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Abstract

Current advances in embryonic stem cell (ESC) research has successfully isolated two
states of pluripotency: naive and prime. Naive pluripotency is considered as the ground state of
pluripotency and is widely used as a tool for generating specific cell types for clinical and
research applications. However, current protocols for ESC differentiation (eg. embroid bodies)
are limiting due to their efficiency. Here we describe a 3D extracellular matrix culture model for
differentiating naive ESCs into primitive ectoderm (PEct) like cells by culturing singularized
naive ESCs without 2i+Lif in 6% Matrigel suspension. 3D ESC colonies self-organize into a
rosette by 48h and a monolayer cyst by 72h with luminal apical domain, similar to
developmental epiblast reorganization in E4.5-5-5 embryos. gqRT-gPCR analysis showed ESC in
3D culture exit naive pluripotency with downregulated Rex1 and Fgf4. PEct markers including
Otx2, Fgf5, Oct6, Dnmt3b, and 1d3 were upregulated, but TGF-p factors Nodal and Cripto were
not suggesting ESC in 3D culture have not entered primed pluripotency but adopt a PEct-like
state. Inhibiting FGFR+MEK but not Integrin+FAK blocked naive exit and prevented cell
polarization suggesting FGF/ERK but not FAK/ERK is critical for cyst formation. Fgf4de!/del
ESCs were similarly not able to exit naive pluripotency and showed weak polarization by 72h,
suggesting auto- and paracrine FGF4 is critical for naive exit. Although FGF/ERK signaling is
necessary for naive exit, it is not clear how ECM-integrin interactions influence cyst
development and cell polarization. To test this Fgf4""" Fgf4"Vdl and Fgf4% ESC without
2i+Lif were plated on gelatin, collagen, fibronectin, laminin, or Matrigel coated glass-bottom
dishes. WT-ESCs cultured on fibronectin after 72h showed the highest levels of PARD6B and
aPKC enrichment, whereas gelatin and collagen showed the weakest, indicating fibronectin is a

major ECM stimulant for ESC polarization upon 2i+Lif removal. These results demonstrate ESC



in 3D culture directs differentiation into PEct-like fate which is important for understanding ESC

differentiation and for clinical applications.



Resumé

Les avancees actuelles dans la recherche sur les cellules souches embryonnaires (ESC) a
isolé avec succes deux états de pluripotence: naif et prime. La pluripotence naive est considérée
comme I'état fondamental de la pluripotence et est largement utilisé comme un outil pour générer
des types de cellules spécifiques pour les applications cliniques et de recherche. Cependant, les
protocoles actuels pour la différenciation ESC (par exemple, les corps embryoides) sont
limitatifs en raison de leur efficacité. Nous décrivons ici un modéle de culture de matrice
extracellulaire 3D pour différencier les ECN naifs en cellules ectodermiques (PEct) primitives en
cultivant des CES naifs singulariseés sans 2i + Lif dans 6% de suspension Matrigel. Les colonies
3D ESC s‘auto-organisent en une rosette a 48h et un kyste monocouche de 72 heures avec un
domaine apical luminal, Semblable a la réorganisation de I'épiblast du développement dans les
embryons E4.5-5-5. L'analyse de qRT-gPCR a montré que I'ESC était dans la culture 3D de la
pluripotence naive avec Rex1 et Fgf4 a régulation négative. Les marqueurs PEct incluant Otx2,
Fgf5, Oct6, Dnmt3b et 1d3 ont été régulés a la hausse, mais les facteurs TGF-p Nodal et Cripto
ne suggéraient pas que I'ESC en culture 3D n‘ait pas entré dans la pluripotence amorcée, mais
adopte un état de type PEct. L'inhibition de FGFR + MEK, mais pas la sortie naive d'Integrin +
FAK, empéchait la polarisation cellulaire suggérant FGF / ERK mais pas FAK/ERK est critique
pour la formation de kyste. Fgf4%dl ESC n'étaient méme pas en mesure de sortir de la
pluripotence naive et affiché une polarisation faible de 72h, ce qui suggére que le FGF4
automatique et paracrine est essentiel pour la sortie naive. Bien que la signalisation FGF/ERK
soit nécessaire pour une sortie naive, il n'est pas clair comment les interactions ECM-intégrine
influencent le développement des kystes et la polarisation des cellules. Pour tester ce Fgf4"/",

Fgf4"Veel gt Fgf4deldel ESC sans 2i + Lif ont été plaqués sur des verres en verre a base de gélatine,



de collagéne, de fibronectine, de laminine ou de Matrigel. Les WT-ESC cultivés sur la
fibronectine aprés 72h ont montré les niveaux les plus élevés d'enrichissement PARD6B et
aPKC, tandis que la gélatine et le collagéne ont montré le plus faible, indiquant que la
fibronectine est un stimulant ECM majeur pour la polarisation ESC lors d'une élimination 2i +
Lif. Ces résultats démontrent que I'ESC dans la culture 3D oriente la différenciation en un destin
de type PEct qui est important pour comprendre la différenciation ESC et pour les applications

clinigues.



Acknowledgments

I would like to thank Dr. Yojiro Yamanaka for his mentoring and commitment to this research as
my supervisor, as well as the editing of this thesis. | would like to acknowledge Dr. Luke
McAffrey and Dr. Aimee Ryan for their thoughtful input, mentoring, and critique of my research
as well as being members of my committee. |1 would like to thank the Canadian Institutes of
Health Research (CIHR), the McGill Faculty of Medicine (Dr. Arthur H. Judson Fellowship),
and the National Sciences and Engineering Research Council of Canada (NSERC) for their
generous funding in this project. I would like to thank the Department of Human Genetics for

tuition aid and excellence awards in my pursuit of scientific training and career development.

Preface and Contribution of Authors

I would like to thank Nobuko Honma-Yamanaka for her generous aid in the maintenance of lab
mice and preparation of mice mating necessary for in-house ESC establishment, as well as
previous establishment of Fgf4 knockout mice. | would like to thank Deepak Saini for his skilled
work in injecting my sgRNA into E0.5 zygotes for establishing our Grb2 mutant line. | would
like to thank Navid Nekain for his help in maintaining ESC lines used in this research as well as
helping establish our Grb2 mutant line. 1 would like to thank Dayana Krawchuck for her

previous work in establishing a wt B6 ESC line which was used in this research.



Introduction
Early Mouse Embryo Development

Current advances in ESC research has successfully isolated two states of pluripotency: naive
and prime. Naive pluripotency is considered as the ground state of pluripotency with its
developmental analog most similar to the epiblast of E4.5 mouse embryos *. Primed pluripotency
is a differentiated cell type to naive and is most developmentally similar to the anterior primitive
streak (PS) of E6.5 mouse embryos 2. Compared to naive, primed pluripotent cells have a
hypermethylated genome 37, inactivated x-chromosome ©, and cell polarity ’. Nonetheless,
primed pluripotency retains functional pluripotency with its ability to form chimeras when
developmentally matched embryos are used as hosts (eg. E6.5-E7.5 epiblast, but not E8.5) 8°.
However, new evidence suggests ~E5.5 epiblast cells are distinctly separate from naive or

primed ESC, but instead are an intermediate form of pluripotency 1%,

During the peri-implantation stage (E4.5-E5.5), the epiblast cells within the implanting
embryo reorganize into a rosette and expand into a monolayer cyst 2. Reorganization into a
rosette is associated with gain of cell polarity around late E4.5-E4.75 as indicated by enriched
aPKC at the rosette center prior to lumen formation. Cavitation of the rosette to form a
monolayer cyst has been attributed to the localization of podocalyxin at the apical domain of
ESCs ! and MDCK cells * in 3D culture. This negatively charged membrane protein has been
shown to have anti-adhesion properties for lumen formation in MDCK cells *°. Shortly after
epiblast lumen formation (E5.25), extra-embryonic ectoderm also begins lumen formation which
coalesces with the epiblast lumen by E5.75 2. The resulting embryo forms a continuous

monolayer epithelium consisting of proximal extra-embryonic cells and distal epiblast cells with



a single amniotic cavity (egg cylinder cone). At this point, the epiblast cells are commonly

referred to as PEct.

PEct cells are highly competent to receive signals for differentiation. Posterior PEct cells are
developmentally fated for the primitive streak (PS). PEct cells secrete an immature form of
Nodal—a transforming growth factor B (TGF-) secreted ligand—which is cleaved into a mature
form by an extra-embryonic secreted protease, furin for autocrine activation of Nodal signaling
leading to PS formation. Nodal signaling activation is limited to the posterior PEct due to
proximal-distal and anterior-posterior signaling gradients. Secretion of Nodal antagonists like
Cerl and Leftyl/2 from the distal visceral endoderm (DVE) prevents the activation of Nodal
signaling of nearby epiblast cells. Anterior migration of the DVE to form the anterior VE (AVE)
further blocks the activation of nodal signaling in the anterior PEct, thus establishing the
anterior-posterior axis along the gradient of Nodal signaling and limiting PS formation to the
posterior. PS formation is enhanced through canonical Wnt signaling via Wnt3 secretions from
the posterior VE 6. Wnt signaling at the posterior PEct promotes the transcription factor (TF)
activity of B-catenin to bind to the proximal epiblast enhancer of Nodal to increase its expression
and subsequent positive feedback of the Nodal-FoxH1 autoregulatory loop which further
increases Nodal expression in the PS 1”18 Wnt3 expression in the posterior VE is not essential
for initiating PS formation, as Wnt3” VE only delays PS formation °. However, Wnt signaling
does promote T expression which is a pan mesodermal marker, essential for mesoderm formation
and PS development ?°. Indeed, Wnt signaling within the PEct is context dependent as it

promotes both neural crest and PS formation depending on Nodal signaling activity 15°.

