs

In the resting cell, ARF6 binds GDP and in response to cell stimulation by several agonists such

as hormones, neurotransmitters and growth factors,

ARF6 exchanges bound GDP for GTP, thus is Af6

activated. This exchange is facilitated by guanine

nucleotide-exchange factors (GEFs), which activate Inactive

small G proteins, Figure 1.4 (45). So far, 15 ARF GEFs \GAP
have been identified in the human genome, 8 of the Active

above act specifically on ARF6 and are classified into

3 separate GEF families. The Cytohesin family GTP

comprises of Cytohesin 1, Cytohesin 2/ARNO and

Cytohesin 3/ GRP1. The EFA6 family (Exhange ‘Effectors

factors for ARF6) includes the EFA6A/B/C and D. And *

the BRAG family (Brefeldin A-resistant ARF GEF)

consists of the BRAG1, BRAG 2/GEP 100, and BRAG3 | Actin remodeling
Membrane trafficking

(46). Unlike the last two families, Cytohesins

Figure 1.4: GTP- and GDP-bound state are
promote GDP/GTP exchange not only on ARF6, but regulated by GEFs and GAPs. GEFs stimulate the

. o exchange of GDP for GTP, resulting activation of
also on other ARF GTPases in a similar manner (46).  ages (“oN”). GAPs promote GTP hydrolysis, and

return ARF6 to GDP-bound state (“OFF”) (202).
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The structure of ARF6 GEFs are characterized by a central catalytic domain of
approximately 200 amino acid referred to as the Sec7 domain, based on its homology to yeast
Sec7p, Figure 1.5 (37,38) , and also contain a Pleckstrin Homology (PH) domain. The Sec7
domain includes a conserved glutamate residue that competes with GDP and promotes its
dissociation, allowing ARF6 to bind cytosolic GTP in it’s nucleotide binding pocket, and
resulting in the activation of ARF6. On the other hand, the PH domain associates with PIPs, and
other effectors, guiding the GEFs to appropriate subcellular compartments (46). In addition, in
response to G protein signalling a Coiled-Coil (CC) domain which is present in the structure of

all the above GEFs has been implicated in ARF6 activation (47).

Cytohesins
cc

cytohesin—1 [ [TSecz 11 [

ARNO/cytohesin—2 [ [Secz ] ieEl |

GRP1/cytohesin-3 [ ["Secz T IBHN |

cytohesin—4 [ [TSecz 1 []
EFA6

cc
EFAGA/PSD [ I IS IeEN W]
pr
EFAGBIPSDA | [N
EFAGC/PSD2 ] .
CC pr

EFAGD/PSDS | || [ [Sec7 [IPHT [0 ]

BRAGs
CC 1Q pr pr
BRAG1 CI T T TFSec7 WeEl 1 1T 11 [T ]
pr cC
BRAG2/GEP100 CH T TS eEmm ]
BRAG3 (N TS iemm ]

Figure 1.5: Structures of Arf6 GEFs. Arf GEFs are characterized by the catalytic Sec7 domain composed of approximately 200
amino acid residues, which are located in the central region of GEFs. All Arfé GEFs possess a PH domain that serves as a binding
site for specific phosphoinositides and/or partner proteins. GEFs of cytohesin family shows relatively wide selectivity in their
substrate specificity. On the other hand, GEFs of EFA6 family and GEP100/BRAG2 of BRAG family are specific for Arf6. CC:

coiled-coil domain, PR: proline rich domain, 1Q: IQ domain, PH: pleckstrin homology (48).

The translocation of ARF6 GEFs has been found to be directly regulated by cell surface
receptors in an agonist dependent manner. GEFs translocate to membranes in order to
activate their substrates by interaction of their PH domain with phosphoinositides (Pls).
Interestingly, association of GEFs with Pls does not increase their catalytic activity but is
indispensable for the precise regulation of ARF6, in response to agonist stimulation of cells, in

appropriate subcellular compartments (49,50). Cytohesins interact with PIP3 which is
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generated by PI3K in response to membrane receptor signalling (51). This interaction recruits
cytohesins to the plasma membrane, which allows cytohesins to interact with ARF6, thereby
stimulating GDP/GTP exchange on ARF6 without stimulation of GEF activity. In addition to PIP3
binding, ARNO is recruited to the membrane in response to insulin stimulation. However, it is
still unclear whether ARNO-dependent ARF6 activation is related to PIP3 or insulin receptor
binding (50,52). Furthermore, EFA6 family members preferably interact with PI(4,5)P2 and
GEP100 with PI4P, PI(4,5)P2 and PIP3 scribed, which function directly on ARF6, regulating
different processes (46,53). ARF GAPs are subdivided into subfamilies according to overall
domain structure. The classification has two major groups, those with the ARF GAP domain at
the immediate N terminus (ARF GAP1 type) and those with a pleckstrin homology (PH) domain
N-terminal of the ARF GAP domain and ankyrin (ARK) repeats immediately C-terminal (ASAP,
ACAP, AGAP and ARAP) (48-50). GAP activity has been confirmed in at least one of the eight
subtypes. However, two subtypes lack detectable GAP activity and other ARF GAPs, the GAP
activity is dispensable for some cellular functions, leading to the hypothesis that the ARF GAPs
perform other functions in addition to negatively regulating ARF proteins. ARF effectors might

serve one purpose, Figure 1.6 (2,12,50,51).

GAP Figure 1.6: Domain
ALPS ALPS
ARFGAP1 I ————— w0 structures of ARF GAPs.
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SMAP1 ) ——w (Arf ) family G proteins.
- GAP NPE  NPF - Shown are the domain
r - structures of a single
GAP__PH  PH representative of each of

Centaurin a1 ED;M -
the ten families of Arf-GAP
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SHD, Spa2 homology domain. Also shown are motifs or sequence features: ALPS (ArfGAP1 lipid packing sensor), proline rich,
clathrin binding, NPF, and ISSxxxFG are motifs comprised of the indicated amino acids .
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ARF GAP1 was the first ARF GAP to be cloned and implicated as a regulator of
membrane trafficking (53). Specifically, ARFGAP1 has been found to inactivate ARF6 in a
clathrin Adaptor Protein-2 (AP-2) dependent manner, thus connecting ARF6 to CME (59).
ADAP1 and ADAP2 associate with phosphatidylinositol 3,4,5-trisphosphate (PIP3) via their PH
domains and regulate ARF6 in specific compartments. ADAP1 binds to PIP3 and arrests ARF6
in endosomes, prohibiting its distribution to the plasma membrane (60). ADAP2 has been
associated with the ARF6-dependent endocytosis of RNA viruses (61). Unlike ARFGAP1, GIT1
and GIT2, GAPs have been found to promote hydrolysis of GTP bound to ARF6, as well to all
mammalian ARFs (62). The specific inactivation of ARF6 by GIT1 causes the highly expression
of GIT1 in several types of cancers, including breast, cervical, colon and liver (63—67). In
addition, GIT1 overexpression leads to reduced internalisation of the B2-adrenergic receptor
and increased receptor phosphorylation, a process in which ARF6 is directly implicated (68).
ACAP1 and ACAP2 proteins preferentially inactivate ARF6 over other ARFs. In Hela cells, their
overexpression inhibits the creation of cellular protrusions, a process in which ARF6 is
implicated i(69). ARAP2 and ARAP3 are also involved in ARF6-dependent adhesion processes.
ARAP2 promotes focal adhesion growth by inactivating ARF6 and RAC1 (Ras related C3
botulinum toxin substrate 1). Focal adhesions (FAs) are dynamic structures that connect the
actin cytoskeleton with the extracellular matrix (70). ARAP3 binds to PIP3 and abrogates RHOA

and ARF6 cycling, thus stimulating the formation of lamellipodia, Figure 1.7 (71).
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Figure 1.7: Cycling of Arf6 between inactive and active forms and its modulators. Upon agonist stimulation of the
cell, GDP on Arf6 is exchanged for GTP by the action of Arf6-specific GEFs, resulting in the activation of Arf6. Arf6 is
thus activated and transduces the signal downstream to regulate actin cytoskeleton remodeling and membrane
trafficking at the plasma membrane and endosomes. Thereafter, Arf6 is inactivated by the support of GAPs. To date,
8 members of Arfé GEFs, which belong to BRAG, cytohesin, and EFA6 families, and 9 members of Arf6 GAPs, which
belong to GIT, ARAP, ACAP, and SMAP families, have been identified (64).
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1.3. ARF6 in Endocytosis and Trafficking

ARF6 that localizes to the plasma membrane and endosomal compartments regulates a wide
range of cellular processes including endocytosis, endocytic membrane trafficking, actin
remodeling and endocytic recycling in concert with various effector molecules and other small
GTPases (72). It facilitates membrane ruffling at the cell surface during endocytic processes
recruiting membrane lipids and effector molecules, in addition to promoting peripheral actin
rearrangements . Specifically, ARF6 is involved in the regulation of endocytosis in Clathrin —
dependent (CME) and —independent (CIE) manners. It has been demonstrated that ARF6 acts
like a key activator for Phosphatidylinositol-4-Phosphate-5-Kinase (PIP5K) and Phospholipase
D (PLD). Activating these two factors leads to an increase in the levels of PI(4,5)P2 with the
latter functioning cooperatively with activated ARF6 to recruit AP-2, thus promoting CME
(70,71). This process is tightly regulated by SMAP1, an ARF6GAP that has been shown to
interact with Clathrin heavy chains. ARF6 also interacts with and recruits the nucleoside
diphosphate kinase Nm23-H1 (73). The latter controls Dynamin activity by regulating
thesupply of GTP and is therefore involved in the Dynamin dependent vesicle fission process

during endocytosis endocytosis (73). ARF6 has found to be an upstream regulator of canonical

Wnt/B-catenin signalling. Relying on that, in |HGF Arf6-GDP
. . Endothelin
MDCK cells, Wnt stimulation has been Wounding?\bl T
shown to promote ARF6 activation which
- i i isati Arf6-GTP

leads to E-Cadherin internalisation. Nm23-H1k '
Therefore, E-Cadherin is characterized as y \ ﬁgsgnﬁin
cargo using the ARF6 and Clathrin - ¥
dependent endocytosis pathway (74). In the Rac-GTP PIP5K PLD
same cell line, ARF6 was shown to modulate v \
the apical CME of the polymeric
immunoglobulin  receptor IgR), as

g p (plgR) Actm ¥ *
overexpression of the hydrolysis resistant Membrane Traffic

mutant of the GTPase abolished its Figure 1.8: Proteins and pathways affected by Arf6. Green
. . . arrows denote stimulation. Blue arrows denote an influence of
internalization. Consequently' active ARF6 Rac-GTP, PIP2, and PA on actin structures and membrane traffic
recruits the actin from the cell cortex to the (79

clathrin-coated pit to enable dynamin-dependent endocytosis, Figure 1.8 (75).
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Apart from CME, ARF6 also regulates the internalisation of cargo independently of
Clathrin. This process involves membrane ruffling through activation of RAC and
rearrangements in the lipid composition of the plasma membrane. RAC is activated in
response to ARF6 activation, an event catalyzed by EFA6, Figure 1.9 (76). The latter, similar to
CME, involves increase of PI(4,5)P2 by sequential activation of ARF6, PLD and PIP5K. PI(4,5)P2-
enriched membrane domains act as scaffolds, recruiting ACTIN remodeling enzymes that aid
in ruffling (75). In addition, the forming vesicles which are distinct due to their enrichment in
cholesterol, fuse with early endosomes (EEs) that also contain CME cargo (78). Cargo that enter
cells in this manner includes the Major Histocompatibility Complex (MHC) Class |, the M2-

muscaranic Acetylcholine receptors, B1 Integrins, the Peripheral Myelin- membrane Protein

22 (PMP22) and others (79).

Cycling of ARF6 is implicated in vesicular trafficking. More specifically, hydrolysis allows
for internalization and vesicle sorting, while subsequent reactivation leads to endosomal

recycling (78). This is also supported

plasma membrane
by the fact that hydrolysis resistant ‘
Sec7 PH
mutants of ARF6 lead to the EFAG
formation of intracellular vacuoles l ?
that are enriched for PI(4,5)P2 and F- ARFG ARFG Rac Rad‘GEll‘; .
> ac < ac
ACTIN  (80).  ARF6-dependent GDP GIP GTP GDP
recycling is associated with tubular PLD ? PORI/
endosomes that emanate from the + *
Endocytic Recycling Compartment membrane membrane
dynamics ruffling
(ERC) and carry cargo to the cell \/
surface. This is highlighted by the polarized recycling

Figure 1.9: Model of EFA6-regulated actin reorganization. Targeting of the
PH domain of EFA6 to the plasma membrane allows Sec7 domain-catalyzed

fact that perturbing ARF6 activation
by inhibiting ERK leads to recycling nycleotide exchange on ARF6. GTP-bound ARF6 interacts with and activates
. specific downstream effectors at the plasma membrane. Activation of PLD
endodomes (Res) arrest in the ERC . o . . .

leads to the generation of fusogenic lipids involved in the fusion of recycling
(81) In this process ARF6 activates membranes with the plasma membrane. In parallel, EFA6 allows Racl

. ’

activation by recruiting a Racl-specific GEF. The ARF6 and Racl pathways
converge at the level of POR1 that interacts with both GTP-bound ARF6 and

Racl to control membrane ruffling. Recycling of membrane occurs at

Phospholipase D2 (PLD2) and PIP5K.