Naive ESC Differentiation via EB Formation Requires FGF/ERK Signaling
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Although naive embryonic stem cells (ESCs) have the capacity to differentiate into all three
germ layers and their respective cell lineages, they are not readily competent for in vitro
differentiation. In order to initiate differentiation, formation of embryoid bodies (EB) is required
21-24 EBs are spheroid aggregates of ESCs, usually naive mESC or primed hESC, that are
cultured in suspension to allow ESCs establish competency for differentiation. EB formation
from mouse naive ESCs is dependent on FGF/ERK and PI3K-AKT signaling pathways®>2’.
Blocking the FGF signaling by overexpression of a dominant negative form FGFR2 which has
been suggested to block FGFR1/2/3/4 activity through heterodimer inactivation, can prevent to
form EBs with internal epithelial cysts, a morphological landmark for proper EB formation 2°.
Similarly, Grb2 * ESCs—the gene encoding an adapter protein critical for FGF/ERK signal
transduction—failed to form cavitated EBs and did not yield visceral endoderm colonies from
EB differentiation 282°. Additionally, Extl” ESCs—the gene encoding an enzyme that
polymerizes heparin (Hep) sulfate precursor structure which regulates FGF ligand-receptor
binding—failed to form cavitated EBs and showed no upregulation in early endoderm,
mesoderm, and extraembryonic tissues specific markers *. While FGF/ERK signaling is critical
for ESC multilineage differentiation in EBs, it also is a key regulator in EB-free differentiation.
ESCs in N2B27 media normally differentiate into neural Tujl+, Oct4- cells in in vitro 2D culture
without LIF. However, the majority of Fgf4”- ESCs fail to form neural cells with minor sporadic
exceptions 3. Similarly, the majority of Fgfrl”- ESC are not able to differentiate into Tujl+
neural cells in N2B27 media, or Gatad+ PE cells in trophoblast stem (TS) cell media with
supplemented FGF2+Hep+retinoic acid+activin A %2. Interestingly, Fgfr2”- ESCs are still able to
differentiate into Gata4+ PE cells, highlighting the importance of Fgfrl over Fgfr2 in FGF/ERK

stimulated ESC differentiation. Similar to EB dependence on FGF/ERK signaling for
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differentiation, Fgf4 null embryos quickly leads to embryo degeneration with either a small
disorganized or undetectable PEct layer by E6.5 3, suggesting FGF/ERK signaling is critical

during implantation.

Although FGF/ERK signaling is critical for naive ESC differentiation, FGF/ERK signaling in
EpiSCs is critical for maintaining self-renewal capacity 3. EpiSCs is cultured in the presence of
MEK inhibitor PD0325981 or without exogenous FGF2 demonstrate downregulation of the
pluripotency factors Oct4 and Nanog. EpiSCs in this condition also show an upregulation of
Otx2 which subsequently induces Pax6 expression, specifying neurectoderm differentiation *°.
Indeed, FGF/ERK signaling blocks neurectodermal differentiation in EpiSCs. However, EpiSCs

can be maintained in culture without exogenous FGF2 if Nodal signaling is highly activated.

ECM-Integrin Stimulates FAK Dependent ERK2 Activation

While the FGF/ERK pathway is most commonly attributed to stimulating naive ESC
differentiation and EB formation, integrins have also been demonstrated to upregulate ERK
signaling. Integrins are membrane proteins that directly bind to extra-cellular matrix (ECM)
proteins (eg. Fibronectin, and laminin) to signal environmental niche conditions to the cell.
Integrins have no catalytic activity unlike FGFR, which is a tyrosine kinase receptor. Instead,
integrin o and B monomers form a heterodimer and bind to a specific ECM protein to form focal
adhesion sites (FAS) 637, Once integrin-ECM complexes are formed, they recruit additional
structural and enzymatic proteins including focal adhesion kinase (FAK), c-Src, Shc, and Grb2
3839 FAK is a critical tyrosine kinase that regulates cell survival, cytoskeletal dynamics, cell
motility, and ras activation “%*1. RAS is an upstream GTPase that is responsible for ERK1/2
phosphorylation for activated ERK signaling. While the exact mechanism has not been fully

elucidated, FAK seems to form a dynamic and complex with GRB2, ¢-SRC, and SHC2 for

12



subsequent Ras activation *°. FAK recruited to FASs is quickly autophosphorylated at Tyr-397.
pTyr-397 FAK then acts as a kinase and phosphorylates c-Src for activation. Together activated
FAK and c-SRC targets SHC2 for phosphorylation which allows it to complex with GRB2 for
SOS dependent Ras activation *?. GRB2 is an adapter protein that is critical for FGF/ERK
activation by binding FRS2—an adapter protein that directly binds to activated FGFR—and
SOS—a guanine exchange factor—for downstream RAS activation. SHC2 is also an adapter
protein that binds to activated FGFR and GRB2 for downstream RAS activation, however it has

been implicated as a direct antagonist with FRS 3,

Plating NIH3T3 fibroblasts on fibronectin coated dishes has been shown to activate asP1-
integrin FAS for FAK phosphorylation at Tyr-397, and subsequent downstream Ras activation
39,4144 Overexpressing a dominant negative Phe-397 FAK in fibronectin stimulated NIH3T3
fibroblasts has been demonstrated to block ERK2 phosphorylation to levels similar to dominant
negative Asn-17 Ras, suggesting FAK phosphorylation at Tyr-397 is critical for Ras activation
4 Indeed pTyr-397 FAK is necessary for c-Src binding and phosphorylation. Although FAK can
bind to Grb2 directly if phosphorylated at Tyr-925, mutant Phe-925 FAK expressed in
fibronectin stimulated fibroblasts show increased Erk2 phosphorylation. This suggests FAK-
GRB2 complex is not necessary for ECM/Ras activation. However, chemical inhibition of FAK
using cytochalasin D which blocks actin polymerization, was sufficient to block FAK
phosphorylation but still retain c-SRC and ERK2 phosphorylation #°. While cytochalasin D does
not block FAK recruitment to the membrane in fibronectin stimulated fibroblasts, these results
suggest FAK acts as an important structural protein and kinase for ECM dependent Ras

activation %.
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Intermediate Pluripotency: EB Formation and in vitro ESC Culture

EB development has been shown to correlate well with peri-implanted embryos both in gene
expression and morphology. EBs at 48h have been shown to retain Oct4 expression—a key
pluripotency TF—whilst having downregulated Rex1 and Fgf4—markers for naive
pluripotency—suggesting ESCs have exited naive pluripotency. Interestingly, EBs at this stage
have upregulated Fgf5 but not T expression, both primed pluripotency markers “6. This early
expression pattern is concatenate with E5.5-5.75 epiblast cells which are Oct4+, Fgf5+, Rex1-,
and T- 14748 EB development mimics peri-implantation epiblast development by developing
multiple cysts per EBs after 4-5 days in culture 2>%°. ECM-Integrin interaction has also been
shown to be necessary for cortical PE formation in EBs. Mature EBs form a cortical monolayer
of primitive endoderm cells surrounding epithelial cysts. Interestingly, Itgbl null EBs fail to
form a proper cortical layer of GATA4+ cells, indicating primitive endoderm cells, and fail to
form inner cysts 0. Similarly, Itgbl null embryos have disrupted epiblast-primitive endoderm
segregation in peri-implanted E4.5 and E5.5 embryos %12, 3D Matrigel in vitro culture of ESC
has been shown to reorganize into a monolayer cyst resembling the developing PEct with
luminal apical domains 2. However, Itgb1 null ESCs fail to self-organize into a monolayer cyst

and instead form amorphous cell aggregates with some cells carrying apical domains.

Primitive ectoderm-like cells (EPL) from naive ESCs in vitro have been previously isolated
using 50% supplemented HepG2 conditioned media 3. The EPL cells are Fgf5+, Rex1-, and
Gbx2- which is a naive ESC marker whilst still retaining Oct4 expression. In this culture
condition, they form flat epithelial like colonies similar to EpiSC and can be passaged >40x
without differentiating into neural lineages, demonstrating their high capacity for self-renewal.

This is however dependent on HepG2 conditioned media supplementation. EPL colony

14



formation is optimal when plated on collagen 1V and fibronectin 4. Interestingly, EPL cells can
be derived from E5.5 but not E6.5 or E7.5 mouse embryos >*. This time frame of EPL isolation is
particularly narrow compared to ESC which can be isolated at E3.5-4.5 (pre-implantation), and
EpiSC which can be isolated from embryos E5.5-6.5 *°. Although key differentiation factors in
the HepG2 conditioned media has been analyzed °°-°° no clear factor has been linked to
maintaining EPL cells. It is noteworthy that ECM proteins including fibronectin 1, fibrinogen
alpha chain, and fibrinogen gamma polypeptide have been identified in HepG2 conditioned
media *°, as it has been demonstrated that EPL colony formation is ECM sensitive, suggesting
ECM-integrin signaling is important for EPL maintenance °4. Although EPL cells show gene
expression markers similar to peri-implanted embryos, EPL cells are not able to form chimeras
when introduced into donor blastocysts 3. Contrastingly, E5.0 epiblast cells are able to form
chimeras when introduced into a donor blastocyst ®°, suggesting EPL are not functionally

analogous to peri-implanted epiblast cells (E4.75-5.5).

Epiblast-like cells (EpiLC) are 2D naive ESC cultures with supplemented bFGF+activin A,
two factors critical for EpiSC differentiation and maintenance 3+, that exhibit PEct-like gene
expression patterns 6183, EpiLC show downregulated naive factors over 72h including Nanog,
Prdm14, Rex1, Thx3, KIf2, KIf4 and upregulated primed factors including Fgf5, Dnmt3b %2,
However, EpiLC are a transient state of ESC since after 72h significant cell death is observed.
Primordial germ cells (PGC) arise from the E6.0 proximal egg-cylinder cone due to Bmp4
stimulation from the extraembryonic ectoderm 9. FACS analysis of EpiSC in typical
bFGF+activin A media showed a small population of Stella-GFP+ cells (~1.5%), a marker for
early PGCs, suggesting a subset of cells in EpiSC culture are PGC-like cells (PGCLC) in vitro

without exogenous Bmp4 . However, direct differentiation of EpiSC into PGC-like cells
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(PGCLC) by culturing with supplemented Bmp4 over 72h only increased Stella-GFP+ cell count
to 2.3%, suggesting EpiSC are not competent to differentiate into PGCLC from Bmp4
stimulation. Since in vivo PGCs derive from the PEct, it is expected that EpiLC would be better
suited to differentiate into PGCLC over EpiSC due to their more primitive pluripotency state and
PEct-like epigenetics 3. Indeed, culturing EpiLC in suspension with supplemented
Bmp4/8b+SCF+LIF+EGF (SCF: stem cell factor; EGF: epidermal growth factor) yields 7.2%
Blimpl+ Stella+ cells L. Introduction of these cells into mouse testes lacking endogenous
spermatogenesis was able to successfully rescue functional spermatozoa production and yield
healthy offspring. These results suggest EpiLC exhibit functional and epigenetic qualities similar

to E5.5 PEct.