PLD2 catalyzes the formation of

phosphatidic acid and diacylglycerol,

discrete sites of the plasma membrane that coincide with areas of
membrane ruffling (76).
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two molecules essential for the fusion of REs with the plasma membrane (82). Similar to its
role in CME and CIE, PIP5K generates PI(4,5)P2 which acts by recruiting enzymes important in
membrane fusion and ACTIN polymerization (80). Fibroblast Growth Factor Receptor (FGFR)
has been shown to follow this recycling route, as limited PI(4,5)P2 causes its endosomal
accumulation which leads to impaired cell proliferation (83). In addition, Hepatocyte Growth
Factor (HGF)- stimulated B1 integrin recycling is also controlled by ARF6 activation, as
pharmacological inhibition of ARF6GEFs perturbs integrin trafficking. This is important in
cancer drug development, as suppression of ARF6 activation leads to impaired tumor

angiogenesis and growth (37).

2. Stem Cells: An overview

“Nothing in Biology Makes Sense Except in the Light of Evolution” is a 1973 essay by the
evolutionary biologist Theodosius Dobzhansky (84). The question however is, how the
evolution of stem cells started? The answer may be hidden behind the ability of stem cells, as
a population of undifferentiated cells to extensively proliferate (self-renewal), usually arise
from a single cell (clonal), and differentiate into different types of cells and tissue (potent) (83).
The appearance of stem cells could be considered fundamental in the length of evolutionary
saga, as their existence could be dated back million of years and their development seems to

be the result of natural selection (84).

The term “stem cell” can be traced back to the late 19t century (85). Stem cells are
undifferentiated cells that are present in the embryonic, fetal, and adult stages of life, being
indispensable to human physiology, both during development driving tissue formation, and
throughout adulthood maintaining tissue homeostasis. So, stemness is the property of stem
cells to self-renew and differentiate into other cell types, that are building blocks of tissue and

organs (86).

2.1. Stem Cell Classification Based on Differentiation Potential

Depending upon their differentiation potential, stem cells can be classified as totipotent,
pluripotent, multipotent, oligopotent or unipotent (83,87). Totipotent cells can give rise to a

fully functioning , fertile organism (88). In the case of mammalian embryogenesis only the
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fertilised oocyte and the two identical cells arising from the first mitotic division have the
capacity to differentiate into embryonic and extra-embryonic cells (89,90). Pluripotent stem
cells have the ability to differentiate into specialized cell types derived from one of three
primary germ layers: ectoderm, endoderm, or mesoderm (89). Multipotent cells reside in most
adult tissues and are able to give rise to several limited in number cell types, which are
generally referred to by their tissue or germ layer origin (mesenchymal stem cell, adipose-
derived stem cell, endothelial stem cell, etc.) (83,90). Mesenchymal stem cells (MSCs) are the
most well studied multipotent cells (91,92). These can be derived from a variety of tissue
including bone marrow, adipose tissue, bone, Wharton’s jelly, umbilical cord blood, and
peripheral blood (93,94). Oligopotent cells are able to self-renew and form two or more
mature cell types within a tissue. Hematopoietic stem cells (HSCs) are the most typical example
of oligopotent stem cells, as they can differentiate into both myeloid and lymphoid lineages.
Being able to produce only T and B cells, lymphoid cells are known as bipotent (95). Ultimately,
unipotent cells have the capacity to differentiate into only one cell type. A typical example of
unipotent cells are muscle stem cells (MSCs) (96). The stem cell hierarchy based on their

differentiation potential is depicted in Figure 2.1.

S ® Figure 1.10: Stem cell hierarchy. Zygote and early cell
otipoten Zygot S

ygo'e division stages (blastomeres) to the morula stage are
defined as totipotent, because they can generate a

complex organism. At the blastocyst stage, only the cells

B Morula

Ectoderm

Pluripotent Blastocyst /» Germ cells of the inner cell mass (ICM) retain the capacity to build up
—ESc|=—, )
Ic™ s¢ Mesoderm all three primary germ layers, the endoderm, mesoderm,

“PGC—~EGC Endoderm and neuroectoderm as well as the primordial germ cells
/ { \ In vitro (PGC), the founder cells of male and female gametes. In

adult tissues, multipotent stem and progenitor cells exist

E°t°de"“i i""es“e"“i i Endoderm in tissues and organs to replace lost or injured cells. At
Muitipotent €@©?\: | §,©\©§: : @©©? present, it is not known to what extent adult stem cells
25 e may also develop (transdifferentiate) into cells of other
i (N} |1
Progenitor ?>§>: :@% :?’>@> lineages or what factors could enhance their
| | E i Vo i i | ) differentiation capability (dashed lines). Embryonic stem
Organs \ 1o (20 | @ e (ES) cells, derived from the ICM, have the developmental
o Qw I |'0
' i capacity to differentiate in vitro into cells of all somatic cell
In vivo . .
lineages as well as into male and female germ cells (89).

Based on their origin stem cells can be classified into five broad types: embryonic, fetal,
perinatal, adult (resident or tissue-specific) and iPS cells (induced pluripotent stem cells). In
general embryonic and iPS cells are pluripotent, whereas fetal and perinatal are multipotent,

and adult stem cells are usually oligo- or unipotent (97).
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2.1.1. Embryonic stem cells

In adult mammals, only the germ cells undergo meiosis to produce oocytes and
spermatozoans, which fuse to form the first diploid cell, the zygote, which is totipotent. In fact,
the zygote is at the top of the hierarchical stem cell tree being the most primitive and
producing the first two cells by cleavage (86). Approximately 96 hours after insemination,
several successive mitotic cell divisions generate the morula, with 16-64 totipotent cells.
Following cleavage, the newly formed blastomeres or “morula” enter the phase of compaction
(blastula stage). The blastocyst comes into being through compaction of the cells and the
accumulation of intercellular fluid, leading to the formation of the blastocyst cavity
(blastocoel). The embryoblast differentiates into the hypoblast, adjacent to the blastocyst
cavity, and the epiblast. The two to four innermost cells of the preceding morula develop into
the so-called inner cell mass of the blastocyst expresses the characteristic transcription factors
OCT4 and NANOG (98)(99), and develops into the fetus. Whereas the outer cell mass of
blastocyst, the trophoblast, is positive for CDX2, and generate the embryonic membranes and

placenta, Figure 2.2, 2.3 (100,101).

Inner Cells Inner Cell Mass Epiblast
Morula
Outer Cells Trophectoderm
Trophectoderm
Mouse E2.5 E3.0 E3.5 ES.5
Human Day 3-4 Day 4 Day 6 Day 8 Embryo

—_—>

-
Placenta

Activin

4— FGF

m%m

mESCs hESCs mEpiSCs

Figure 1.11: Early Mammalian Embryonic Development. After morula stages, the first cell fate decisions take

place, and cells sort to outer and inner populations. Outer cells give rise to the extraembryonic trophectoderm

(TE), while inner cells form the inner cell mass (ICM). The ICM is located asymmetrically at one side of the

blastocoel cavity within the TE. Subsequently, the ICM further differentiates to the extraembryonic endoderm

(ExEn) and the epiblast, which gives rise to the embryonic ectoderm, mesoderm, and endoderm. Mouse and

human embryonic stem cells are derived in vitro by explanting the ICM (203).

The embryonic stem cells are pluripotent, derived from the inner cell mass (ICM) of the
blastocyst, 5-6 days post fertilization (102,103). These cells are able to produce all the cell
types of the adult organism, and are used for stem cell cultures, as they can be maintained in

an undifferentiated state for a prolong period in culture, Figure 2.4 (95).
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The next developmental stage is gastrulation, which leads to the formation of the

gastrula,
composed of the
three germ layers
(ectoderm,
mesoderm, and
endoderm), which
give rise to tissues
and organ
rudiments during
subsequent
development

(104). All three

Blastocyst
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Figure 1.12: Human Developmental Ontology Tree. Graphical representation of tissue development
during early embryogenesis in the human embryo. The information of the differentiation events
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[
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spans from day 4 and the segregation of the blastocyst till day 15 and the generation of the trilaminar
germ disk (https://discovery.lifemapsc.com/library/images/developmental-ontology-tree) .

germ layers originate from the epiblast, with formation of a thickening of the epithelium on

the surface of the epiblast (86,94).
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Figure 1.13: Early embryogenesis and derivation of ES cell line. A) Five days after fertilization, during the blastocyst stage, the
embryo is made up mostly of trophectoderm and the ICM, which will eventually give rise to all of the embryonic tissues. The

ES cell lines were generated from the ICM. Immunosurgery was used to isolate these cells, which were then plated on the
MEF feeder layer. While being cultivated on top of the MEF feeder layer, ES cells can be expanded in the undifferentiated
condition. The ES cells develop into specialized cells, such as neuronal, hematopoietic, skeletal muscle, smooth muscle, and
cardiac tissue, when they are taken out of the feeder layer and grown in suspension as 3D cell aggregates (EBs) (105). B)
Diagram of a human embryo at the gastrulation stage, illustrating how the embryo corresponds to a micropatterned 2D colony
of hESCs that give rise to extra embryonic (CDX2-positive, green), endodermal (SOX17-positive, yellow), mesodermal (BRA-

positive, red), and ectodermal (SOX2-positive, blue) fate layers (106).
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The first ESC lines were generated in 1981 from mouse blastocysts (107,108), while the

first human embryonic stem cell lines (hESCs) were established 17 years later isolated from

inner cell mass the inner cell mass (ICM) of
pluripotent cells
, L5
) (o o donated frozen
o - stem cells . .
“ preimplantation embryos
-
— y
totipotent cell *‘W\,MM’ acsssdd | (103). Since then, around 250
" blastocyst 1 2

human ESC lines have been

generated in different
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or mouse feeder layers of

fibroblasts, Figure 2.5

Figure 1.14: Cell lineage determination during embryogenesis and generation of (103 104) Meanwhile on
’ . ’

pluripotent embryonic cells. The three primary germ layers form during normal

development (path 1). Embryonic stem cells from the inner cell mass (path 2) or registries like the
embryonic germ cells from the gonadal ridge (path 3) can be cultured and
manipulated to generate cells of all three lineages (117,204). International Stem Cell

Registry (www.umassmed.edu), more than 1000 hESC lines are currently listed. The majority

of hESC lines, but not all of them, are derived from embryos that are still in the blastocyst stage
(109). These embryos typically come from blastocysts that have been cryopreserved and are

given to hESC research because they are no longer needed for reproduction (110).

Embryonic stem cells from mice exhibit two distinct pluripotent states, naive or primed,
which represent the earlier human blastocyst stage and the more advanced epiblast-like stage
respectively (111). Specifically, mESCs that are derived from the inner cell mass (ICM) of
preimplantation embryos represent naive pluripotent stem cells, whereas mEpiSCs that are
derived from the epiblast of the post-implantation embryo typify the primed state. The
signalling profile of human ES cells resembles closely that of mEpiSCs, even though they are
isolated from preimplantation embryos (112). Recently, multiple groups have modified culture
conditions to revert and maintain hPSCs closer to a naive-like pluripotency state. However,
although global transcriptome analysis shows similarities between naive-like hPSCs and mouse
ES cells, there are still distinct differences in gene expression patterns and different culture

requirements (113). Primed pluripotent hES cells exhibit high levels of DNA methylation, low
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cloning efficiency and cannot chimerise with pre-implantation blastocysts. In addition, they
favour glycolysis over oxidative phosphorylation, and female primed pluripotent hES cells rely
on FGF2 and NODAL signalling for pluripotency maintenance, and exhibit post-X-chromosome-
inactivation status (114). Also hES cells rely on FGF2 and NODAL signalling for pluripotency
maintenance, in contrast with “naive’”” mES cells that depend on LIF, Table 1 (115). To
overcome the differentiation barrier between naive and primed PS cells, a specific cocktail of
transcription factors (TFs) and pathway inhibitors is introduced into primed PS cells to initiate

resetting (116).