Limitations in EB Differentiation of ESCs

Although EB formation is a commonly used strategy for initial ESC differentiation, it suffers
from two limitations, which prevent it from being a gold standard of ESC differentiation. Firstly,
efficiency of EB differentiation is size dependent. EBs formed within the same culture come in a
range of varied sizes which effect their differentiation potential. EBs that are too small fail to
differentiate, while EBs that are too large develop necrotic centers which has been linked with
nutrient and cytokine diffusion limitations 3%, Microfabricated devices which have pores for
EB trapping have been developed for EB size screening to mitigate this limitation %7, Secondly,
EB formation is not efficient to generate specific lineages due to their heterogeneous
composition 228, It is unclear whether this heterogeneity is due to spontaneous or instructed
differentiation cues via secreted morphogens, ECM, or cell-cell contact stimulation. Regardless,
every EB contains cell types within all three germ layers thus limiting their potential for

homogenous directed ESC differentiation.
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EB-free cell differentiation protocols offer the potential for homogeneous ESC
differentiation, but are typically severely limited in their efficiency. Culturing ESCs in the
presence of stromal cells can support hematopoietic differentiation. Differentiation is sporadic
with very low efficiency (<1% differentiation) and is dependent on the stromal cell line and
passage number of ESCs %70 Secreted factors from the stromal cells necessary for
hematopoietic differentiation are not well defined and thus have not yet been adopted for
minimal media differentiation protocols. Culturing monolayer ESCs in defined media on ECM
coated dishes promotes neurectoderm differentiation "*2. Neurectoderm differentiation is one of
the few protocols where homogenous and efficient ESC differentiation can be accomplished in in
vitro 2D culture. However, neurectoderm differentiation is the often seen as the ‘default’ path of
ESC differentiation in the absence of other morphogens and is not applicable for other
differentiation lineages "*. Non-EB differentiation protocols are not generalizable and practical
for most ESC differentiation lineages due to their extremely low efficiency rates %23, An isolated
form of ESCs competent for differentiation is necessary for efficient, defined, in vitro directed

differentiation.
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Rationale and Hypothesis

It has been demonstrated that ESCs in 3D culture develop into monolayer cysts which
morphologically resemble E4.5-5.5 epiblast development 2. Although these cells have not been
confirmed to be PEct-like functionally or transcriptionally, they exhibit similar morphological
development to EBs which have been shown to have peri-implanted embryo gene expression
patterns 12°46-4830Since morphology and cell state are highly linked, this suggests that ESC in
3D culture have exited from naive pluripotency and adopted peri-implantation epiblast-like
qualities. 1 hypothesize that that 3D culturing ESCs directs differentiation into PEct-like

cells, similar to early EB formation.
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Materials and Methods

Naive ESC Culture. ESCs were derived in house by harvesting E3.5 blastocysts and incubating
in KSOM for 24h at 37°C with 5.5% CO,. Blastocysts were then cultured on gelatin coated,
fibroblast plated 4-well plates for 10-14 days to form outgrowths in ES-DMEM media.
Outgrowths were washed with PBS, treated with 100uL accutase (ThermoFisher) for 3min,
gently pipetted to singularize, and transferred into a 35mm gelatin coated dish with 100uL ES-
grade FBS (Wisent). Media was changed every 2 days and expanded by dissociated with 500uL
0.05% Trypsin-EDTA, diluted with 3-bmL of DMEM (Wisent), centrifuged for 3min at 123g,
then replated in ES-DMEM onto a larger plate. ES-DMEM media contained DMEM (Millipore),
1X Sodium Pyruvate (Gibco), 1X Non-Essential Amino Acids (Gibco), 1X Glutamax (Gibco),
1X Penicillin/Streptomycin (StemCell Technologies), 0.11mM 2-mercaptoethanol (Sigma)
diluted in D-PBS (MultiCell), 10% v/v Knockout Serum Replacement (GIBCO), 1uM
PD0325981 (Biovision), 1uM CHIR9901 (Stemgent), and 1000U/mL Lif (Millipore). FGF4

(R&D Systems) and Heparin (R&D Systems) were supplemented accordingly.

3D ESC Culture. Naive ESCs were cultured to ~80% confluency, washed twice with 1X PBS
(MultiCell), and treated with 0.05% or 0.25% trypsin-EDTA for 3 minutes then gently pipetted
to singularize. Cells were washed once with DMEM (Millipore) before diluting to the
appropriate cell density with additional DMEM. Cells were pre-mixed with ice cold 3D-DMEM
containing DMEM (Millipore), 1X Sodium Pyruvate (Gibco), 1X Non-Essential Amino Acids
(Gibco), 1X Glutamax (Gibco), 1X Penicillin/Streptomycin (StemCell Technologies), 0.11mM
2-mercaptoethanol (Sigma) diluted in D-PBS (MultiCell), 5% v/v ES-FBS (Wisent), and 6% v/v
Geltrex (ThermoFisher). Cells were plated on Poly-2-hydroxyethyl methacrylate (Sigma) coated

24-well plates at 5x10* cells/well. Cells were cultured at 37°C and 5.5% CO,. PD0325981,
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PD173074 (Stemgent), RGDS peptide (R&D Systems), PND-1186 (Cederlane), and DMSO

(Sigma) were supplemented accordingly.

ESC-derived EpiSC Culture. ESC-derived (ESD) EpiSC were established using embryoid
body culture protocol “¢. Briefly, 5x10* singularized naive ESC were plated on 100mm bacterial-
grade dishes in EB differentiation media. EBs were cultured for 2 days then dissociated in 0.05%
Trypsin-EDTA for 3min at 37°C. Cells were washed twice with CDM then cultured at 37°C on a
FBS-coated 100mm dish in CDM to establish ESD-EpiSC colonies. FBS-coated plates were
produced by adding 6mL of Hi-FBS (Gibco) to a 100mm plate and incubating at 37°C overnight;
plates were washed twice with 1X PBS prior to use. EB differentiation media: DMEM
(Millipore), 8% knockout serum replacement, 2mM glutamine, 1mM sodium pyruvate, 0.1mM
non-essential amino acids, and 0.1mM B-mercaptoethanol. CDM: 50% IMDM (Gibco), 50% F12
Nut-Mix (Gibco), 1pg/mL insulin (Roche), 15ug/mL transferrin (Roche), 450uM

monothioglycerol (Sigma), and 5mg/mL bovine serum albumin fraction V (Sigma).

Grb2 mutant ESC. Male 129 wt mice were crossed with female CD1 ROSAC®YCa9 mice,
Zygotes were harvested at EO5 and injected with sgRNA carrying 5°-
CAAAAGGGGGGACATCCTTA-3’ sequence targeting Exon 3/protein coding region 1 of Grb2
gene. sgRNA was produced by cloning the target sequence into pX330 plasmid carrying Cas9
scaffold protein. The DNA template was PCR amplified using the forward primer 5’-
TAATACGACTCACTATAGGGCAAAAGGGGGGACATCCTTA-3> carrying a 5 T7
promoter region followed by GG for enhanced transcription and the reverse primer 5°-
AAAAGCACCGACTCGGTGCC-3’. Amplicon was purified using QIAEX 1l Gel Extraction

Kit (Qiagen) and transcribed using Maxiscript T7 Kit (Ambion). Embryos were cultured in
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KSOM for five days then transferred onto MEF coated 4-well plates (Nunc) for outgrowth

formation and ESC derivation as per protocol described above.

3D Culture Immunostaining and Live Imaging. To ensure low optical distance of rosettes and
cysts to the microscope objective lens, naive ESC were dissociated and diluted to
8400cells/10pL. 10uL of the solution was gently dispensed in the center of 100% geltrex coated
glass-bottom dish (MatTek). Ice cold 3D-DMEM was gently added to the side of the dish to
avoid disturbing cell positioning proximal to the glass. Cells were cultured normally thereafter
and fixed using the adapted protocol 7. Briefly, cells were gently washed 3x with D-PBS then
fixed with 4% PFA (PolySciences) or 10% TCA for 30 minutes. Cells were washed 3x with D-
PBS and then 3 more times with 10min incubations at room temperature (RT) per wash.
Permeabilization solution containing PBS, 0.5% Triton-X, and 10% Hi-FBS (Gibco). Cells were
then stained with primary antibodies overnight followed by 3x washes with D-PBS and then 3
more times with 10min incubations at RT per wash. Cells were fixed with secondary antibodies

for 3 hours at RT with shaking followed by another round of aggressive washes.

Alternatively, 3D ESC cysts were cultured as per normal in polyHEMA coated dishes and picked
up using glass pipettes, washed in D-PBS with 10% fetal calf serum, then fixed in 4% PFA

solution for 30min. Clusters were immunostained as described above.

Primary antibodies used:

Protein Target Company Reference Code
p120-catenin BD Bioscience 610133

aPKC Santa Cruz sc-017781 (H1)
Claudin Invitrogen 519000
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B-catenin Cell Signaling L54E2
Non-phosphorylated -catenin Cell Signaling S8145
E-cadherin Life Technology 334000

Lam B2/y1 Invitrogen MAS5-14649
MLC2 Cell Signaling 3672P

pMLC2 Serl9 Cell Signaling 3671P

PARD6B Santa Cruz sc-37393 (M-64)
Z0-1 Invitrogen 901200

Secondary antibodies and small organic fluorophores used:

Name Company Reference Code

AlexaFluor 488 Phalloidin Life Technology A12379

Dylight 549 a-rabbit

Dylight 649 a-mouse 715-495-151

Popo-1 DNA Stain Invitrogen 1112977

2D ESC culture. ECM coated plates were made by incubating 200uL of either 1% gelatin
solution (Millipore), 150mg/mL collagen from bovine skin (Sigma), 20ug/mL fibronectin from
human plasma (Sigma), 0.5pg/cm? iMatrix-511 laminin fragments (Nippi), or 6% Geltrex in a
well of a 8-well glass bottom slide (ibidi) overnight at 4°C. Media was aspirated prior to use.
5x10* cells in 3D-DMEM without supplemented Matrigel. Cells were cultured for 72h at 37°C

with 5.5% CO:..
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RT-gPCR. After mRNAs were extracted using FavorPrep Blood/Cultured Cell Total RNA
Mini-kit (Favorgen), RNA was reverse transcribed via iScript cDNA Synthesis kit (BioRad) as
per protocol. cDNA was diluted 1:64 or 1:4 in RNase-free water and quantified with
SsoAdvanced Universal SYBR Green Supermix (BioRad) in 10uL reactions as per protocol.
Heat steps were optimized for single peak amplicons using the following heat steps: initial
denature at 95°C for 30 seconds, denature at 95°C for 10 seconds, anneal/amplify at 60°C for 20
seconds, repeat 60x, and complete with melting curve step. All genes quantified were referenced

to SDHA to control for variable gene expression during ESC differentiation °.