Naive Primed

Origin ICM of early blastocyst Post impantation epiblast (Egg

cylinder) or embryonic disc

Representative
examples

Colony morphology
Differentiation bias
Transcriptome
Cytokines

Pluripotency factors

Clonagenicity

Metabolic activity

X-inactivation

mESCs, miPSCs

Compact and domed
None

Similar to mouse ES cells
LIF

OCT4, NANOG, SOX2, KLF2,
KLF4
High

Oxidative phosphorylation,
glycolysis

Xaxa

mEpiSCs, hESCs, hiPSCs

Compact and flat

Variable

Similar to mouse epiblast stem cells
bFGF/TGF-B

OCT4, SOX2, NANOG

Low

Glycolysis

Xaxi or xaxe naive

Table 1: Characteristics of Naive and primed hPSCs. A comparison of Naive and primed hPSCs and the characteristics that are
shared and distinct between these two stem cells states (117).

2.1.2. Adult Stem Cells

As mentioned previously, in addition to the ESCs, there are sources rich in non-embryonic stem

cells, or adult stem cells. Adult stem cells also known as somatic stem cells, resident stem cells
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or tissue-restricted stem cells, are undifferentiated cells residing in differentiated tissues and
possess fundamental properties of stem cells, that is, self-renewal capacity and the ability to
differentiate into multiple lineages (98). The most common source of adult stem cells is the
bone marrow, a mesoderm derived tissue, which contains 2 types of stem cells: hematopoietic
stem cells (HSCs) which further differentiate into mature blood cells, and the less
differentiated stromal mesenchymal cells (118). In addition, adult stem cells can be isolated
from several other organs such as the brain (neuronal stem cells), skin (epidermal stem cells),
eye (retinal stem cells) and gut (intestinal stem cells) (119). So, these primitive cells are
generally stored in a specialized environment called the niche, which consists of a combination
of extracellular matrix signalling and soluble factors that regulate stem cell proliferation,
migration, differentiation, and apoptosis (98,116). In their niche, adult stem cells are
connected to supporting cells, protected from external harmful stimuli, and kept quiescent
until the arrival of an appropriate activating signal. Tissue-specific adult stem cells proliferate,
migrate to leave the niche, and differentiate to replace senescent or deteriorated cells,
maintaining the organ structure and function. Also, they are able to repair mild injuries in
various organs including the skin, liver, intestine, kidney, and bone marrow (98). However,
such endogenous regenerative mechanisms appear insufficient to cope with severe damage,

as in the case of myocardial infarction (120,121) or cerebral ischemia (122,123).

2.2. Human Embryonic Stem Cells
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Human embryonic stem cells (@ /g A
(]
. o
Differentiation
J v J
Ectoderm Mesoderm Endoderm
IR B ®e
Neurons Muscle cells Thyroid cells

Figure 1.15: Multilineage potential of human embryonic stem cells. Human embryonic stem cells can be differentiated into
three germ-layers such as ectoderm, mesoderm, and endoderm (124).
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2.2.1. Core Transcriptional Regulatory Circuitry in Human Embryonic Stem Cells

Self-renewal of ESCs relies on maintaining the unique transcriptional profile of ESCs,
while differentiation requires a flexible transcriptional profile which can be altered in
differentiating cell types, Figure 2.6 (125). In this section, the function of the homeodomain
transcription factor OCT4 (126,127), the variant homeodomain transcription factor NANOG
(128,129), and the high mobility group (HMG)-box transcription factor SOX2 (130) will be
summarized, as these have proven indispensable for the maintenance of pluripotency
regardless of the culture system (131). These key transcription factors have been identified as
a core-regulatory circuit maintaining ES cells in the pluripotent state in vitro, Figure 2.7 (132).

Figure 1.16: OCT4,
NANOG and SOX2 in hES

B.
Cell  Pluripotency. A)
OCT4, NANOG and SOX2
Nanog 8 are responsible for the

regulation of 2360 genes.
Interestingly, all three

factors form a complex
transcription of 353

m genes. B) OCT4 and SOX2
- complex to upregulate

the transcription of

l that influences the

NANOG and other ES cell genes. NANOG will subsequently promote ES cell gene expression resulting in a feed forward loop.
Data presented above data have been obtained via mapping of genome-wide binding sites of the respective transcription
factors. Adapted from (133).

Octamer-binding transcription factor 4 (OCT4), is a member of the class 5 POU (Pit-Oct-
Unc) family of homeodomain transcription factors, and in humans is encoded by the POU5F1
gene (129,134). The POU family of transcription factors can activate the expression of their
target genes through binding an octameric sequence motif of an AGTCAAAT consensus
sequence (135-138). Both the N- and C-terminal tails of OCT4 are important for gene
transactivation (132). Oct4 plays a critical role in the establishment and maintenance of
pluripotency, OCT4 knock-out has an embryonic lethal phenotype in mice, due to the inability
to form a pluripotent ICM at the blastocyst stage (126). Oct-4 expression in embryos begins at
the 4-8-cell stage and is accompanied by widespread expression in all blastomere nuclei (139).
Upon blastocyst formation, Oct4 expression becomes restricted to the ICM, and is

downregulated in the TE and primitive endoderm, Figure 2.8 (135). Niwa et al measured the
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levels of OCT4 expression at various ES cell states, and the results indicated that OCT4 controls
the pluripotency of stem cells in a quantitative fashion (140). Specifically, they determined that
high levels of Oct4 expression drives ES cells to endoderm and mesoderm lineages, while stem
cells with low level of Oct4 differentiate into TE (137,138). OCT4 has also been found to be

essential for somatic cell reprogramming (141).

Figure 1.17: ES cells and Oct4 expression. The
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between Oct4 expression and totipotency
(135).

NANOG is another homeobox-containing transcription factor with a critical role in
regulating the cell fate of the pluripotent ICM during embryonic development, maintaining the
pluripotent epiblast and preventing differentiation to primitive endoderm (128). Structurally,
Nanog can be considered simply as a three-domain protein — N-terminal domain,
homeodomain, and C-terminal domain (142). The homeodomain structure of NANOG that
promotes DNA binding, involves three a-helices close to the N-terminal tail which are
connected by loops (143,144). NANOG knock-out has an embryonic lethal phenotype in mice
(145). Based on the differences in gene expression between wild-type and Nanog null cells, it
has been proposed that Nanog regulates pluripotency mainly as a transcriptional repressor for
downstream genes that are important for cell differentiation such as Gata4 and Gata6 (132).
During early embryogenesis, after the first segregation event, when trophoectoderm is
separated from the ICM, the expression of NANOG is restricted to the human inner cell
mass (ICM) at varying levels. Whereas the trophoblastic layer is positive for the homeobox
transcription factor caudal type homeobox 2 (CDX2) (101). The second differentiation event,
namely the segregation of epiblast and hypoblast from the cells of the ICM is suggested to
involve NANOG and GATAG. Specifically, NANOG expression is confined to the epiblast on the
blastocoelic surface, and GATAG is characterized as a hypoblastic marker (146). Interestingly,

cells with a high expression of NANOG demonstrate low expression of GATA6 and vice versa
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(147). Therefore during embryogenesis NANOG is implicated in cell fate decisions. In culture,
NANOG expression levels of both hES and mES cells fluctuate significantly. This fluctuation
appears to be stochastic and creates a highly heterogenic population within the same colony
of NANOG high and low cells. The former appear to be less and the latter more prone to

differentiation signals.

One of the critical factors that control both pluripotency and neural differentiation of
hPSCs is the sex determining region Y-box 2 (Sox2). It is a member of the Sox (SRY-related HMG
box) gene family that encode transcription factors with a highly conserved high-mobility-group
(HMG) DNA binding domain (148). Sox2 heterodimerizes with Oct4 and other nuclear factors
to activate pluripotent gene expression or to regulate their downstream target genes (149—
151). The heterodimers bind via their POU and HMG domains specific motifs within the DNA
with the conserved sequences ATGAAAT (OCT4) and CATTGTC (SOX2) (152). Additionally, Sox2
is a robust interacting partner of NANOG forming a heterodimeric complex. The sequence of
Sox2 responsible for interaction between Sox2 and NANOG is a triple-repeat motif of S X S/T
Y. In Sox2, tyrosine to alanine mutations within this motif, in mES cells, leads to increased
differentiation, thus highlighting the importance of this interaction for the preservation of
pluripotency (153). During early embryogenesis, Sox2 expression is initially detected in cells at
the morula stage, becoming more specifically located in the ICM of blastocyst and epiblast
during the latter stages (130). In mice, Sox2 knock-out has a lethal phenotype due to the failure
of ICM to form the epiblastic layer (154). In hES cells, knockdown of Sox2 has been shown to
favour differentiation to trophoectoderm, while compromising pluripotency. In addition,

reduction of Sox2 expression resulted in reduced expression of several key stem cell factors,

Self-renewal including OCT4 and
NANOG, linking these

Active promoters of self-renewalgenes

three factors together in

Silent promoters of developmental genes

a pluripotent regulatory

’ Differentiation

T —y network, Figure 2.9,
Endoderm Mesoderm Ectoderm 2.10 (155) ThGFEfore,

Figure 1.18: The key transcription factors of hESC pluripotency. OCT4, SOX2, and NANOG Sox2 plays an essential

form the core transcriptional network and autoregulatory loop regulating stem cell self- . .
_ role in regulation of

renewal. OCT4, SOX2, and NANOG promote the expression of self-renewal genes and

suppress the expression of developmental genes (160). pIuripotency and
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embryonic development. Later in development SOX2 is a critical factor for directing the

differentiation of PSCs to neural progenitors and the development of the central nervous

system. Specifically, in neural progenitor cells, Sox2 interacts with neural transcription factors,

such as Pax6 (Paired-box protein 6) to activate neural progenitor gene expression (148,156).
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Figure 1.19: Core pluripotency transcription factors

as lineage specifiers. Pluripotency transcription

factors exert lineage-specific blockades on

differentiation to particular lineages (hatched red

lines) while often concomitantly directing

differentiation to an alternative lineage (green

! Trophoectoderm |

5e,

Mesoderm

5

Endoderm

@

Ectoderm | @rrows). Hence, pluripotency factors function as

R

classical lineage specifiers, and provide ESCs the

ability to differentiate to specific fetal lineages (133).

2.2.2. Major Signalling Pathways in hESCs
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Figure 1.20: Signalling pathways in hESCs. In human ESCs (hESCs), the predominant signalling pathways involved in
pluripotency and self-renewal are TGF-B, which signals through Smad2/3/4, and FGFR, which activates the MAPK and
Akt pathways. The Wnt pathway also promotes pluripotency, although this may occur through a non-canonical
mechanism involving a balance between the transcriptional activator, TCF1, and the repressor, TCF3. The BMP pathway,

which uses Smad1/5/9 to promote differentiation by both inhibiting expression of Nanog, as well as activating the

expression of differentiation-specific genes. Notch also plays a role in differentiation through the notch intracellular
domain (NICD). (From Cell Signalling TECHNOLOGY, https://www.cellsignal.com/contents/science-cst-pathways-

developmental-biology/pluripotency-and-differentiation/pathways-pluripotency)
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Several kinase signal transduction pathways modulate the core pluripotency transcription
factors in response to both intrinsic and extrinsic stimuli, preserving stem cell self-renewal and
differentiation potential. Synergy between these pathways ensures the maintenance of

pluripotency, Figure 2.11.

2.2.2.1. TGF-B/Activin/Nodal signalling pathway

It should come as no surprise that members of the TGF superfamily can contribute to both
pluripotency and differentiation given their numerous pleiotropic roles in embryonic
development, Figure 2.12. Activin was isolated from swine gonads in 1986 as a protein that
stimulates FSH release, as opposed to Inhibin, which suppresses FSH secretion. Four inhibin
subunits (Ba, Bb, Bc, and Be) merge to generate a variety of activins, either as homodimers or
heterodimers (157). Both activin A and Nodal signal through the same cell surface receptors
(ALK4 or ALK7 and ACTRIIA or ACTRIIB) and activate the same intracellular mediators (SMAD2
or 3) (158)(155).

. TG F_B Figure 1.21: Model of SMAD activation induced by TGF-8
resultinh in SMAD mediated gene expression. The TGF-
dimer binds to the the type Il TGF-B receptor (TbRII), which

promotes recruitment of type | TGF-B receptor (TbRI) into

a heteromeric receptor complex, enabling TbRIl to

transphosphorylate the GS domain of TbRIl. The

subsequently activated TbRI then phosphorylates the C-

terminal serines of Smad2 and Smad3 to activate them.

- These receptor-activated R-Smads next link up with a co-
Smad2/3 Smad (Smad4), and the Smad trimers then penetrate the

/

TRRII TBRI nucleus where they link up with additional transcription
cofactors at Smad-binding regulatory DNA sequences of

Smad2/3 target genes, directly activating or suppressing target gene
expression (174).

Smad4 Smad2/3
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Smad4 Smad2/3
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The use of hESCs provides a useful tool to elucidate the relationship between this
pathway and pluripotency. Numerous studies have demonstrated that TGFB/activin A/Nodal

play a crucial role in the biology of hESCs. In previous findings, Nodal was shown to protect
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hESCs against spontaneous NE differentiation (159). Research into MEFs' capacity to sustain
hESCs revealed that they release activin A precursor, suggesting that activin A maintains
pluripotency (160). In fact, activin A (160,161), or combination of activin A with FGF2 (8) allows
the undifferentiated proliferation of hESCs without the necessity for MEFs and MEF released
factors. Stronger proof of the pathway's significance comes from a comparison of
chromosomally normal hESCs with chromosomally abnormal hESCs with higher self-renewal
capability (161). The studies demonstrate that the latter cell line expresses activin A and Nodal
at greater levels whereas Follistatin, an activin inhibitor, is expressed at lower levels (161).
Accordingly, two important pluripotency transcription factors are perturbed by Follistatin

treatment (161).

It appears logical to assume that pluripotency may be SMAD dependent given that
SMAD2,3 are active in undifferentiated hESCs and SMAD2/3 signalling decreases upon
differentiation (162). More precisely, TGF[3 or activin A ligands maintain hES cells' pluripotency
in vitro by moderately activating the SMAD2/3 pathway in conjunction with PI3K-AKT signalling
(163). The SMAD2/3/4 complex that is created moves into the nucleus and physically engages
the Nanog gene promoter, boosting the transcriptional activity of the gene (164). Nanog is
regarded as a crucial defender of pluripotency since it inhibits both FGF-induced NE
differentiation and activin A-induced progression from ME to definite endoderm (15).
Consequently, Nanog overexpression sustains hES cell pluripotency intact, suggesting that
activin A/TGFf sustains Nanog expression at high levels to achieve the same outcome. In that
case, SMAD2/3 and Nanog physically interact, SMAD2/3's transcriptional activity is decreased,
and the drive for endodermal differentiation is suspended (15). As mentioned above, Nanog
also interacts with the promoters of the transcription factors Sox2 and Oct4. These elements
work together to create an autoregulatory network that protects the pluripotency of hES cells

(133).

Finally, it should be highlighted that although SMAD2 and SMAD3 are generally
acknowledged together in literature, it's possible that hESCs might not regard them as equally
important. Indeed, only SMAD?2 is essential for pluripotency because of its dual capacity to

retain Nanog and inhibit BMP (165). This is demonstrated when SMAD?2 levels decrease and
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hESCs become susceptible to autocrine BMP signals that direct them toward the ME, TE, and

germ cell lineages (165).

2.2.2.2. BMP signalling pathway

Bone Morphogenetic Protein (BMP) was first identified in 1965. It is a unique extracellular
multifunctional signalling cytokine belonging to the large transforming growth factor-beta
(TGF-B) superfamily (166). BMP is a key factor in determining the non-osteogenic
embryological development of animals in addition to being a regulator of bone induction,
maintenance, and repair (167). BMP4 knock out can be lethal for mouse embryos since
majority of them die early, and the reported defects are related to gastrulation and ME

differentiation (168).

BMPRs are composed of three parts: a short extracellular domain, a single membrane-
spanning domain, and an intracellular domain with the active serine/threonine kinase region
(169) BMP is reported to be bind to three BMPRI (BMPRIA or ALK3, BMPRIB or ALK6, and ALK2
or ActR-1A activin receptor) and three BMPRII (BMPRIIB, ACTRIIA, and ACTRIIB) (170). The
cytoplasmic portion of BMPRI has a highly conserved TTSGSGSG motif that is distinctive and
crucial for kinase activity (171). The kinase domain of BMPRII is followed by a characteristic,
long C-terminal tail containing 530 amino acids (172). While BMPRI contains inactive and

inducible kinases, BMPRII has constitutively active kinases.

BMP signalling pathways are initiated by the BMPRs located in a particular membrane
domain of caveolin-1 (CAV1) and clathrin-coated pits (CCPs) at the cell surface (173,174).
Similar to activin signalling, BMP signalling works in a similar manner. BMPs frequently bind
primarily to type | receptors in the absence of type Il receptors, but most require the
combination of type Il and type | receptors for higher affinity binding and signal transduction.
This is in contrast to TGF- and activins, which bind primarily to the type Il receptors and
encourage the recruitment of type | receptors (174). The type | receptor, which transmits
certain intracellular signals, is trans phosphorylated by the type Il receptor kinase. BMPRIA

signals are thereby promoted to downstream substrates.

The expression of genes that are directly related to hES cell plyripotency appears to be
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suppressed by the BMP4 pathway effector proteins SMAD1/5/9. SMAD1 has been shown to

bind to the Nanog promoter, which results in downregulation of Nanog (164).

The expression of genes that are directly related to hES cell pluripotency appears to be
suppressed by the BMP4 pathway effector proteins SMAD1/5/9. SMAD1 has been shown to
bind to the Nanog promoter, which results in downregulation of Nanog (164). The degree of
ERK activation determines how differentiated cells respond to BMP4 stimulation. As previously
mentioned, activation of ERK causes cells to produce Nanog continuously during the early
stages of differentiation, which encourages them to take on a mesodermal fate. When ERK is
not present, BMP4 signalling causes cells to form extraembryonic lineages (175). Recent work
in mES cells reveals that BMP4 protects pluripotency by acting through ERK, then KLF2, and
other pathways. In addition, SMAD1 physically interacts with KLF4, and the resulting complex
suppresses SMAD1 activity (176,177).

BMP4 induces both extra-embryonic and embryonic hESCs differentiation. Shorter

exposures (24 hours) of hESCs to BMP4 result in mesodermal populations that express

Brachyury (14), whereas
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beta) and extra-embryonic Figure 1.22: hESCs' BMP4-induced destiny. BMP4 is linked to a variety of fates, and
. ongoing research is examining the underlying mechanisms behind the observed
endoderm (AFP, SOX7), Figure diversity (14)

2.13 (14).

BMP4 interacts with various signalling pathways to coordinate fate acquisition. WNT
activity and MEK/ERK activity both influence the outcome of BMP4 induction. In further detail,
BMP promotes trophoblastic differentiation in the absence of FGF2, but ME differentiation is
enabled when FGF2 is present and MEK/ERK is activated (175). Moreover, endogenous WNT

signals in culture are accountable for the variety observed following BMP4 induction, WNT3
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orchestrates PS and mesodermal differentiation once BMP4 triggers it (178). However, BMP4

controls the production of genes related to trophoblasts when WNT is inhibited (178).

It is interesting to note that BMP4 induction has also been associated with a rise in the
EMT marker MSX2 and the EMT regulator SLUG. The promoters of the aforementioned factors
have been shown to directly bind to activated SMAD1/5/9 proteins, which increases the
production of those factors. This implies that BMP4 signalling has a direct role in EMT, a
process crucial for the development of the primitive streak that indicates the start of

gastrulation (179)

2.2.2.3. FGF and the MAPK pathway

FGF2 (or basic FGF) is the first growth factor identified as being crucial for hESC pluripotency
maintenance and self renewal (162). It is widely accepted that hES cells have most commonly
been cultured in the presence of basic fibroblast growth factor (bFGF) either on fibroblast
feeder layers or in fibroblast-conditioned medium (175,181). The ligand binds to tyrosine
kinase FGF receptors on the plasma membrane and promotes autophosphorylation of its
intracellular domain tyrosine residues. In hES cells, the activation of FGFR kinase leads to
phosphorylation of FGFR substrate 2a (FRS2a), recruitment of phospholipase Cy (PLCy), and
thus activation of two signalling cascades (PI3K-AKT and MEK-ERK) that promote cell
proliferation and self-renewal (165—-167). Interestingly, these two pathways cross-talk, with
PI3K maintaining ERK activation to pluripotency-compatible levels. This fact explains how both
low (<10ng/mL) and high (>50ng/mL) levels of FGF2 have the same effect on hES cells,
preserving pluripotency. In brief, low doses of the FGF2 moderately activate ERK1/2, while
high doses also activate PI3K-AKT, which in turn suppresses ERK1/2 activity (163). Recent
research has shown that FGF2 signalling leads to mesoderm differentiation, as it switches the
outcome of BMP4 induced differentiation of human ES cells by maintaining NANOG levels
through the MEK-ERK pathway. In the absence of FGF2, NANOG expression level declines
rapidly and BMP4 drives hES cells to extraembryonic lineages (175). In addition, activation of
the FGF pathway regulates the ability of activin A/Smad2,3 to control the balance between
pluripotency and endodermal differentiation, as the latter pathway is context dependent.
Under self-renewing conditions, FGF2 and PI3K-AKT suppresses ERK and Wnt signalling,

allowing SMADZ2,3 to activate a specific group of target genes implicated in pluripotency. On
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the other hand, inactivation of PI3K-AKT signalling leads to activation of Wnt pathways and its
effectors such as B-catenin and SNAIL, which cooperate with SMAD2/3 to induce genes

involved in early differentiation, Figure 2.11 (163).

2.2.2.4. Wntsignalling pathway

Activation of the Wnt pathway controls a wide variety of processes in embryonic development
and adult homeostasis (169). It consists of over 30 extracellular ligands that initiate signalling
by binding to Frizzled (FZD) and low-density lipoprotein receptor-related protein 6 (LRP6) on
the plasma membrane (186). The Wnt/B-catenin pathway, also known as canonical Wnt
pathway is responsible for the regulation of cytoplasmic B-catenin protein stability. In the
presence of Wnt molecules, B-catenin accumulates in the cytosol, translocates into the
nucleus and regulates gene expression together with TCF/LEF (T-cell factor / lymphoid
enhancer-binding factor) transcription factors. In the absence of Wnt, the transcriptional
coactivator B-catenin is degraded by a multiprotein “destruction complex” that includes the
tumor suppressors Axin and adenomatous polyposis coli (APC), the Ser/Thr kinases GSK-3 and
CK1, protein phosphatase 2A (PP2A), and the E3-ubiquitin ligase B-TrCP (171). So, B-catenin is
phosphorylated by GSK3B and then marked by polyubiquitination for degradation by the
proteasome. (172). Multiple conflicting studies suggested a role of Wnt/B-catenin signalling
in the regulation of hES cells (161,189-193). Apart from different culture conditions, growth
media, substrates and cell lines, which are factors that indeed contribute to variations in the
results, recent research argues that different pools of GSK3B complexes exist in separate
cellular compartments, exerting different signals. When all GSK3B pools are chemically
inhibited, B-catenin is activated and acts in concert with SMAD2/3 to initiate hES cell
differentiation (191). On the other hand, low doses of GSK3p inhibitors sustain pluripotency
through stabilization of the pluripotency gene c-MYC (163). The core pluripotency factor OCT4
has also been implicated in Wnt signalling, as it has been found to mitigate B-catenin-related

differentiation cues, Figure 2.11 (194).
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Aims of the Thesis

Pluripotency and the capacity for self-renewal are two traits that set embryonic stem cells
(ESCs) apart from other cell types. Numerous cell signalling pathways control these features,
which enable ESCs to develop into any type of cell in the adult body and divide continuously
in the undifferentiated state. Members of the TGF superfamily play a key role in the
pluripotency and differentiation of hESCs. Previous results from our lab implicated the ARF6
GTPase in the signalling of activin A and BMP4, both key members of the TGF superfamily
involved in human embryonic stem cell pluripotency and differentiation. In this thesis we
expand on these earlier findings and address the role of ARF6 to the 3 germ layers, mesoderm,

endoderm and ectoderm. To achieve this goal we undertook the following:

e Determine the role of ARF6 in mesoderm induction by BMP4

e Establish protocols for endoderm and ectoderm induction and standardise detection
of representative markers of both lineages

e Elucidate the role of ARF6 in endoderm formation

e Investigate the role of ARF6 in ectoderm formation
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Chapter 2

Experimental procedures

2. Cell Culture

2.1. Human Embryonic Stem Cells (hESCs) culture

The maintenance and propagation of human embryonic stem cells (hESCs) requires the use of
specific nutrients combined with careful handling to maintain pluripotency. The medium used
for this purpose was mTeSR™Plus (Stem Cell Technologies, #100-0276), a fully chemically

defined nutrient, xenobiotic agent and animal serum free medium.

All experiments were performed using 4 cell lines. H1 hESC line was purchased from
Wicell Research Institute, WB0113, Madison, USA and is the control line for H1 CRISPR knock-
out ARF6 (H1-ARF6KO) cell line. H1-ARF6T157A-GFP stable cell line and the vector control cell
line H1-GFP, were both derived from the parental H1 line by transfection and selection of the
relevant hESC optimised expression plasmids. All genome edited H1 cell lines were constructed

by Dr Angelos Papadopoulos in our lab.

Six-well tissue culture plates (Corning, 3506) were coated with 83ng/ml hESC-qualified
Matrigel (Corning, 354277) diluted in DMEM/F12 (ThermoFisher Scientific — 10770245)
medium and incubated for 1h at room temperature, the Matrigel solution was then removed,
wells washed x 1 with DMEM/F12 and cells plated into the well. Spontaneously differentiating
cells were manually removed from the cultures. The percentage of these cells was always less
than 10% and is an indicator of a healthy culture. Only cultures meeting this criterion were

used in the experiments.