gRT-PCR Primers

Gene For Primer (5°23”) Rev Primer (5°23) Source
Atp5b AGGGGCACCAATCAAAATTCC GCAGATCCACAACCTTTATCCCA Primerbank
133892441c3
Bmp4 TGTGAGGAGTTTCCATCACGA CAGGAACCATTTCTGCTGGGG Primerbank
121949822c3
Brachyury ACAACCACCGCTGGAAATATG CTCTCACGATGTGAATCCGAG Primerbank
(T) 118130357¢2
Cripto CTGCCCAAGAAGTGTTCCCTG TCGTCACAGACGGCGTTTG Primerbank
134053944c3
Dmnt3b GCCCATGCAATGATCTCTCT CCAGAAGAATGGACGGTTGT Wysocka et al. 3
FGF4 TGGGCCTCAAAAGGCTTCG CGTCGGTAAAGAAAGGCACAC Primerbank
158508679c1
FGF5 AACTCCATGCAAGTGCCAAAT CGGACGCATAGGTATTATAGCTG Primerbank

23



145966820c3

Id3 CTGTCGGAACGTAGCCTGG GTGGTTCATGTCGTCCAAGAG Primerbank
162417969c1
Lin28a GGCATCTGTAAGTGGTTCAACG | GCCAGTGACACGGATGGATT Primerbank
22003877c1
Lin28b TAGGTGGAGACGGCAGGATTT ACCACAGTTGTAGCATCTTGGA Primerbank
294997237¢2
Nanog ATGCCTGCAGTTTTTCATCC GAGGCAGGTCTTCAGAGGAA Yamanaka Lab
Nodal TCAAGCCTGTTGGGCTCTACT GTCAAACGTGAAAGTCCAGTTCT Primerbank
218156276¢1
NrOb1 GCGGTCCAGGCCATCAAGAGT TCCGGATGTGCTCAGTAAGGATCTG | RT Primer DB
3946
Oct4 CACCATCTGTCGCTTCGAGG AGGGTCTCCGATTTGCATATCT Primerbank
356995852¢2
Oct6 TCGAGGTGGGTGTCAAAGG GGCGCATAAACGTCGTCCA Primerbank
7106383al
Otx2 CCACTTCGGGTATGGACTTG GTCCTCTCCCTTCGCTGTTT Wysocka et al. 3
SDHA GCTCCTGCCTCTGTGGTTGA AGCAACACCGATGAGCCTG Golding et al. 7>
Sox1 AGACAGCGTGCCTTTGATTT TGGGATAAGACCTGGGTGAG Trott et al. 7®
Zfp42 CCCTCGACAGACTGACCCTAA TCGGGGCTAATCTCACTTTCAT Primerbank
(Rex1) 7110739al
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Results

1. Rosette Organization is Associated with a Basal F-Actin Network Contractility

Mouse naive ESCs can form monolayer cysts in 3D culture using matrigel *2. To validate our
3D culturing system, we seeded single 129 wt ESCs grown in 2i+Lif 2D culture into the 3D
culture condition. Singularized ESCs in 3D culture proliferated and formed small cell clusters by
24h (Fig. 1A). These ESC clusters showed no apparent organization and were classified as
amorphous aggregates. By 48h, the clusters self-organized into a rosette, which were cells in the
clusters arranged in a radial pattern with high cortical roundness, but did not have a central

lumen. By 72h, the rosettes formed enclosed monolayer cysts with a single clear central lumen.

To determine the onset of rosette and cyst formation of ESCs in 3D culture, we compared
morphology of the cluster at 36h, 48h, and 60h after the beginning of 3D culture. The clusters
were classified into 6 cluster morphology types according to distributions of nuclei in a cluster
and F-actin staining patterns. First, the clusters were classified as either ‘organized’ or
‘disorganized’, where organized clusters (OC) demonstrated annular alignment of cluster nuclei
as a marker for rosette organization (Fig. 1C) while disorganized clusters (DC) exhibited no
annular nuclear alignment and more closely resembled amorphous cell aggregates. Both the OCs
and the DCs were found with or without a central F-actin foci (AF), or lumen. The AF in OCs
consistently localized at the center of the nuclear annulus, whereas the AFs in DCs localized sub-
cortically but no correlation is found to nuclear position patterns (Fig. 2B). The number of cells
in the clusters were also used for classification: single cell, <4cell clusters, and superclusters (2+

clusters merging).
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Fig. 1: 3D ESC culture form polarized monolayer cysts by 72h. 3D ESC culture from single
cells (Oh), form amorphous aggregates (24h), then rosettes (48h), followed by monolayer cysts
(72h) (A). 72h 3D ESC cysts show enriched PARD6B and aPKC at luminal cell membrane
compared to 2D ESC culture on gelatin in the presence of 2i+Lif which showed no significant
enrichment (B). 3D ESC cysts show enrichment of Claudin (C) and ZO-1 (D) at apical cell-cell
junctions compared to 2D ESC culture with 2i+Lif which demonstrated no significant

enrichment. Scale bar set at 20pum.

The proportion of <4 cell aggregate population showed a strong decrease with time
(0.57+0.09 36h to 0.20+0.02 60h) (Fig. 1B) suggesting the cluster can keep proliferating in 3D
condition. The proportion of the OC-AF population showed an initial increase from 36h to 48h
but then a decrease at 72h (0.16+0.02, 0.38+0.03, 0.27+0.04 respectively). Interestingly this
decrease appeared to correlate with a significant increase in the proportion of the OC-lumen
population at 72h (0.28+0.02), suggesting that the OC-AF population develops into the OC-
lumen population between 48h-60h. The proportions of single cells, DC, DC AF, DC Lumen,
and superclusters remained relatively low (less than 10%) across all time points (Fig. 2A),

suggesting ESC in 3D culture preferably self-organize into OC-AF and OC lumen.

ESCs in 3D culture can develop to polarized monolayer cysts with luminal membrane
enrichment of apical associated proteins, including aPKC *2. In order to determine if ESCs in 3D
culture polarize, we examined subcellular localization of PARD6B and aPKC in the ESC derived
cysts at 72hr and the ESC colonies cultured on the traditional gelatin coated 2D plastic dish for
72h in the presence of 2i+Lif (Refer to Fig. 8 for 2D culture without 2i+Lif). The
Par3/Par6/aPKC complex is an evolutionarily conserved protein complex and a key regulator in

polarity formation in C. elegans """, Since naive pluripotency is tightly linked with a non-polar
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morphology that forms domed colonies in 2D culture "8, we expected no enrichment for these
polarity associated proteins in 2D culture. Indeed, immunostaining for PARD6B and aPKC
showed that ESCs on gelatin in the presence of 2i+LIF showed no membrane enrichment of
PARDG6B and aPKC, but instead an even cytoplasmic staining as expected of naive ESCs (Fig.
1D). However, in the ESCs in 3D culture after 72hrs, PARD6B and aPKC were enriched at
apical luminal membranes (Fig. 1B). Claudinl and ZO-1 are tight junction associated proteins
8182 No enrichment of these tight junction associated proteins was observed in naive ESC
cultured in 2i+Lif, while the cells in the 3D cysts showed clear enrichment at the apical cell-cell
junctions (Fig. 1E+F), indicating the tight junction formation in the cysts. This suggests that non-
polarized naive ESCs acquire apico-basal cell polarity in the 3D culture condition to form

epithelial monolayer cysts by 72 hr.

To characterize the onset of polarization in the 129wt ESCs in 3D culture, we examined
localization of PARD6B and E-cadherin at 24h, 36h, and 48h. A previous study showed
enriched aPKC at central foci within 24h of culture 2, suggesting the formation of the apical
domain in the cysts 7’. Interestingly, no PARDGB enrichment at central foci was observed in our
clusters at 24h and 36h, while all clusters sampled at 48h showed ParD6B enrichment in central
foci (Fig. 2A). Although no aPKC data staining data was collected during this timepoint, this
difference in polarization timing may be due to difference in quality and quantity of FCS and
Matrigel used (15% FCS vs 5% demonstrated here; unreported amount of Matrigel vs 6%
demonstrated here), ESC strain differences (C57BI6 vs 129 wt), or recruitment timing of Par
proteins to apical domains . E-cadherin, a Ca?* dependent cell adhesion molecule, localizes
along lateral junctions with strong enrichment at adherens junctions in polarized cells 128384,

Indeed, E-cadherin was enriched along lateral junctions as expected of polarized cells.
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Interestingly, we also observed non-junctional enrichment of E-cadherin in cytosolic regions
proximal to the apical domain. In order to verify E-cadherin was localized at cell-cell junctions
and cytosolic regions, we stained with the antibody against non-phosphorylated form of f-
catenin, which is sequestered to the plasma membrane for maintaining cell-cell junction integrity
via cadherin/catenin complex or enriched within the nucleus for activated Wnt/B-catenin
pathway 88384 Indeed, non-phosphorylated p-catenin and E-cadherin staining co-localized at
lateral junctions, but E-cadherin was still enriched at cytosolic regions proximal to anti-non-
phosphorylated p-catenin signals. Interestingly, staining with [-catenin (indiscriminate of
phosphorylation) in 48h rosettes showed enrichment at cell-cell junctions and at cytosolic
regions proximal to cell-cell junctions, suggesting phosphorylated B-catenin and E-cadherin
colocalize in cytoplasmic regions. Interestingly, we observed this enrichment pattern at 24h and
36h, when there is no central foci enrichment of PARD6B, which suggests cytosolic enrichment
of E-cadherin occurs prior to the onset of polarization. 3D ESC cultures treated with MEK or
FGFR inhibitors still demonstrated E-cadherin enrichment at cell-cell junctions and cytosolic

regions (Fig. 5B), suggesting this phenotype is FGF/ERK independent.
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Fig. 2: 3D ESC culture progression from amorphous clusters to rosettes. Immunostaining at
24h, 36h, and 48h revealed central PARD6B membrane enrichment within clusters beginning at
48h, but not earlier (A; 20um scale bar). E-cadherin staining demonstrated cell-cell junctional
enrichment, but also cytoplasmic regions proximal to cell-cell junctions as early as 24h (marked
with arrows). Occasional cells were observed to not be associated with the central AF in 48h
clusters (*). These cells were associated with a 2.6x fold increase in cortical pMLC2 Ser19 but
not phalloidin relative to their adjacent cells (B; standard error bars). 48h rosettes cell-cell
junctional and cytoplasmic enrichment of E-cadherin and B-catenin (C; scale bar set at 5um) 48h
rosettes 3D rendered using Imaris demonstrated non-associated cells with central AF have a

basal F-actin network enriched with pLMC2 Ser19 (D; indicated by arrow; 3um scale bar).

At 48h, some ESC derived rosettes contain the cells that not reached at the central foci. We
predicted that they must reintegrate with the central foci to maintain rosette epithelial continuity
8. To understand individual cellular dynamics and cell division patterns in the rosettes, we
performed live imaging analysis on the rosettes from 48h after in the 3D condition using
GPI::GFP ESCs which express the membrane tethered GFP to visualize cellular shape and
movement. It was observed that mitotic cells increased cell shape roundness and migrated
towards the apical domain prior to cytokinesis (Fig. 3A). To understand lateral cells movements
within rosettes, GPI::GFP ESC in 3D culture were imaged at their basal domain to track basal
domain movements. Indeed, tracking individual basal domains do show slight lateral migration
(Fig. 3B). Interestingly, ‘new’ basal domains spontaneously appeared over time which do not
appear to be from due to lateral cell movements, suggesting cells integrate from the apical-basal
axis. These results suggest mitotic cells within rosettes lose their basal contact with the ECM

during division and then reintegrate within the epithelium. This divisional behavior is
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concatenate with mitotic epiblast cells in the post-implantation embryo, whereby mitotic epiblast
cells migrate apically prior to division and reintegrate into the egg cylinder cone irrespective of

their sister cell position .

A

Fig. 3: GPI::GFP ESC rosette division at 48h. Center cross-section of rosette at 48h shows
mitotic cells migrate towards the apical center of the rosette followed by cell division and
reintegration (A). Basal cross-section of 48h rosette demonstrated basal domain migration and
integration over time (B). Following individual basal domains (bottom cartoon) showed sporadic
integration of new basal domains into the epithelium independent of lateral migration. Scale bar

set at 10um. Time is set to hours:mins.
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Since cells within rosettes are able to reintegrate into the epithelium after mitosis, we
predicted that cells within 48h rosettes which are not yet associated with the central foci will
integrate into the epithelium due to actomyosin contractile forces. To answer this, rosettes were
immunostained for pMlc2 pSerl9 to investigate actomyosin contractility as a marker for
reintegration. Indeed, comparing actin foci non-associated cells with adjacent associated cells
showed a 2.6x maximal fold increase in pMIlc2 pSer19 enrichment across their basal membranes
(p<0.01) (Fig. 2B). No statistical significant enrichment of phalloidin was observed when
comparing non-associated cells with adjacent associated cells (Figure 2D). However, 3D
reconstitution of 48h cysts using Imaris shows cortical phalloidin and pMLC2 enrichment in

non-associated cell basal domains (Fig. 2C).
2. 3D Culture Directs ESCs into E5.5-like PEct Cells

As described above, morphology of ESCs is tightly associated with the pluripotency state,
where naive and primed pluripotent ESCs form domed and flat colonies respectively "#’. Since
3D ESC cultures exhibited an epithelial morphology, we suspected 3D culturing ESC promoted
naive pluripotency exit and gain of primed-like qualities. To determine if 3D ESC cysts have
exited naive pluripotency and entered primed pluripotency, we performed gRT-PCR analyses of
naive and primed pluripotency genes over 72h in 3D culture. We used EpiSCs derived from
ESCs (ESD-EpiSC), which was established form the EB differentiation protocol, as a control for
primed pluripotency “°. The naive pluripotency genes, Rex1 and Fgf4 showed a significant
downregulation over 72h in 3D culture (0.08+0.01 and 0.29+0.03 fold, respectively), reaching
similar expression levels to ESD-EpiSC (0.04+0.01 Rex1; 0.27+0.05 Fgf4) (Fig. 4A). Nanog is a
pluripotency gene expressing in both states but higher in naive ESCs than in primed ESCs 889,

Nanog was also downregulated 0.26+0.03 fold during 72hrs in 3D culture (Fig. 4B). On the other
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hand, Oct4, a core pluripotency gene expressed in both naive and primed, showed relatively

stable expression throughout culturing in the 3D condition. These results demonstrate that 3D

culturing ESCs in the absence of 2i+Lif promotes
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Fig. 4: qRT-PCR analysis of 3D ESC culture over 72h. 3D ESC cultures show downregulated
naive factors Rex1 and Fgf4 to similar levels to ESD-EpiSC (A). Shared (naive and primed)
factors Oct4 was stably expressed, whereas Nanog was downregulated over 72h (B). Primed
factors Otx2, Fgf5, Dnmt3b, and 1d3 showed significant upregulation to levels similar to ESD-
EpiSC (C). Primed factor Oct6 was weakly upregulated compared to ESD-EpiSC. TGF-B factors
Cripto and Nodal, as well as Wnt/B-catenin associated factor T showed no significant
upregulation over 72h. Key glycolysis regulation factors Lin28a and Lin28b showed weak
upregulation, but Ldha showed significant upregulation to levels similar to ESD-EpiSC (D).
Oxidative phosphorylation associated factor Atp5b showed no significant change over 72h. gRT-
PCR analysis was performed with 129 wt and 129/CD1 mix ESC. ESD-EpiSC are 129 wt

background.

Fgf5 and Otx2 are primed pluripotency markers, which are upregulated in E5.5 epiblast cells
34890 Fqf5 was upregulated over 72h in ESCs in 3D culture to the expression level comparable
in ESD-EpiSCs (0.8+0.1) (Fig. 4C). Interestingly, Otx2 expression increased dramatically to
1.91+0.06 fold higher than ESD-EpiSC. Dnmt3b, a gene encoding a de novo DNA methylation
associated protein and primed pluripotency marker +°*, was upregulated significantly from Oh to
24h, but then gradually decreased afterwards. Oct6 is a gene encoding a TF expressed in early
peri-implantation epiblast and a primed pluripotency marker °0%2. Oct6 was only partial

upregulated over 72h in 3D culture compared to ESD-EpiSC (0.25%0.08).

Naive-to-prime pluripotency transition is tightly associated with metabolism %%, Naive
ESCs are bivalent and utilize both oxidative phosphorylation and glycolytic processes to meet
high energy demands of rapid cell divisions and cell growth. However primed ESCs exclusively

use glycolytic processes %. We wondered if ESCs in the 3D condition adopts a primed
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pluripotency and exclusively utilizes glycolysis. Metabolic regulators Lin28a/b have been shown
to be critical for repressing oxidative phosphorylation, regulating one-carbon and nucleotide
metabolism, and promoting histone methylation during EpiL.C formation 7°. The levels of Lin28a
and Lin28b expressions over 72h only showed modest upregulation relative to ESD-EpiSC
(0.44+0.09 and 0.35+0.08 respectively) (Fig. 4D). Ldha (lactate dehydrogenase A), an enzyme

catalyzing lactate into pyruvate and a key enzyme in aerobic glycolysis *

, showed peak
expression at 48h comparable to ESD-EpiSC. Atp5b, an ATP synthase associated protein and
marker for oxidative phosphorylation, has been shown to be downregulated in epiblast cells from
E4.5-5.5 9. The expression level of Atp5b did not show any significant change over 72h. In
summary, ESCs in 3D culture have upregulated the genes important for glycolysis compared to
ESCs in 2i+Lif conditions, but still maintain the expression of the genes for oxidative

phosphorylation metabolism. This suggests that 3D ESC culture directs metabolism towards

glycolysis, but still retain a certain level of oxidative phosphorylation.

Nodal and Cripto are a signaling ligand and co-receptor for the Nodal signaling pathway,
respectively, and are important for maintaining primed EpiSC self-renewal in vitro 3%,
Brachyury (encoded in T gene) is a panmesodermal transcriptional factor that is regulated by
Nodal and Wnt/p-catenin signaling which is critical for PS formation 2%%’. To further evaluate
how similar our 3D ESC derived cysts were to EpiSC we analyzed the expression of Nodal,
Cripto, and T. Interestingly, Nodal, Cripto, and T showed no significant upregulation over 72h
of 3D culture and were consistently very low to the expression in ESD-EpiSCs (Fig. 4C). These
gene expression patterns suggest that while the ESCs in the 3D condition do exit naive
pluripotency as indicated by downregulated Fgf4 and Rexl1, they have not entered primed

pluripotency as indicated by no significant upregulation in Nodal, Cripto, and T ""®%% |n
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normal embryo development, Otx2, FGF5, Dmnt3b, and Id3 are upregulated in E5.5 epiblast
cells 120°2 On the other hand, Nodal expression is modestly increased in E4.5-5.5 epiblast cells
!, Cumulatively, these results suggest that ESCs in 3D culture most resemble PEct cells of E5.5

embryos.
3. FGF4is required for naive exit in 3D Culture

FGF4 is a member of the fibroblast growth factor family that activates the MAPK/ERK
pathway %, AKT pathway %, and PLCy pathway %2, Fgf4 is essential for primitive endoderm
formation in preimplantation mouse development and its expression level is a critical factor
regulating the proportion of primitive endoderm and epiblast within blastocysts 103104 Fgf4
would be also necessary in peri-implantation development; Fgf4 null embryos at E5.5 show
either an undetectable, or growth restricted and highly disorganized embryo 3. Additionally,
Fgf4 is essential for differentiation of ESCs in vitro. The Fgf4 null ESCs are unable to commit to

multilineage differentiation which can be ameliorated with the additional of exogenous FGF4 3.