The hESCs were passaged when most colonies were large, compact with dense centers
and their borders were beginning to fuse (approximately 5 days). Cells were washed with 1ml
of DMEM/F12 and passaged enzymatically using 1ml of dispase (1mg/ml) (ThermoFisher
Scientific, 1710541) for 1min at 37°C until the edges of the colonies started to shrink but
without the colonies detaching from the dish. At the end of the incubation, the dispase was

removed and 2 washes of the well with 2mI DMEM/F12 were performed to remove all enzyme
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residues. To harvest the hESCs colonies, 1ml of mTeSR™Plus was added and using a scraper
(Corning, 3010) the cells were detached from the surface of the dish and transferred to a 15ml
falcon tube. To be sure that all cells were transferred, and that no selection for less adherent
colonies occurred, this procedure was performed twice. Namely, another 1ml of mTeSR™Plus
was added to the well and using a scraper, all remaining cells were scraped off and transferred
to the falcon tube. The colonies were then dissociated into small clumps by gentle agitation to
obtain the appropriate size required and replated onto Matrigel-coated six well platesina 1:7

ratio. Finally, the dish was very gently shaken and placed in the 37°C incubator.

H1 cells were also passaged using Versene-EDTA 0.02% (Lonza — BE17-711E) instead of
dispase. In short, cells were incubated with Versene-EDTA for 3min at room temperature until
the colony boarders began to detach from the well, and were subsequently dissociated into
small clumps (3-5 cells). The cell aggregates were transferred into new 6-well dishes and
allowed to attach and proliferate for 24 hours in fresh media supplemented with 5uM ROCK
inhibitor (Fasudil) (LC Laboratories) to increase cell adhesion. The day after, the medium was

changed without ROCK inhibitor.

Prior to freezing, H1 cells were passaged from 6-well plates as described above, and
collected in 15mL falcon tubes. They were centrifuged at 800rpm for 5min at room
temperature and resuspended in ImL of mFreSR reagent (Stem Cell Technologies — 05855).
Next, they were transferred into cryovials and stored for 24 hours at -80° C before being
transferred to liquid nitrogen. Many vials were frozen from the same passage in order to

decrease variability between experiments.

During thawing, cryovials containing H1 cells were thawed in a 37°C waterbath for
approximately 30sec, and transferred to a 15mL falcon tube containing 4mL of fresh medium
containing 5uM ROCK inhibitor. Next, cells were centrifuged at 800rpm for 5min at room
temperature, collected with fresh medium and plated in 6-well dishes in the presence of 5uM
ROCK inhibitor, which was removed the day after plating by refreshing with fresh medium

without the inhibitor.
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2.1.1. Cell Differentiation Protocols.

2.1.1.1. Differentiation of hESCs to mesoderm

Prior to differentiation, H1 wt, H1-ARF6KO, H1-GFP and H1-ARF6T157A-GFP lines were first
passaged with Versene-EDTA 0.02% onto 6-well plates coated with matrigel and cultured in

mTeSR™Plus medium. The medium was exchanged every two days.

When cells reached approximately 50% confluency, mesoderm differentiation was
induced by substituting mTeSR™Plus medium with mTeSR™Plus medium supplemented with
50ng/ml human bone morphogenetic protein-4 (BMP4) (ThermoFischer Scientific-PHC9354)
for 1-2-4 and 7 days. On day 4 of differentiation, the culture medium (mTeSR™Plus) was half
changed until day 7 to remove the dead cells. Subsequently, after 1, 2, 4 and 7 days cells were
lysed using lysis buffer (containing PBS pH=7.0, 1% SDS (Sigma-75746) and 100uM phenyl
methane sulphonyl fluoride PMSF protease inhibitor), protein was quantitated using Pierce™
BCA® Protein Assay Kits and Reagents (Thermo Scientific-23225). RNA was also extracted at

this stage, Figure 2.1 (14).

H1 hESCs culture Differentiation to mesoderm

Day 0 1 2 4 7
I I I

mTesR plus ™ medium

® mesoderm
mTesR plus ™

medium

matrigel Recombinant protein BMP4 50ng/ml
matrigel

Figure 2.1: Differentiation protocol to mesoderm

2.1.1.2. Differentiation of hESCS to neuroectoderm

The hESCs were cultured in six-well tissue culture plates coated with matrigel and mTeSR™Plus
medium. Briefly, H1 colonies were detached with 1 mg/ml dispase (ThermoFisher Scientific,
1710541) and dissociated into small clumps. Neuroectodermal differentiation was initiated by
growing the H1 clumps in suspension in non-adherent plates with the ESC growth medium
consisting of Dulbecco's modified eagles medium (DMEM/F12) (ThermoFisher Scientific-

10770245), 20% Knockout replacement serum (KOSR), 0.1mM Non-Essential Aminoacids
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(ThermoFisher Scientific-11140-050), 2mM glutamine (Thermo Fisher Scientific, 25030-024)
and 100uM B- mercaptoethanol (ThermoFisher Scientific, 21985-023) to form embryoid
bodies for 4 days. On day 4 of differentiation, the embryoid bodies were transferred to a
serum-free minimal (SFM) medium consisting of DMEM/F12, 0.1mM Non Essential
Aminoacids and 2 ug/ml heparin (Sigma-Aldrich, H3149-100KU), and grown in suspension.
After 3 days in suspension, on day 7, they were attached to laminin-coated (Sigma-Aldrich,
114956-81-9) ibidi dishes (u-Dish, 35mm, 81156) for immunostaining and laminin coated
twenty four-well tissue culture plates for western blotting. On day-10 cells were harvested

and used for further analysis by western blot and immunofluorescence, Figure 2.2 (12).
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Yoo, Y. D. et al. (2011)

Figure 2.2: Differentiation protocol to neuroectoderm

2.1.1.3. Differentiation of hESCs to definitive endoderm

The hESCs were cultured in six-well tissue culture plates coated with matrigel and cultured in
mTeSR™Plus medium. For endodermal differentiation, eighty percent confluent cells were
placed in RPMI 1640 (ThermoFisher Scientific-21875034) medium containing 1% GlutaMax
(ThermoFisherScientific-35050061), 0.5% defined fetal bovine serum (FBS; HyClone)
supplemented with 100 ng/ml activin A. Three days postinduction, the medium was refreshed
using the same RPMI-based medium with 1% GlutaMax, 100 ng/ml activin A and 2% FBS.
Differentiation was continued for another 2 days, and on day 5 total RNA was extracted for

RT-PCR, Figure 2.3 (13).
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2.2. Biochemical Methods

2.2.1. Immunofluorescence

Cells were plated on ibidi dishes (u-Dish, 35mm, 81156). For cell fixation, cells were washed
with PBS and a 3.7% paraformaldehyde solution (Sigma-Aldrich-P6148) was added for 15min
at room temperature. This was followed by a second wash with PBS and incubation with 50mM
NH4Cl (Sigma-Aldrich-A4514) (in PBS) for 15min. Then, incubation with Triton-X 0.1%
(ThermoFisher Scientific — 10254583) (in PBS) for 4min was performed to increase cell
membrane permeability. Subsequently, a wash with PBS and incubation with 10% FCS for
20min was performed to block the non-specific antigenic sites. The cells were then incubated
with the primary antibody in 10% FCS for 1 hour, Table 2. At the end of the incubation, three
5-minute washings with PBS were performed, shaking, in order to remove excess primary
antibody. Next, the secondary antibody diluted in 10% FCS was added to the ibidi dishes for 1
hour (Table 3). They were washed again with PBS thrice for 5minutes while shaking. Then, for
nuclear staining the cells were stained with Draq5 (Abcam, ab108410) at 5uM for 5 minutes.
Afterwards, they were washed once with PBS and they were observed using a LeicaSP5

Confocal Microscope equipped with Argon, HeNe, 561 lasers.

2.2.2. SDS-PAGE Electrophoresis and Western Blotting

Tissue culture cells were washed twice with PBS and lysed with lysis buffer as described in
section 3.1.2.1.. Samples were then sonicated (Branson Digital Sonifier), thrice for 10 seconds
at 13% amplitude and then boiled for 10 minutes. This was followed by centrifugation at
13.200rpm for 20 minutes and collection of the supernatant. Protein concentration of each
sample was determined using the BCA Protein Assay Kit and a photometer set at 562nm. After
processing these values with Microsoft Excel, the total protein content of each sample was
calculated, and so the suitable amount of each lysate was transferred to a 1.5ml tubes, with
sample buffer (SDS) 4x Laemmli (say what is inside the buffer) enriched with 0,025% [-
mercaptoethanol (Gibco, 21985). Subsequently, these cell extracts were electrophoresed on
8-12% SDS-polyacrylamide gels according to their molecular weight and transferred to
nitrocellulose membranes (Whatman). To check the efficiency of the protein transfer, the
nitrocellulose membrane was stained with 0.1% Ponceaus$ (Sigma Aldrich, P3504-100G) for 5

min and excess pigment was removed with Western Buffer 1x.
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After blocking for 20 minutes in 5% milk in Western buffer (10 mM Tris-HCI pH 7.2,

0.1% Tween-20, and 150mM NacCl) or in 5% Bovine Serum Albumin, BSA (A9647-10G) in

western buffer to block non-specific antigenic sites, membranes were incubated overnight at

4°C with the primary antibodies, Table 2. Subsequently, membranes were washed 3 times for

10min in western solution under agitation. Finally, the membranes were incubated with

secondary antibodies conjugated to Horse Radish Peroxidase (HRP) dissolved in 5 % skimmed

milk or IRDye Fluor antibodies in western solution for 1 hour at room temperature followed

by the same washes as above. For protein visualization membranes were incubated for 2

minutes with Amersham ECL Western Blotting Detection Reagent (Amersham, RPN2209) and

chemiluminescence was detected using the Azurec600 system. In the case of Fluor antibodies,

membranes were analyzed using the same Azurec600 system.

Antibody

a-actin

a-ARF6

a-Brachyury

a-hGAPDH

a-HSC70

a-Pax6

a-Tubulin

Peroxidase
AffiniPure a-
mouse HRP

Clone

JLA20

D12G6

Polyclonal

2G7-S

B-6

N-terminal
region, aa
1-223

E7

Polyclonal

Host species

Mouse

Rabbit

Goat

Mouse

Mouse

Mouse

Mouse

Goat

Company

DSHB, USA

Cell
Signalling,
USA

R&D
Systemes,
USA

DSHB, USA

Santa Cruz
Biotechnolo
gies

DSHB, USA

DSHB, USA

Jackson
Immunorese
arch
Laboratories
, USA

Catalogue
Number

AB_528068

#5740

AF2085

AB_2617426

SC-7298

AB_528427

AB_2315513

115-035-062

Working
Concentratio
n

30ng/ml

Used at
1:1000
dilution
200ng/ml

102pg/ml

200ng/ml

WB:
100ng/ml

IF: 200ng/ml
170ng/mL

100ng/mL
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Peroxidase- Polyclonal  Goat Jackson 111-035-144 100ng/mL

AffiniPure Immunorese
Goat a-Rabbit arch
(H+L) Laboratories
, USA
Peroxidase Polyclonal | Rabbit Sigma A8919 100ng/mL
Rabbit anti- Aldrich, USA
goat IgG
IRDye® Polyclonal  Goat LICOR, USA | 926-32210 200ng/ml
800CW anti-
mouse
IRDye® Polyclonal  Goat LICOR, USA | 926-32211 200ng/ml
800CW anti-
rabbit
IRDye® 680RD  Polyclonal  Goat LICOR, USA | 926-68071 200ng/ml
anti-rabbit
IRDye® 680RD  Polyclonal  Goat LICOR, USA | 926-68070 200ng/ml
anti-mouse
Alexa Fluor® Polyclonal = Donkey Jackson 715-585-151  2,5ug/ml
594 ImmunoRes
donkey a- earch
mouse

Table 2: Table lists of antibodies. The name of the antibodies used in this report, accompanied by information regarding
clone, species, company name, catalogue number and dilution factor.

2.3. RNA isolation and gRT-PCR
2.3.1. RNA extraction

For the extraction of RNA, cells were cultured in six-well tissue culture plates. When cells were
confluent as indicated, they were washed once with PBS (Pan-Biotech, P04-36500) and
incubated with 200ul of trypsin (ThermoFisher Scientific — 25200056) for 1min at 37°C.
Subsequently, they were dissociated and were collected with PBS containing 2% fetal bovine
serum (FBS; HyClone FCS). The cell suspension was then centrifuged at 1200rpm for 5 minutes,
the supernatant was discarded and the cell pellet was washed with PBS, and was again

centrifuged at 1200 rpm for 5 minutes. Finally, the cell pellet was collected and kept at -20°C.