Fibronectin-integrin signaling can also stimulate ERK2 phosphorylation via FAK-SHC-
GRB2 complex 3414244 The ECM proteins complex with integrin heterodimers to form FAS
which recruit and activates FAK via Tyr-397 autophosphorylation which is critical for Ras
activation 384419 However, FAK activation can be attenuated via synthetic RGDS peptide
which directly binds with aSp1-integrin heterodimer to block ECM-integrin interactions 106107,
or by PND-1186 inhibitor which blocks Tyr-397 FAK phosphorylation 4. Since the FGF/ERK
pathway has been previously shown to be critical for ESC differentiation in 2D conditions 3132,
we cannot rule out the possibility that 3D conditions may introduce ECM-ERK activity to

promote ESC differentiation.
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To determine the importance of the FGF/ERK and ECM-ERK signaling pathway in 3D ESC
cyst development, we supplemented 0.02% DMSO (control), 1uM of PD0325981 (MEK
inhibitor, MEKi), 1uM of PD173074 (FGFR inhibitor), 1JuM PND-1186 (FAK inhibitor), or
10uM of RGDS peptide to our 3D culture media. qRT-PCR analysis over 72h revealed
downregulation of both Fgf4 and Rex1, for PND-1186 and RGDS treated samples to levels
similar to the control (FGF4 0.21+£0.08; Rex1 0.11+0.02) (Fig. 5A). However, both treatments of
the MEK inhibitor (FGF4 3.76+£0.78; Rexl 1.34%+0.21) and the FGFR inhibitors (FGF4
1.76+0.27; Rex1 1.07£0.15) inhibited ESC showed no downregulation over 72h. Interestingly,
the MEK:i treated ESCs showed a 3.76+0.78 fold increase over 72h relative to ESC in the 2D

2i+Lif condition.

Imaging inhibitor treated ESC clusters at 72h revealed distinct differences in cluster
morphology. Control DMSO treated ESC clusters yielded monolayer cysts with clear enrichment
of PARDG6B at luminal facing membrane with junctional E-cadherin (Fig. 5B). MEKi and FGFRI
treated ESCs clusters developed into amorphous aggregates and showed no enrichment of
PARDG6B within clusters, suggesting cells are apolar. RGDS peptide treated ESC developed into
a bilayered cyst with a small luminal cavity that was highly enriched for PARD6B. FAKi treated
ESC clusters showed weak PARDG6B enrichment on cortical surfaces within some cells.
Interestingly, cytoplasmic enrichment of E-cadherin adjacent to cell-cell junctions was found in
all inhibitor treated ESC clusters except FAKI, suggesting this enrichment pattern is independent

of FGF/ERK signaling but dependent on FAK activity.
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Fig. 5: Inhibitor Treatment of 3D ESC cultures show FGF/ERK but not Integrin/ERK
dependence for naive exit. 3D ESC culture was supplemented with 0.2% DMSO, 1uM
PD0325981 (MEK inhibitor), 1JuM PD173074 (FGFR inhibitor), 10mM RGDS peptide (Integrin
inhibitor), or 1JuM PND-1186 (FAK inhibitor). gRT-PCR analysis revealed Fgf4 and Rex1 was
downregulated in DMSO, RGDS, and PND-1186 treated ESC but not PD0325981 or PD173074
(A). Immunostaining 72h 3D ESC cultures showed DMSO treated samples formed monolayer
cysts with PARDGB enriched luminal membranes, and E-cadherin enriched cell-cell junctions
(B). PD0325981 and PD173074 treated ESC formed amorphous clusters with no PARD6B
membrane staining. RGDS peptide treated ESC formed bilayer cysts with small lumens enriched
for PARDG6B staining. PND-1186 treated ESSC formed clusters with cortical PARD6B
membrane staining in some cells. All clusters were enriched for E-cadherin at cell-cell junctions;
all clusters were enriched for E-cadherin at cytoplasmic regions proximal to cell-cell junctions
except PND-1186 treated ESC clusters. Quantifying cluster roundness and sphericity using Icy
showed DMSO, RGDS, peptide, and PND-1186 treated ESC formed highly round and spherical
clusters at 48h and 72h timepoints (C). PD035981 and PD173074 treated ESC formed clusters

with relatively lower roundness and sphericity at both timepoints.

The control cysts were typically found with highly spherical and round contour morphology.
Yet, MEKi and FGFRI treated clusters showed amorphous organization and irregular cortical
roundness suggesting FGF/ERK signaling promotes high cortical roundness. Quantification of
cyst morphology at 48h and 72h (Fig. 5C) revealed MEKI and FGFRI treated clusters had lower
sphericity and roundness (72h Mek inhibited 61+17% p<0.0001; Fgfr inhibited 59+17%
p<0.0001) compared to control (72h Roundness = 85+5%). FAKi and RGDS treated clusters

showed no significant difference compared to the control at 48h or 72h.
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Endogenous Fgf4 is necessary for ESC differentiation in 2D culture 3. To determine if auto-
and paracrine FGF4 is necessary for 3D ESC naive exit and monolayer cysts formation, we
established Fgf4"'Wt FgfaWidel and Fgf4%ldel B6 ESCs to address this question. In 2i+Lif 2D
conditions, Fgf4"""t and Fgf4"/% ESCs grew in domed colonies, however Fgf4d!dl ESCs
cultured as flat monolayer. This was not ameliorated with low (20ng/mL) or high (100ng/mL)
exogenous FGF2/4 and Hep (lug/mL) after 48h (Fig. 6A). gRT-PCR analysis these lines in
2i+Lif with or without supplemented FGF2/4+Hep showed four times lower Rex1 expression
compared to 129 wt and 129/CD1 ESC (Fig. 6B). Yet similar expression levels of Oct4 and
Nanog was observed in all conditions and lines, suggesting strain differences in gene expression
between B6 and 129 ESC lines. Interestingly, three passages of Fgf4%/® ESCs in 2i+Lif with
supplemented 50ng/mL FGF4 and 1pg/mL Hep could restore domed colony morphology,

suggesting an unidentified role of Fgf4 in naive pluripotency (Fig. 6C).
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Fig. 6: B6 Fgf4dlde ESC exhibit flat morphology in 2i+Lif conditions. Culturing B6
Fgfa"iwt Fgfgwidel  Fgfgdelidel ESC on gelatin coated dishes in 2i+Lif showed domed colony
morphology in Fgf4""™!' and Fgf4"'®l ESC, however Fgf4%"d® demonstrated flat colony
formation (A). Culturing in the presence of 2i+Lif with supplemented Heparin (1pg/mL) and
either bFGF or FGF4 in low (20ng/mL) or high (100ng/mL) conditions for 48h did not rescue
domed shaped morphology in Fgf4%/®l ESC. qRT-PCR analysis of B6 lines in all conditions
showed similar levels of Oct4 and Nanog across all conditions compared to 129 wt and 129/CD1
ESC, however Rexl expression was significantly lower in B6 lines regardless of

FGF2/4+Heparin supplementation (B). Culturing Fgf4%®/® ESC in 2i+Lif with supplemented
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FGF4+Heparin (50ng/mL; 1pg/mL respectively) over three passages rescued domed shaped
morphology compared to just 2i+Lif conditions (C). Grb2 mutant ESC in 2i+Lif conditions

demonstrated domed colony formation. Scale bars set at 100um.

Culturing Fgf4"""t ESC in 3D culture for 72h yielded monolayer cysts identical to 129 wt
ESC (Fig. 7A), with antibody staining for PARD6B and Laminin enriched at luminal and cortical
membranes respectively. Supplementation of Fgf4+Hep yielded identical cyst clusters and
staining patterns. Contrastingly, 3D Fgf4%® ESC cultures formed amorphous colonies with
either “salt and pepper’ cytosolic ParD6B enrichment, or central foci enrichment. No Fgf4del/de!
cluster was observed to have a central lumen, suggesting endogenous Fgf4 is required for lumen
formation, but disposable for ParD6B expression in 3D culture. However, Fgf4%/®l colonies
were enriched with cortical laminin, suggesting FGF4/ERK activity is independent of basal
membrane formation. Upon Fgf4+Hep supplementation, Fgf4%/® ESCs developed into cysts
similar to Fgf4""t ESCs. Interestingly, 3D Fgf4*% ESC cultures developed into small
monolayer cysts with cortical PARDG6B staining, exclusive of laminin signal. Clusters were also
observed to have an invaginated cup-like morphology with a cavity open to the ECM from the
central lumen. This morphology was rescued upon FGF4+Hep supplementation, suggesting
monolayer cyst formation is FGF4/ERK gradient dependent. gRT-PCR analysis revealed 72h 3D
Fgf4"" and Fgf4"'® ESC cultures downregulated NrObl—a naive pluripotency marker—
compared to 2i+Lif conditions, but Fgf4%'® did not suggesting 3D Fgf4®/® ESC culture
doesn’t promote naive pluripotency exit (Fig. 7B). Analysis of NrObl was selected as an
indicator of naive pluripotency exit since Rex1 expression is not significantly downregulated in
3D B6 Fgf4"""t ESC culture over 72h (0.56+0.7 fold decrease) compared to 129wt ESC

(0.08+£0.01 fold decrease) (Fig. 7C). This difference is likely due to strain differences since
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Nrobl was downregulated in B6 Fgf4"""* over 72h (0.009+0.004 fold decrease) (Fig. 7C).
Supplemented FGF4+Hep rescued NrObl downregulation in 3D Fgf4%/el ESC culture. Nanog

was similarly rescued and downregulated to levels similar to FGF4"""! (serum 1.4+0.2 fold

decrease; Fgf4+Hep 3.8+0.4 fold decrease).
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Fig. 7: Endogenous Fgf4 Expression is critical for naive exit and cyst formation. 3D
Fgfa"wt Fgfgwidel Fgfqdelidel ESC culture with or without supplemented FGF4+Hep (50ng/mL;
1pg/mL respectively) for 72h. Fgf4“/"t ESC formed monolayer cysts with luminal membrane
enrichment of PARD6B and basal membrane enrichment of laminin (A). No significant
difference was observed with supplemented FGF4+Hep. Fgf4"'“! formed small monolayer cysts
with cortical enrichment of PARD6B which was mutually exclusive with Laminin staining.
Cysts were also observed to have a cup-like morphology with its internal lumen exposed to the
outer ECM. FGF4+Hep supplementation rescued this morphology to Fgf4"'Wt, Fgf4delicel ESC
formed amorphous aggregates with weak cytosolic PARD6B enrichment and Laminin enriched
cortical staining; some clusters were found to have internal PARD6B enriched membranes.
FGF4+Hep supplementation rescued monolayer cyst morphology. gRT-PCR analysis of 72h 3D
ESC culture and 2D ESC culture in 2i+Lif on gelatin for Oct4, Nanog, and NrObl showed
relatively stable expression of Oct4 throughout all conditions (B). Nanog was significantly
downregulated in 3D Fgf4™"t and Fgf4"U®! ESC culture but not Fgf4%'e® However, this was
rescued with exogenous FGF4+Hep supplementation. Similarly, NrObl expression was
downregulated in Fgf4“¥"* and Fgf4"'® ESCs in 3D culture but not Fgf4%/®! ESC, which was
rescued when supplemented with FGF4+Hep. qRT-PCR analysis of Fgf4"'" over 72h hours
shows stable expression of Oct4, downregulated NrOb1, but weakly downregulated Rex1 (C).

Scale bars set at 50um.

To further demonstrate that FGF/ERK signaling is required for naive-exit in 3D culture.
we established a 129/CD1 Grb2 mutant ESCs using CRISPR-Cas9 technology. Sequencing
revealed a 234bp insertion allele within the third exon of the first protein coding region in one

allele and a 3pb deletion corresponding to Leu25 deletion in the other. nBLAST analysis yielded
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no high homology results for the insertion. Leu25 has been previously annotated as a “major
contributors to the variable size of the core of SH3 domain”, and has been shown to H-bond with
Ala23, Asp23, and Val27 1%, N-SH3 has been shown to be the major binding domain of GRB2
towards SOS, as P49L point mutation in N-SH3 of GRB2 has been shown to have significantly
lower binding with SOS 1%, Contrary to Fgf4%® jn 2i+Lif, Grb2 mutant ESC formed domed
colonies further suggesting a link between Fgf4 and naive pluripotency morphology independent
of FGF/ERK signaling (Fig. 6C). However, 3D Grb2 mutant ESC cultures developed amorphous
aggregates compared to wt ESC at 72h (Fig. 8A). Most aggregate showed weak cytosolic
enrichment of PARDG6B, but occasional cyst-like clusters were present with highly enriched
PARDG6B luminal staining. This is likely due to the single copy GRB2 Leu deletion allele still
retaining some GRB2-SOS binding activity, since similar structural impairments (eg. P49L
GRB2) still retained low level GRB2-SOS complexing . All Grb2 mutant clusters
demonstrated cortical laminin staining, suggesting basal membrane formation is independent of
GRB2/ERK signaling, concatenate with our FGF4%/¢ ESC results. gRT-PCR quantification of
3D Grb2 mutant ESC culture over 72h revealed maintained Oct4 expression, modestly
downregulated Fgf4 and Rexl (0.53£0.05 and 0.67+0.13 respectively), and minimally
upregulated Fgf5 (18+4 fold increase) compared to 129 wt ESC (24866 fold increase) (Fig.
8B). These results indicate our Grb2 mutant was overall not able to exit naive in 3D culture
similar to FGFR inhibition, MEK inhibition, and Fgf4%'® ESC, suggesting GRB2/ERK

signaling is critical for naive exit in 3D culture.
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Fig. 8: Grb2 is critical for 3D ESC culture naive exit and cyst formation. 3D Wt and Grb2
mutant ESC culture for 72h. Wt ESC formed monolayer cysts with luminal membrane enriched
PARDG6B and basal membrane enriched Laminin (A). Grb2 mutant ESC formed amorphous
aggregates weak cytosolic or strong luminal enriched PARDG6B; clusters also demonstrated basal
membrane enriched Laminin. qRT-PCR analysis of wt and Grb2 mutant ESC over 72h showed
relatively stable expression of Oct4 (B). Wt exhibited significantly downregulated for Rex1 and
Fgf4, while Grb2 mutant ESC was weakly downregulated for both. Wt showed significant

upregulated Fgf5, but Grb2 mutant ESC was only weakly upregulated. Scale bar set at 20um.
4. ECM Promotes ESC Polarization in 2D Culture without Lif+2i

Integrin-ECM interactions are critical for peri-implantation inner cell mass development
and EB formation °°°2, ECMs have been described in two modalities: ECM stiffness, and ECM
composition. ECM stiffness has been shown to modulate hESC differentiation into mesodermal
lineages via Wnt pathway signaling and may play a key role in naive pluripotency exit 1%, ECM
composition provided by specific o and B integrin subunit complexing with a specific ECM
molecule also plays a role in ESC differentiation (ie. ECM molecular cues promote cell
polarization). Embryos lacking B1-integrin were embryonic lethal during implantation,
suggesting ECM molecular cues are critical for embryonic development °1. Additionally, p1-
integrin null ESC in matrigel 3D culture has been shown to ablate monolayer cyst development
and yielded amorphous clusters with cortical PARD6B enrichment, similar to wt 3D ESC
cultures in agarose 2. Indeed, differentiation of ESCs in 2D culture has been shown to highly
depend on the types of ECM coated on a plastic plate, demonstrating ECM-integrin interactions
have a critical role in ESC differentiation 3!, To elucidate the role of ECM molecular cues on

PEct-like cell morphology and polarization, FGF4""W FGF4"/dl FGF4d%ldel Bg ESCs were
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plated on gelatin, collagen, laminin fragment, fibronectin, or Matrigel coated glass-bottom plates.
2D culture was employed to control for variable stiffness which is difficult to control in 3D

culture.

WT Fgf4""t BGESCs in 2D cultures at 72h in the absence of 2i+Lif showed ECM
substrate dependent morphologies. The ESCs cultured on gelatin and collagen coated plates
yielded similar monolayer colonies with weak apical PARD6B and aPKC enrichment (Fig. 9A).
They showed columnar-like epithelial colonies with elongated columnar-like cells localized in
the center and relatively shorter columnar-like cells in the periphery. Contrastingly, the ESCs
cultured on fibronectin formed uniform squamous-like monolayer colonies with strong PARD6B
and aPKC apical enrichment. Similar to gelatin and collagen coated conditions, the ESCs
cultured on a laminin coated plate yielded columnar-like monolayer colonies with weak Pard6B
and aPKC enrichment. Interestingly, ESC cultured on Matrigel formed cup-like colonies with
central concavities highly enriched for PARD6B and aPKC. Peripheral cells not associated with
the central concavities showed no apical PARD6B or aPKC enrichment. Fgf4"U®! BGESCs
yielded similar morphologies to Fgf4"""across all ECM conditions, except with relatively lower
enrichment of PARD6B and aPKC in all conditions. As expected, Fgf4%® showed no
significant PARD6B or aPKC apical enrichment for all conditions we examined. Additionally,
Fgfa%ldel BGESCs throughout all conditions showed relatively low cell-cell contact, with
frequent spaces within colonies between cells. Colonies were also observed appear as a ‘bumpy’
monolayer, where individual cells exhibited lower height to the ECM at their cell-cell junctions
compared to their centers. Interestingly, Fgf4%/®l ESCs plated on laminin occasionally formed
domed aggregate colonies. Cells embedded within these aggregate colonies (ie. Cells with cell-

cell and/or cell-ECM junctions throughout their entire cell membrane) were observed with high
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cytosolic or membrane enriched PARD6B and aPKC. However, surface cells on these aggregates

(ie. Cells exposed to the surrounding media) were however not enriched for PARD6B or aPKC.

Supplementation of FGF4+Hep demonstrated interesting changes in Fgf4"'"! 2D culture.
Fgf4"""t on gelatin and collagen formed domed colonies, instead of monolayer epithelium, with
cortical PARD6B and aPKC enrichment (Fig. 9B). When plated on laminin, Fgf4""t ESC
formed squamous-like monolayer, similar to fibronectin in the absence of exogenous
FGF4+Hep, and showed relatively strong apical enrichment of F-actin but unchanged levels of
PARD6B and aPKC enrichment. Fgf4+Hep supplementation showed no significant effect on
Fgf4"“¥" in fibronectin or Matrigel 2D conditions. These effects were similarly seen for Fgf4"de!
with supplemented Fgf4+Hep, except for colonies in the laminin coated plates forming
columnar-like epithelium instead of squamous-like. Interestingly, FGF4+Hep supplementation
did not rescue Fgf4%"% morphology or polarization relative to Fgf4"" in the majority of ECM
conditions assayed. Fgf4%/el ESC with exogenous FGF4+Hep in gelatin, collagen, fibronectin,
and laminin exhibited similar colony morphology compared to serum only conditions. PARD6B
and aPKC immunostaining showed no significant enrichment at apical membranes, but sporadic
cytosolic enrichment was observed in some cells within colonies. However, Fgf4%/d ESCs
cultured on a Matrigel coated plates with Fgf4+Hep supplementation formed domed colonies
with a small enclosed central lumen strongly enriched for PARD6B and aPKC, contrasting the

cup-like colonies in Fgf4"'t,
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fibronectin, laminin, or Matrigel for 72h in 2i+Lif free conditions (A). FGF4+Hep (50ng/mL and

1ug/mL respectively) was supplemented (B). Scale bar set at 50um.

Discussion

ESCs are recognized for their potential in regenerative medicine because of their
pluripotency to differentiate into all cell types within the adult body. For the first 20 years after
the discovery of ESCs, the most challenging issue was maintaining their pluripotent state in
vitro. However, identification of several factors including Lif 213 BMP4 4 and 2i °
conditions allowed for reliable derivation and maintenance of ground state ESCs in vitro.
However, the largest barrier limiting medical application of ESCs is their difficulty in
differentiating into clinically viable cells in high numbers. This limitation is in part due to the
reliance on EB formation for initial differentiation of ESCs, which is difficult to control due to
their complex cell-cell interactions in EBs causing unregulated differentiation into all three germ
layers which lowers ESC differentiation into specific cell types 24?3, 2D ESC differentiation
protocols have been explored to ameliorate this with varying success. 2D ESC culture with
supplemented bFGF have been shown to be a reliable protocol for neurectoderm differentiation
1, However, this is suggested to be the ‘default’ pathway for ESC differentiation in the absence
of other factors. 2D hematopoietic differentiation may be achieved by plating ESC on a stromal
layer %70 However hematopoietic differentiation efficiency is <1%, and is dependent on the
stromal cell line and passage number of ESCs. A more competent, reliable, and efficient ESC

differentiation strategy is necessary to fully utilize ESC in clinical work.

Here we show 3D culturing of ESCs from the naive state produces PEct-like cells with
similar morphology. ESCs cultured in the 3D culture condition self-organize into a rosette

thorough establishing cell polarity within 48h. The rosettes cavitated to form a monolayer cyst
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by 72h concatenate with PEct formation in vivo. Downregulation of naive pluripotency markers,
including Rex1, FGF4, NrOb1, and Nanog indicating an exit of pluripotency by 72hr. The cysts
show an upregulation of PEct markers such as FgF5, 1d3, Otx2, and Dmnt3b. They also showed
a weak upregulation of Lin28a/b compared to ESD-EpiSC indicating an exit from bivalent
metabolism (ie. Equal oxidative phosphorylation and glycolysis for energy demands) and
upregulation of glycolysis. However, ESCs in 3D culture show no significant upregulation of T,
Nodal, or Cripto which are key markers of primed pluripotency. These gene expression trends
suggest 3D ESC cultures have exited naive pluripotency but have not entered primed

pluripotency.