Total cell RNA was isolated using the commercial kit NucleoSpin RNA (MACHEREY-
NAGEL GmbH & Co KG). The concentration of RNA in each sample was measured using a
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NanoDrop OneC (Thermo Fisher Scientific, Waltham, MA, USA) and in parallel its quality was
checked by the ratio of sample absorbance at 260 nm to the absorbance at 280 nm. Samples
for which the 260/280 ratio was between 1.8-2 were considered high purity and were further

analyzed.

2.3.2. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

The quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) method was
used to determine the expression of the genes studied- The gRT-PCR was performed using the
standard one-step QuantiTect SYBR Green RT-PCR Kit (Qiagen, 204243) and the AriaMx Real-
Time PCR machine (Agilent Technologies, G8830A). The PCR amplification reaction mix for
each sample consisted of 5ul SYBR Green PCR Master Mix, 4uM forward and reverse primers,
0,1pl of RT-mix and 1,4ul distilled water in a total volume of 10pl. Because of the small amount
of volumes needed for the PCR amplification reaction, a mastermix of SYBR Green PCR Master
Mix, distilled water and RT mix was first prepared for the total number of samples per reaction.
Then samples for the reaction were prepared using the appropriate pairs of primers (Table 2)
to a final concentration of 4uM. The reaction was performed in an AriaMx RealTime PCR
System, The data were analysed using AriaMx software and CT values were normalised against

GAPDH using the equation: 27-ACt. All primers were synthesized by MWG Eurofins.

Conditions of the qRT-PCR reaction
Reverse transcription 50°C for 20min
Activation of DNA polymerase 95°C for 15min
Double helix opening (denaturation) 95°C for 15sec
Annealing of primers 52-60°C for 20sec
Extension of the product 72°C for 30sec
45 cycles in total

Table 3: Protocol for gqRT-PCR
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Primer Description Primer Sequence Tm
GAPDH FW 5-GGTCGGAGTCAACGGATTTGGTCG-3’ 57°C
GAPDH RV 5’-CCTCCGACGCCTGCTTCACCAC-3’ 57°C
GATA6 FW 5’-ACGCCGCCTTCCCCCATCTCT-3’ 58°C
GATA6 RV 5’-CCCCAGGCGCCGAAGGTC-3’ 58°C
MIXL1 FW 5-GAACAGGCGTGCCAAGTCTCG-3’ 58°C
MIXL1 RV 5-TTCGGGCAGGCAGTTCACATCTAC-3’ 58°C
WNT3 FW 5-CTGGCGAAGGCTGGAAGTGG-3’ 55°C
WNT3 RV 5-CGGCCCGCCTCGTTGTTG-3’ 55°C
CDX2 FW 5’-CACGCAGCCCCGCAGACTACCATC-3’ 58°C

CDX2 RV 5’-CTTCCGCATCCACTCGCACAGG-3’ 58°C
SOX17 FW 5’-TCCCATGCACCCCCGACTC-3 55°C
SOX17 RV 5-TGCTGGTGCTGGTGCTGGTGTTG-3’ 55°C
GATA4 FW 5’-GTCGCCGCGCTTCTCCTTCC-3’ 57°C
GATA4 RV 5’-GCTCCGCCGCCACTGCTGT-3’ 57°C
FOXA2 FW 5’-CCCGCGACCCCAAGACCTACAG-3’ 57°C
FOXA2 RV 5-GAGCGAGTGGCGGATGGAGTTCT-3’ 57°C
GAPDH FW 5-GGTGTGAACCATGAGAAGTATGA-3’ 57°C
GAPDH RV 5-GAGTCCTTCCACGATACCAAAG-3’ 57°C

AFP2 FW 5’-ACACAAAAAGCCCACTCCAGCATC-3’ 55°C

AFP2 RV 5-GTCATAGCGAGCAGCCCAAAGAAG-3’ 55°C

Table 4: Table lists the name and sequence of primers used in this report, FW: Frward, RV: Reverse.
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2.3.3. Statistics

Data were analyzed with SPSS 22.0 (SPSS, Inc). Variables with continuous data were expressed
as means * standard deviation values. A normality test was performed to apply the T-test or
Mann-Whitney test for comparison between means of two conditions and ANOVA for
comparison of means between more than two conditions. In the case of multiple comparisons,
Bonferroni correction was applied to calculate the final statistical significance value p. For
qualitative variables, categorical data were assigned a value and the x? (chi-square) test was
applied. The values of statistical error P calculated in the two-sided (2-tailed) test were

considered statistically significant when they were less than 0.05.
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Chapter 3

3. Results

3.1. Induction of mesodermal and extra-embryonic markers in ARF6KO H1 cells by BMP4

3.1.1. ARF6 KO increases the expression of BRACHYURY upon induction with BMP4

Previous experiments in our lab, conducted by Dr. Angelos Papadopoulos (AP), demonstrated
that ARF6 is implicated in Activin A and BMP4 signalling in H1 cells. Expression of ARF6T157A,
the fast cycling mutant of ARF6, in H1 cells resulted in enhanced phosphorylation of SMAD2/3
and SMAD1/5/9 upon Activin A or BMP4 induction, respectively, compared to the induction in
H1 wt cells (data not shown). In agreement, CRISPR KO of ARF6 in H1 cells resulted in
decreased phosphorylation of SMAD2/3 and SMAD1/5/9 upon Activin A or BMP4 induction
(data not shown). As BMP4 induces mesoderm differentiation, AP investigated whether the
alteration of SMAD phosphorylation by ARF6 led to alterations during differentiation
downstream of BMP4 induction. This was achieved by addressing a time course of induction
of Brachyury downstream of BMP4 induction in the ARF6 and control H1 cell lines. He found
that indeed Brachyury induction was altered in the cell lines. In 2 independent clones
expressing ARF6T157A, Brachyury was induced by BMP4 but at lower levels than in the control
H1 cell line, Figure 3.1. In 3 independent ARF6 KO clones Brachyury was very strongly induced
by BMP4 at much higher levels than control H1 cells, Figure 3.2. The timing of Brachyury was

not altered in either case, Figure 3.1 and 3.2.
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Figure 3.1: Effect of ARF6 Activation on the Timing of BRACHYURY Expression upon Mesoderm Induction. (A) Two H1 stable

cell lines overexpressing the fast cycling form of ARF6 (ARF6T157A-GFP) were cultured to approximately 50% confluency.

Differentiation to mesoderm was initiated by substituting mTeSR1 with a medium containing Activin A (50ng/mL) and BMP4

(50ng/mL). After 48, 72 and 96 hours cells were lysed using 1% SDS, subjected to SDS-PAGE and immunoblotted with an a-

BRACHYURY antibody to investigate the effect of ARF6 activation in the expression levels of the mesodermal marker in a time

dependent manner. (B) Changes in the expression levels of BRACHYURY in the presence of the fast cycling ARF6 mutant were

assessed by densitometry using the Image Studio Lite software. Statistical significance was calculated in GraphPad Prism using

the non-parametric Mann-Whitney test (N=3) (The above experiments were performed by Dr. Angelos Papadopoulos).
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Figure 3.2: Effect of ARF6 Knock-out on the Timing of BRACHYURY Expression upon Mesoderm Induction. (A) Three H1 ARFEKO
cell lines were cultured to approximately 50% confluency. Differentiation to mesoderm was initiated by substituting mTeSR1
with a medium containing Activin A (50ng/mL) and BMP4 (50ng/mL). After 48, 72 and 96 hours cells were lysed using 1% SDS,
subjected to SDS-PAGE and immunoblotted with an a-BRACHYURY antibody to investigate the effect of ARF6 knock-out in the
expression levels of the mesodermal marker in a time dependent manner. (B) Changes in the expression levels of BRACHYURY
in the absence of ARF6 were assessed by densitometry using the Image Studio Lite software. Statistical significance was
calculated in GraphPad Prism using the non-parametric Mann- Whitney test (N=3) (The above experiments were performed

by Dr. Angelos Papadopoulos).
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To ensure that the system was working properly in our hands we repeated the above
experiment. We used the H1 ARF6 knock-out cell line (clone 5) and wild-type H1 wt cells
cultured in mTeSR™Plus medium until they reached approximately 50% confluence. Cells were
induced with BMP4 (50ng/mL) for 24 and 48 and 72 hours and lysates were analysed by
western blotting with the outcome of differentiation being scored based on the expression
levels of the early mesodermal marker BRACHYURY. The levels of BRACHYURY were
normalised to endogenous h-GAPDH Figure 3.3 (A) (see alsp Supplementary Fig. 1). The results
of the densitometry analysis demonstrated that BRACHYURY levels were increased in ARF6KO
cells compared to H1 wt cells at both 24 (from 7 to 27 arbitrary units) and 48 hours (from 100
to 163 arbitrary units) following induction by BMP4 Figure 3.3 (B). These results are in

agreement with those obtained by Dr Angelos Papadopoulos, Figure 3.2.
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Figure 3.3: Effect of ARF6 Knock-out on the Timing of BRACHYURY Expression upon Mesoderm Induction
A) H1 wt and H1 ARF6KO cells were cultured to approximately 50% confluency. Differentiation to mesoderm was initiated by
substituting mTeSR™Plus with mTeSR™Plus containing BMP4 (50ng/mL). After 24 and 48 hours cells were lysed using 1%
SDS, subjected to SDS-PAGE and immunoblotted with an a-BRACHYURY antibody to investigate the effect of ARF6 knock-out
in the expression levels of the mesodermal marker in a time dependent manner. (B) Changes in the expression levels of

BRACHYURY in the absence of the ARF6 were assessed by densitometry using the QuantityOne software. STDEV was

calculated in excel using two independent experiments (N=2).
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3.1.2. Mesodermal/ mesendodermal/ extra-embryonic endodermal/ extra-embryonic

ectodermal markers are all increased in ARF6 KO hESCs upon induction with BMP4

Having shown, in agreement with the results of AP, that ARF6 KO increases the expression of
BRACHYURY when compared to H1 wt cells upon induction with BMP4, we set out to
investigate if this is specific for BRACHYURY or is rather a general effect on all BMP induced
genes. To achieve this, H1 WT and H1 ARF6 KO cells were cultured in six-well plates and
stimulated when 50% confluent with BMP4 (50ng/ml). RNA was extracted following induction
with BMP4 at days 1, 2, 4 and 7 and used to check the levels of expression of several transcripts
associated with differentiation (14). The transcripts tested can be categorised into three
groups; the first group consists of PS and mesodermal genes (Mixl1, Wnt3 and GSC) and there
was observed an upregulation of all genes in the ARF6 KO cell line, Figure 3.4.A. The second
group contains Extraembryonic Endodermal transcripts (Gata6, Afp2), Figure 3.4.B and the
third group consists of CDX2, a TE transcript, Figure 3.4.C. In H1 wt cells BMP4 induced the
expression of the above transcripts in agreement with previous publications which suggest
that BMP4 can induce both mesodermal and extra-embryonic markers in hESCs (11,14). In
addition, we clearly show that BMP4 induction leads to an enhanced induction in the
expression of the above transcripts in ARF6 KO compared to H1 wt cells, Figure 3.4. Therefore,
we conclude that ARF6 KO increases the expression of BRACHYURY upon induction with BMP4
compared to H1 wt cells, and this is not specific for BRACHYURY but instead seems to be a

general effect downstream of BMP4.
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Figure 3.4: Effect of ARF6 Knock-out on mesodermal/ mesendodermal/ extra-embryonic endodermal/ extra-embryonic
ectodermal markers upon induction with BMP4. HIWT cells and ARF6 KO cells were cells were cultured in six-well tissue
culture plates with mTeSR™Plus to approximately 50% confluency. Then, they were induced with mTeSR™Plus containing
BMP4 (50ng/ml) for 7 days. RNA was extracted and qRT-PCRs were performed in an AriaMx Real-Time PCR System. Data were

analysed using AriaMx software and CT values were normalized against GAPDH (N=2).
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3.2.  ARF6 KO increases the expression of PAX6 neuroectodermal marker

In the above section we showed that ARF6 KO leads to an enhanced expression of BMP4
regulated transcripts compared to H1 wt cells. In order to address whether this effect was
specific for BMP4, we differentiated ARF6 KO cells and H1 wt cells to neuroectoderm and

analysed their response by visualising the level of PAX6, a classic neuroectodermal marker.

To differentiate the PSCs to neuroectoderm, we followed a published protocol which
first generates embryoid bodies (EBs) and then on day 7 attaches the bodies to laminin coated
dishes (for protocol see Figure 3.5.A. Both H1 wt and Arf6 KO cells formed EBs, however in the
case of ARF6KO we noticed less and a little bit smaller embryoid bodies Figure 3.5.B. Following
attachment of the EBs to laminin coated wells, the EBs differentiate to a population of
neuroepithelial cells at day 10 which can be visualised by expression of neuroectoderm
transcription factor PAX6 (176). We carried out confocal microscopy to detect PAX6 at day 10.
As can be seen Pax6 is expressed and seemed similar in H1 wt and ARF6 KO, Figure 3.6.B —
however it was difficult to quantitate efficiently the percentages of positive cells expressing
the neuroectodermal marker PAX6, therefore we carried out western blot analysis to
quantitate PAX6 levels, as shown in Figure 3.7. We then addressed whether the differentiation

pattern was altered in the ARF6 KO cells.
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Figure 3.6: Expression of neuroectodermal marker PAX6 in Wild type H1 cells and and H1 ARF6 KO cells. The H1 Wild type cells
(B) and the H1 ARF6 Knock-out cells (C) were cultured to approximately 80% confluency in six-well tissue culture plates coated
with matrigel and mTeSR™Plus medium. Briefly, H1 colonies were detached with 1 mg/ml dispase and dissociated into small
clumps. Neuroectodermal differentiation was initiated by growing the H1 clumps in suspension in non-adherent plates with
the ESC growth medium consisting of Dulbecco’s modified eagles medium (DMEM/F12), 20% Knockout replacement serum
(KOSR), 0.1mM Non-Essential aminoacids, 2mM glutamine and 100uM B-mercaptoethanol to form embryoid bodies for 4
days. On day 4 of differentiation, the embryoid bodies were transferred to a serum-free minimal (SFM) medium consisting of
DMEM/F12, 0.1mM Non Essential Aminoacids and 2 pg/ml heparin, and grown in suspension. After 3 days in suspension, on
day 7, they were attached to laminin-coated ibidi dishes for immunostaining. On day-10 cells were harvested and fixed with
PFA 3,7% and immunostained with primary antibody against PAX6 and Alexa Fluor® 594, TRITC labelled secondary antibody.
PAX6 positive cells are shown in red panel, nuclei staining with Draq5 is shown in blue panel. Merge is presented in purple
panel. All Images were obtained using a Leica SP8 Confocal Microscope and a 40X/1.30 NA objective. Scale bar size is 20um.
Images are maximum projections (N=3).

The levels of PAX6 were normalised to actin Figure 3.7.A. In control H1 cells upon
differentiation to neuroectoderm, PAX6 expression was induced 1,96-fold, when in ARF6 KO
cells the induction upon differentiation was 4,2-fold, Figure 3.7.B. At the end of differentiation
to neuroectoderm, at day 10 comparing the ARF6 KO cells with the H1 wt cells were induced
2,14-fold. Therefore, the ARF6 KO leads to an enhanced expression of the characteristic

neuroectodermal marker, PAX6 compared to H1 wt cells.
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Figure 3.7: Effect of ARF6 Knock-out on the PAX6 expression upon neuroectodermal induction. H1 ARF6KO cells and H1 WT
cells undifferentiated (day 0) and differentiated at day 10 were lysed using 1% SDS, subjected to SDS-PAGE and
immunoblotted with an a-PAX6 antibody to investigate the effect of ARF6 knock-out in the expression levels of the
neuroectodermal marker. (B) Changes in the expression levels of PAX6 in the absence of the ARF6 were assessed by
densitometry using the QuantityOne software. Statistical significance was calculated in GraphPad Prism using the non-
parametric One-Sample Test (N=3)
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3.2.1. ARF6 FC has no effect on the expression of PAX6 neuroectodermal marker

In section 4.2. we demonstrated that ARF6 KO cell line increased the expression of PAX6
neuroectodermal marker under a chemically defined protocol of differentiation for 10 days
compared to H1 wt cells. We further investigated the role of ARF6 in neuroectodermal

differentiation using the fast cycling ARF6T157A and GFP control lines.

Confocal microscopy revealed PAX6 positive cells in both cell lines, indicative of
neuroectodermal differentiation Figure 3.9. We also carried out western blot analysis of PAX6
expression levels normalized to actin to allow quantitation of the differentiation, as shown in

Figure 3.8.
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Figure 3.8: Effect of ARF6 Activation on the PAX6 expression upon neuroectodermal induction. A) H1 ARF6 FC cells (ARF6T157A-
GFP) and H1 GFP control cells undifferentiated (day 0) and differentiated at day 10 were lysed using 1% SDS, subjected to SDS-
PAGE and immunoblotted with an a-PAX6 antibody to investigate the effect of ARF6 fast cycling on the expression levels of
the neuroectodermal marker. (B) Changes in the expression levels of PAX6 in the activated form of the ARF6 were assessed
by densitometry using the QuantityOne software. STDV was calculated in excel using two independent experiments (N=2).

Densitometry demonstrated that PAX6 expression was induced 10,7 -fold in the GFP
control cell line and 19 -fold in ARF6T157A cell line. Figure 3.8 (B).
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Figure 3.9: Expression of neuroectodermal marker PAX6 in GFP control cells and H1-ARF6T157A-GFP cells. The H1 stable cell
line overexpressing GFP (A) and H1 stable cell line overexpressing the fast cycling form of ARF6 (ARF6T157A-GFP) (B) were
cultured to approximately 80% confluency in six-well tissue culture plates coated with 69ormalizand mTeSR™Plus medium.
Briefly, H1 colonies were detached with 1 mg/ml dispase and dissociated into small clumps. Neuroectodermal differentiation
was initiated by growing the H1 clumps in suspension in non-adherent plates with the ESC growth medium consisting of
Dulbecco’s modified eagles medium (DMEM/F12), 20% Knockout replacement serum (KOSR), 0.1mM Non-Essential
Aminoacids, 2mM glutamine and 100uM B-mercapthoethanol to form embryoid bodies for 4 days. On day 4 of
differentiation, the embryoid bodies were transferred to a serum-free minimal (SFM) medium consisting of DMEM/F12,
0.1mM Non Essential Aminoacids and 2 pg/ml heparin, and grown in suspension. After 3 days in suspension, on day 7, they
were attached to laminin-coated ibidi dishes for immunostaining. On day-10 cells were harvested and fixed with PFA 3,7%
and immunostained with primary antibody against PAX6 and Alexa Fluor® 594, TRITCH labelled secondary antibody. GFP
positive cells are shown in green panel. PAX6 positive cells are shown in red panel, nuclei staining with Drag5 is shown in
blue panel. Merge is presented in purple panel. All Images were obtained using a Leica SP8 Confocal Microscope and a
40X/1.30 NA objective. Scale bar size is 20um. Images ae maximum projections (N=3).

In conclusion, activation of ARF6 using the ARF6T157A mutant, results in PAX6
expression upon neuroectodermal differentiation. The fold induction of PAX6 in the
ARF6T157A mutant cell line was not statistically significantly different to that in GFP control
H1 cell line. Therefore, ARF6T157A expression does not seem to affect the expression of PAX6

upon neuroectodermal differentiation. This experiment needs to repeat.

3.3. Endoderm differentiation is inhibited by ARF6

Previous experiments from our lab, conducted by Dr. Angelos Papadopoulos demonstrated
that ARF6 KO reduced the activin A mediated SMAD2/3 phosphorylation in H1 cells. In order
to address the impact of the phosphorylation of the R-SMADs in the absence of the GTPase,
he used three independent H1 ARF6 knock-out clones, along with wild-type H1 control cells.
Subsequently, the cells were serum starved for 4hrs in plain medium and induced with Activin
A (50ng/mL) for 40min. The cell lysates were then analysed by western blotting using
antibodies recognising the phosphorylated forms of SMAD2 and SMAD3 proteins. The total
levels of SMAD2 and SMAD3 proteins remained the same after induction as revealed by
probing with an antibody against total SMAD2/3. ACTIN served as a loading control Figure 3.10
(A).

Densitometry analysis revealed that SMAD2 phosphorylation was reduced by 1.85-fold
in ARF6KO clone 2, 1.4-fold in ARF6KO clone 5 and 1.2-fold in ARF6KO clone 6 Figure 3.10 (B).
In addition, SMAD3 phosphorylation was also reduced in all the clones by 3.5-fold, 3.1-fold and
3.4-fold, respectively Figure 3.10 (C).
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Taken together, these results indicate that knock-out of ARF6 in hES cells results in

reduced phosphorylation levels of SMAD2 and SMAD3 upon activation with activin A.

A H1 ARF6KO CLONES
H1WT 2 5 6
Activin A - + - + - + - +
a-Phospho-SMAD2
a-Phospho-SMAD3 P :
|55 | - 50kd
a-Total SMAD2/3 —— —
_ ==
Q-ARFE [ —— o - 20kd
- - 50kd
a-ACTIN —
B SMAD2 Phosphorylation Levels C SMAD3 Phosphorylation Levels
300 1 500 -
@ 250 1 N o 4004
= | 2
2 200 *kkk iy 5 300 1
£ 150 2
.‘E b 200 - dekkk
e 100 _é dkkk Fkkx
B 50 < 100
0- 0-
Activin A - + - + - + - + Activin A - + - + - + - +
H1WT 2 5 6 H1WT 2 5 6
H1 ARF6KO CLONES H1 ARF6KO CLONES

Figure 3.10: ARF6 KO reduces the activin A mediated SMAD2/3 phosphorylation in H1 cells. (A) Three H1 ARF6KO cell lines
were cultured to approximately 50% confluency and subjected to 2hrs of growth factor starvation in minimal medium
followed by induction with 50ng/ml Activin A. Cells were lysed using 1% SDS, subjected to SDS-PAGE and immunoblotted with
a-pSMAD2 and a-pSMAD3 antibodies to check the effect of ARF6 knock-out in the Activin A mediated SMAD2/3
phosphorylation. Wild type H1 cells were used as a control. Changes in the phosphorylation levels of (B) SMAD2 and (C)
SMAD3 in the absence of ARF6 were assessed by densitometry using the Image Studio Lite software. Statistical significance
was calculated in GraphPad Prism using the non-parametric Mann-Whitney test (N=6) (The above experiments were

performed by Dr. Angelos Papadopoulos).

Taking into consideration that ARF6 is implicated in the activin A induced
phosphorylation of SMAD2/3 in H1 cells, that activin A is important for endoderm induction
and the fact that the ablation of ARF6 is detrimental during liver formation in mice, we

addressed the role of ARF6 during endoderm differentiation.

We set out to investigate if there is an effect in the absence of ARF6 during differentiation to
definitive endoderm. To achieve this, H1 WT and H1 ARF6 KO cells were cultured in six-well

plates and when 80% confluent were placed in RPMI medium containing 1% Glutamax, 0.5%
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FBS, supplemented with Activin A (100ng/ml). Three days postinduction, the medium was
refreshed using the same RPMI-based medium with 1% GlutaMax, 100 ng/ml activin A and 2%
FBS. RNA was extracted following induction with Activin at days 5 and used to check the levels
of expression of two characteristic endodermal markers, SOX17 and FOXA2. In H1 WT cells
differentiated towards definitive endoderm, the characteristic endodermal markers, SOX17
and FOXA2 were induced, compared to undifferentiated pluripotent H1 WT and H1 ARF6 KO
cells, as expected, Figure 3.11. However, in ARF6 KO cells, the levels of SOX17 and FOXA2
induced using the endodermal differentiation protocol were much lower than in the H1 wt cell
line. The reduction in both SOX17 and FOXA2 markers is between 60 and 70%. We would now
like to address whether the cell number or expression per cell is affected. In addition, this
result will also be tested with other markers of endoderm induction, will be addressed in the
ARF6 fast cycling hESC line. Due to the fact that endodermal markers are reduced we would
also like to address whether downstream differentiation to hepatocytes is altered, as one
might expect. In conclusion, our results suggest that ARF6 is required for expression of SOX17

and FOXA2 endodermal markers.
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Figure 3.11: ARF6 KO decreases the expression of SOX17 and FOXA2 endodermal markers. H1 WT cells and ARF6 KO cells were
cultured in six- well tissue culture plates with mTeSR™Plus to approximately 80% confluency. mTeSRbPlus was replaced with
RPMI 1640 medium containing 1% GlutaMax, 0.5% defined FBS supplemented with activin A (100ng/ml). 3 days later, the
medium was replaced with RPMI 1640 medium with 1% GlutaMax, 100ng/ml Activin A and 2% FBS. On day 5 of differentiation,
RNA was extracted and qRT-PCRs for the characteristic endodermal markers SOX17 (A) and FOXA2 (B) were performed in an
AriaMx Real-Time PCR System. Data were analysed using AriaMx software and CT values were normalized against GAPDH

(N=3).
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Chapter 4

Discussion

Previous unpublished results from our lab (by Dr Angelos Papadopoulos) have established that
ARF6 is directly implicated in TGF- f and Activin A signalling. hESCs were generated either
expressing a fast-cycling mutant of ARF6 or CRISPR-KO lines lacking the ARF6 protein. Using
these 2 cell lines the experiments of AP led to the following conclusions: (1) Activin A or BMP4
induction in the presence of fast-cycling ARF6 leads to increased SMAD2/3 and SMAD1/5/9
phosphorylation, respectively. (2) Activin A or BMP4 induction in the absence of ARF6 leads to
decreased SMAD2/3 and SMAD1/5/9 phosphorylation, respectively. (3) BRACHYURY
expression is decreased during mesoderm formation in the presence of fast-cycling ARF6. (4)
BRACHYURY expression is increased during mesoderm formation in the absence of ARF6, more
cells are Brachyury positive suggesting an increased number of differentiating cells rather than

enhanced expression per cell. (5) Activin A or BMP4 induction leads to ARF6 inactivation.
Mesodermal induction in ARF6 KO hESCs