It was observed that E-cadherin and B-catenin was localized at cell-cell junctions and at
cytosolic regions proximal to cell-cell junctions as indicated by counter staining with anti-non-
phosphorylated B-catenin. This cytosolic enrichment pattern was observed even in 3D ESC
cultures that were MEK and FGFR inhibited, suggesting cytosolic E-cadherin enrichment was
independent of FGF/ERK activity and naive exit. It is interesting to speculate that cytosolic E-
cadherin and B-catenin plays a role in rosette formation. It was observed that mitotic cells round-
up, migrate to the apical surface, divide, and reintegrate into the epithelium. Occasionally, cells
within 48h rosettes were observed to not be associated with the central foci and had enriched
pPMLC2 Serl9 at their basal domains suggesting contractility. We speculate that post-mitotic
cells that are actively integrating into the rosette and associate with the inner foci, utilize two
mechanisms of reintegration: basal actomyosin contractility, and apical E-cadherin adhesion.
Basal contractility within non-foci associated cells increases cell internal pressure, which applies
omnidirectional force to surrounding cell-cell junctions. Since surrounding lateral cells apply an

equal but opposite force to counteract this force, and the basal contractility is maintaining the
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interal pressure, lateral movement and cell extrusion from the rosette is limited. However,
longitudinal movement towards the central foci is likely less inhibited from neighboring cell-cell
junctions and thus the force generated from basal contractility promotes cellular extension
towards the central foci. It may be that E-cadherin and B-catenin cytosolic enrichment facilitates
rapid cytoskeletal turnover along the elongated axis to promote cell extension. However, the
persistence E-cadherin at cytosolic regions prior to polarization, as marked by PARDG6B staining,
suggests that E-cadherin cytosolic localization proximal to cell-cell junctions may facilitate PAR

protein localization for correct polarization axis initiation.

Surprisingly, Fgf4%/d ESC formed flat monolayer colonies in 2i+Lif whereas Fgf4"" and
Fgf4"v® formed domed colonies, typical of naive pluripotency. This could not be rescued upon
FGF4+Hep supplementation after 48h, but was after three passages. However, Grb2 mutant ESC
demonstrated typical domed colonies in 2i+Lif conditions, suggesting FGF4/ERK pathway is not
responsible for this morphology. FGF4 stimulation may also activate Jak/Stat, PLCy, and
PI3K/Akt pathways. We predict that Akt activation through FGF4 is responsible for domed
morphology in naive cells, and ablation of FGF4 will result in a monolayer morphology. Akt3
has been described as an essential regulator of cell survival and proliferation in ESC 6
Blocking Akt activity via chemical inhibitors or sShRNA has been shown to increase cell
apoptosis. Although we did not observe any difference in cell apoptosis in Fgf4%"% compared to
Fgf4"¥“t Akt activation is multifaceted and may be compensated by non-growth factor
stimulants (e.g. ECM-integrin signaling) 1°>!¥. Indeed, Akt inactivation has been shown to
induce morphological changes in other cell types, such as promoting elongation in vascular

endothelial cells 118119,
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Endogenous FGF4/ERK activity has been reported to be critical for ESC differentiation into
neural cells 3'. Assaying if auto- and paracrine FGF4 is required for ESC differentiation in cyst
formation in 3D culture, Fgf4%"® formed amorphous clusters after 72h and were still enriched
for NrOb1, suggesting they did not exit naive pluripotency. Fgf4"U®! formed monolayer cysts
with cortical PARD6B enrichment that were mutually exclusive with Laminin staining; cup-like
clusters were also observed, whereby the lumen of these cysts was exposed to the surrounding
ECM. These suggest that strong endogenous FGF4 activity is required for proper cyst formation.
It is interesting to speculate if FGF4 not only promotes ESC naive exit, but also promotes actin
polymerization which is necessary for cyst formation in 3D culture. This was suggested in 2D
Fgf4"""t ESC culture with supplemented FGF4+Hep showed increased apical F-actin enrichment
when plated Laminin and Fibronectin compared to just serum. Additionally, FGF4""" colonies
plated on gelatin and collagen formed domed colonies with supplemented FGF4+Hep compared
to monolayer colonies in just serum, suggesting over stimulation of FGF4 regulates colony
morphology. Perhaps FGF4 promotes Rac-dependent actin polymerization in 3D culture to
promote cyst formation. Weak FGF4 stimulation results in weak F-actin polymerization thus
hindering cell reintegration after division. This would lead to poor maintenance of epithelial
continuity and thus promote morphological cluster abnormalities such as cup-like clusters. It is
unknown how cortical apical domain formation, as indicated by cortical enrichment of PARDG6B,
plays a role in this hypothesis and whether it is a precursor to cup-like clusters or a separate

morphological outcome because of low FGF4 stimulation.

ECM-integrin interactions have been demonstrated to promote Erk2 phosphorylation via
FAK/c-SRC/SHC2/GRB2 complex to promote SOS-dependent Ras activation %4244 However,

when we assayed if ECM/Erk2 activation plays a role ESC differentiation in 3D culture by
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inhibiting integrin and FAK with RGDS peptide and PND-1186 inhibitor respectively, ESCs
were still able to downregulate naive factors Rex1 and Fgf4 suggesting naive exit. However,
PND-1186 treated ESC in 3D culture did prevent cyst formation and yielded colonies with
cortical PARDGB enriched membranes. It seems that ECM-integrin interactions don’t promote
naive exit in 3D ESC culture with 2i+Lif removal, but does regulate cluster morphology. This is
clearly exemplified when 2D Fgf4"""t ESC culture without 2i+Lif in a variety of different ECM
coated glass-bottom plates resulting in different morphologies. Since ECM-integrin interactions
have been shown to play a significant role in directing ECM differentiation *, the different
morphologies observed in 2D ESC cultures are likely unique cell types being differentiated.
However, this raises the question of what ECM-integrin interaction is critical for PEct-like cell
differentiation? Previous reports have shown pi-integrin as being critical for proper cyst
formation in 3D ESC culture 3. Additionally, ESC differentiated in suspension with Fibronectin
have shown to generate EpiLC that are functionally competent to form PGCLC, suggesting
fibronectin-asPy integrin interactions is important for EpiLC formation. Developmentally,
laminin chains as, B1, y1, nidogen-1/2, ax1 collagen 1V, and perlecan have been identified as part
of the E7.0 ectodermal basement membrane. Lamal” embryos were shown to maintain egg-
cylinder cone morphology at E6.5 but quickly degenerate at E7.5 1%, Since ablation of LAMA1
was not restricted to just the ectodermal basement membrane, it is unclear if laminin is necessary

for PEct maintenance or whole embryo survival.

Conclusion & Future Directions

In this study, we have demonstrated that ESC in 3D culture develop into monolayer cysts
by 72h with luminal apical domain orientation. gRT-PCR analysis of cysts demonstrated naive

exit over 72h as observed with downregulated Rex1 and Fgf4. PEct associated factors including
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Otx2, Fgf5, Oct6, Dnmt3b, and 1d3 were upregulated, but TGF-p associated Nodal and Cripto
were not upregulated suggesting cysts have not entered primed pluripotency. Inhibition of
FGF/ERK pathway but not Integrin/FAK blocked naive exit, suggesting naive exit in 3D culture
is dependent FGF/ERK pathway. Morphological analysis of FGF/ERK inhibited ESC in 3D
culture show blockage of polarization and cyst formation, as well as disruption of colony
sphericity and roundness, suggesting a link between naive exit and cyst formation. Fgf4del/de!
ESC in 3D culture similarly were not able to exit naive pluripotency as observed with retained
NrObl expression, suggesting autocrine/paracrine FGF4 is critical for naive exit in 3D culture
and cyst formation. Additionally, Grb2 mutant ESC 3D culture were not able to exit naive
pluripotency and formed amorphous aggregates, suggesting the FGF4/ERK pathway is required
for cyst formation. Plating Fgf4"'™, Fgf4"de! and Fgf4%Vd onto gelatin, collagen, fibronectin,
laminin, and Matrigel coated dishes without 2i+Lif demonstrated ECM-dependent polarization
morphology, with the strongest ParD6B and aPKC staining from fibronectin coated dishes.
Fgfa%l'®e! were not able to polarize when plated on any of the assayed ECM conditions even
when supplemented with FGF4+Heparin, suggesting an underlying requirement of FGF4

stimulation during naive pluripotency for polarization upon 2i+Lif removal.

Although gRT-PCR analysis of ESC in 3D culture show gene expression highly similar
to PEct cells in vivo, a functional assay is required to demonstrate their potency for EpiSC
formation. This can be accomplished by 3D culturing ESC with or without additional activin A,
then replating onto 2D conditions in CDM media to isolate EpiSC colonies, and comparing to
traditional ESC-derived EpiSC techniques and 2i+Lif conditions. It was interesting to observe
that Fgf4%Vd! ESC in 2i+Lif form flat colonies compared to domed wt ESC colonies. This may

be linked with the observed lack of polarization of Fgf4%/d ESC when supplemented with
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FGF4+Hep on various ECM coated dishes. We hypothesize FGF4 stimulation is important for
activated Akt in priming naive ESC for polarization upon 2i+Lif removal. This can be explored
further by analyzing Akt phosphorylation in Fgf4%/d ESC with and without supplemented
FGF4+Heparin in 2i+Lif conditions and assaying their potential for polarization when 2D
cultured on various ECM coated dishes without 2i+Lif. Additionally, it is recommended to
observe how FGF4+Heparin regulates cytoskeletal reorganization in Fgf4%/dl ESC within
2i+Lif conditions as observed by the rescue of domed morphology over successive passaging. It
is interesting to speculate that FGF4 may increase cortical contractility in ESC colonies to
promote domed morphology, whereas lack of FGF4 downregulates cytoskeletal contractility and
subsequently promotes flat ESC morphology. Overall, we recommend pursuing the

morphological changes caused by FGF4 within naive ESC and 3D ESC cultures.
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The McGill University Animal Care Committee certifies that
Kwong, Aaron
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Comprising Completed on

Mouse Cardiac Puncture September 18, 2014
Mouse Cervical Dislocation Euthanasia with Anesthesia September 13, 2014
Mouse Cervical Dislocation Futhanasia without Anesthesia Jammary 9, 2015

Mouse Handling and Festraint September 13, 2014

This certificate is issned on behalf of the University Ammal Care Committee using the secure Animal Care Program
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