The above findings opened many questions which we have addressed in the work presented
in this Master’s Thesis. The first question we asked was whether the effect of ARF6 was specific
for Brachyury in mesoderm differentiation or indeed could ARF6 affect other markers of this
differentiation lineage. Short-term BMP4 treatment is known to induce mesodermal
progenitors in hESCs (195) including WNT3 and MIXL1. Therefore, we monitored the
expression of both genes in hESCs with and without ARF6 following BMP4 induction. The
expression levels of both WNT3 and MIXL1 were increased in ARF6 KO hESCs following BMP4
induction. This is similar to our observations in the case of Brachyury, therefore we conclude
that ARF6KO cells have enhanced expression of mesodermal markers following BMP4
induction. As the mesodermal markers tested are induced by BMP4, and BMP4 signals through
SMAD1/5/9, we had expected that the phosphorylation level of SMAD1/5/9 in ARF6KO cells
would be enhanced compared to control hESCs, but this is not the case. Therefore, the

mechanism involved remains under investigation and may involve WNT signalling.
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BMP4 induction in hESCs is known to induce mesoderm, as stated above. However,
mesendodermal cells have not been found (195). Mesendoderm is a rare population of cells
present in the embryo only at gastrulation. This bipotent population gives rise to the
mesoderm and the definitive endoderm and all mature cell types derived from these germ
layers. GSC is a marker of mesendoderm and endoderm and is normally not induced by BMP4,
however, ARF6 KO hESCs express GSC following BMP4 induction, while hESCs containing ARF6
do not. This finding will now be further investigated in the case of FOXA2, a marker of
mesendoderm and endoderm, also not normally induced by BMP4. This indicates that in ARF6
KO cells BMP4 may be able to induce mesendoderm, however this finding needs to be

supported by other lineage markers.

BMP4 induction for longer time periods induces the expression of extra-embryonic
genes. These are characterised by CDX2, an early trophoectoderm marker (extra embryonic
ectoderm) and early extra-embryonic endoderm marker GATA6. In addition, the expression
of trophoblast markers hCG alpha and beta or the late extra-embryonic endoderm marker
AFP2 were also induced at later time points. In the absence of ARF6 CDX2, GATA6 and AFP2
were all induced and their induction by BMP4 was strongly enhanced compared to hESCs

harbouring ARF6.

Taking all the above results together, we can conclude that ARF6 KO hESCs respond to
BMP4 induction and show an increased expression of mesodermal and extra-embryonic gene
expression markers. Additionally, there may also be induction of mesendodermal gene
expression (GSC), not normally seen following BMP4 induction under the experimental

conditions used.

Ectodermal induction in ARF6 KO hESCs

We next asked whether the enhanced gene expression, in ARF6 KO hESCs, we witnessed in
mesoderm induction was also present in other lineages, or was specific for mesoderm
following BMP4 induction. Therefore, we differentiated ARF6 KO, ARF6 fast cycling and control
hESCs to neuroectoderm and investigated the expression of PAX6, a neuroectodermal marker.
From our results, we conclude that ARF6 KO enhances the induction of PAX6, by western blot

analyses, and in agreement with our findings in mesodermal differentiation, it seems that
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ARF6KO also results in enhanced differentiation to the ectodermal lineage. We are currently
investigating whether more cells are PAX6 positive in ARF6KO hESCs or whether the expression
of PAX6 per cell is enhanced. The effect of ARF6 fast cycling mutant in this system had no
effect, we expected it to have the opposite effect to that of the ARF6KO line, as in the case of
mesoderm induction. The reason we used the fast cycling ARF6 mutant and ARF6KO in all
experiments was really to have an internal control for specificity. ARF6 was knocked out by
CRISPR and one worries about off target effects. To control for that one can rescue the
phenotype in the ARF6KO line by transfecting in ARF6 or generate an activated ARF6 cell line
where the results can be validated (opposite effect). We chose the second option, reasoning
that it would be difficult to obtain a rescued line with the same level of ARF6 as the
endogenous. Therefore, in the case of ectodermal differentiation we will also repeat the

experiment in a second independent ARF6KO hESC line.

Endoderm induction in ARF6 KO hESCs

Finally, we also addressed the role of ARF6 in differentiation to definite endoderm following a
protocol requiring high levels of activin A (13). This differentiation protocol first yields definite
endoderm which can then be further differentiated to hepatocytes or other endodermal
derivatives. In contrast to the effect of ARF6KO in mesoderm and ectoderm, in the endodermal
lineage ARF6KO proved inhibitory. The ARF6KO hESCs did not induce expression of SOX17 and
FOXA2 endodermal markers to the level seen in hESCs harbouring ARF6 which showed robust
induction, as expected (13). For endodermal differentiation, activin/Nodal signalling induces
EOMES expression, which in turn cooperates directly with SMAD2/3 during in vitro DE
differentiation in hESCs (196). Inhibition of Activin/Nodal signalling using an ALK4 inhibitor,
SB431542, which in turn blocks SMAD2/3 phosphorylation, abolishes the expression of
endodermal markers (196). We tested whether ARF6KO hESCs also causes decreased
SMAD2/3 phosphorylation following activin A induction and indeed we found significant
reduction in the level of pSMAD2/3. Therefore, it is possible that the reduced endodermal
differentiation we observe is due to decreased activin A signalling in ARF6KO hESCs. We are
currently investigating at which level ARF6 inhibits SMAD2/3 phosphorylation following activin

A induction by addressing ligand uptake and receptor trafficking. Future plans include further
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differentiation of the definite endodermal cells to hepatocytes to investigate the phenotype

of the resulting cells.

Recently, Stepicheva and coworkers addressed the role of ARF6 during sea urchin
morphogenesis. Among the defects observed perturbations in endodermal structures were
observed, however endodermal specification was unaltered and the authors concluded that
Arf6é may alter cadherin levels at the plasma membrane of endodermal cells that potentially
impacts gastrulation and the morphology of the embryonic gut (197). Thus, it is likely that Arf6
impacts cells that undergo coordinated movement to form embryonic structures in the
developing embryo. Their results differ from ours in that we do indeed see downregulation of
endodermal markers in the absence of ARF6. It is difficult however to compare both systems.
In vivo the differentiation to endoderm cannot be fully recapitulated in vitro —the in vitro hESC
system allows one to address the induction of endodermal gene expression under controlled
growth conditions, it does not take into consideration all the factors that come into play in the
in vivo environment. Nevertheless, our results are exciting in the light of the findings that KO
of ARF6 in mice is embryonic lethal and the results suggest that ARF6 is essential for liver
development (7). In agreement, our results suggest that the early stages of endodermal
differentiation are inhibited in the absence of ARF6 and our model can serve as a platform to
address the molecular mechanisms involved. In addition, if definite endoderm specification is
inhibited one might expect problems in other endodermal tissues including lung, pancreas,
thyroid, and intestines. Suzuki and coworkers did not report alterations but it is likely that

there are also changes in these cell types in the KO mice.

The mechanism of action of ARF6 in the 3 lineages, mesoderm, ectoderm and
endoderm, is unlikely to be the same. ARF6 is involved in many processes but those likely to
play a role in early differentiation are (1) growth factor receptor endocytosis and signalling
output, including activin A and BMP and down stream pSMAD2/3 and 1/5/9 respectively (2)
wnt signalling and/or (3) actin cytoskeletal effects. Regarding receptor endocytosis, ARF6 is
known to play a role in the clathrin dependent and independent endocytosis, however
trafficking pathways in pluripotent and differentiating cells differ from those in the mature
differentiated cell types (198) and ARF6 has not been addressed under these conditions. In

the case of WNT signalling, ARF6 has been shown to play a key role in differentiated cells
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affecting E-cadherin recycling and altering adherens junctions as well as B-catenin abundance
downstream of the Wnt signalling pathway (199,200). We have compared E-Cadherin levels in
the ARF6KO hESCs and control hESCs and there is no difference in total E-cadherin, also the
protein distribution on the plasma membrane seems comparable between both lines.
However, we need to carefully address the E-cadherin distribution and downstream WNT

signalling upon differentiation.

In conclusion, our results underline a key role for ARF6 in endoderm formation,
perhaps related to the lower levels of pPSMAD2/3 following activin A induction. In addition,
ARF6 may control the level of mesoderm and ectodermal patterning programs, in both cases
ARF6KO resulted in increased differentiation to both lineages. The mechanism behind this is

currently under investigation.
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Supplementary Figures

. ARF6 KO increases the expression of BRACHYURY upon induction with BMP4
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Supplementary Figure 1: Effect of ARF6 Knock-out on the Timing of BRACHYURY Expression upon Mesoderm Induction A) H1
wt and H1 ARF6KO cells were cultured to approximately 50% confluency. Differentiation to mesoderm was initiated by
substituting mTeSR™Plus with mTeSR™Plus containing BMP4 (50ng/mL). After 24, 48 and 96 hours cells were lysed using 1%
SDS, subjected to SDS-PAGE and immunoblotted with an a-BRACHYURY antibody to investigate the effect of ARF6 knock-out
in the expression levels of the mesodermal marker in a time dependent manner. (B) Changes in the expression levels of
BRACHYURY in the absence of the ARF6 were assessed by densitometry using the QuantityOne software (N=2).

It is known that in the presence of bFGF and FGF2 NANOG expression increases post
induction and then by 48 hrs is decreased, in the ARF6KO cells we see enhanced induction of

NANOG at 24 hrs which is in agreement with also enhanced induction of Brachyury (201).

101



A. wT ARF6KO
Time 1 24 48 96 H1 24 48 9
(hours)
BMP4 - + + + - + + +
48kDa
a-Brachyury . -~ — 47kDa
a-Nanog - - —— 42kDa
a-p38 S - — % s — 38kDa
B. NANOG Levels
EWT [DOARF6 KO
500
400 ]
4]
S 300
3
:‘é 200
<
100 ’_‘
0 — | . —I:l
BMP4 - day1 day 2 day4

Supplementary Figure 2: Effect of ARF6 Knock-out on the Timing of NANOG Expression upon Mesoderm Induction A) H1 wt
and H1 ARF6KO cells were cultured to approximately 50% confluency. Differentiation to mesoderm was initiated by
substituting mTeSR™Plus with mTeSR™Plus containing BMP4 (50ng/mL). After 24, 48 and 96 hours cells were lysed using 1%
SDS, subjected to SDS-PAGE and immunoblotted with an a-NANOG antibody to investigate the effect of ARF6 knock-out in
the expression levels of the marker of pluripoency in a time dependent manner. (B) Changes in the expression levels of NANOG
in the absence of the ARF6 were assessed by densitometry using the QuantityOne software (N=1).
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ARF6 KO increases the expression of PAX6 neuroectodermal marker
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Supplementary Figure 3: Effect of ARF6 Knock-out on

the PAX6 expression upon neuroectodermal induction.
H1 ARF6KO cells and H1 WT cells undifferentiated (day
0) and differentiated at day 10 were lysed using 1%
SDS, subjected to SDS-PAGE and immunoblotted with
an a-PAX6 antibody to investigate the effect of ARF6
knock-out in the expression levels of the
neuroectodermal marker. (B) Changes in the
expression levels of PAX6 in the absence of the ARF6
were assessed by densitometry using the QuantityOne
software. (N=3).

Supplementary Figure 4: Effect of ARF6 Knock-out on
the PAX6 expression upon neuroectodermal induction.
A) H1 ARF6KO cells and H1 WT cells undifferentiated
(day 0) and differentiated at day 10 were lysed using
1% SDS, subjected to SDS-PAGE and immunoblotted
with an a-PAX6 antibody to investigate the effect of
ARF6 knock-out in the expression levels of the
neuroectodermal marker. (B) Changes in the
expression levels of PAX6 in the absence of the ARF6
were assessed by densitometry using the QuantityOne
software. (N=3).
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Ill.  ARF6 FC has no effect on the expression of PAX6 neuroectodermal marker
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Supplementary Figure 5: Effect of ARF6 Activation on the PAX6 expression upon ectodermal induction. A) H1 ARF6 FC cells
(ARF6T157A-GFP) and H1 GFP control cells undifferentiated (day 0) and differentiated at day 10 were lysed using 1% SDS,
subjected to SDS-PAGE and immunoblotted with an a-PAX6 antibody to investigate the effect of ARF6 fast cycling onn the
expression levels of the neuroectodermal marker. (B) Changes in the expression levels of PAX6 in the activated form of the

ARF6 were assessed by densitometry using the QuantityOne software. (N=2).
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